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ABSTRACT In eukaryotes, histone H1 pro-
motes the organization of polynucleosome filaments
into chromatin fibers, thus contributing to the forma-
tion of an important structural framework respon-
sible for various DNA transaction processes. The H1
protein consists of a short N-terminal “nose,” a
central globular domain, and a highly basic C-
terminal domain. Structure prediction of the C-
terminal domain using fold recognition methods
reveals the presence of an HMG-box-like fold. We
recently showed by extensive site-directed and dele-
tion mutagenesis studies that a 34 amino acid seg-
ment encompassing the three S/TPKK motifs, within
the C-terminal domain, is responsible for DNA con-
densing properties of H1. The position of these
motifs in the predicted structure corresponds ex-
actly to the DNA-binding segments of HMG-box-
containing proteins such as Lef-1 and SRY. Previous
analyses have suggested that histone H1 is likely to
bend DNA bound to the C-terminal domain, direct-
ing the path of linker DNA in chromatin. Prediction
of the structure of this domain provides a frame-
work for understanding the higher order of chroma-
tin organization. Proteins 2002;49:71-81.
© 2002 Wiley-Liss, Inc.
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INTRODUCTION

The larger role of chromatin in the regulation of DNA
transaction processes, such as gene expression and replica-
tion, apart from its DNA packaging function is now well
recognized. The DNA in an eukaryotic cell nucleus exists
as beaded filaments with a diameter of 10 nm at low salt
concentrations but exist as thicker highly condensed struc-
tures popularly known as 30-nm fibers, at physiological
salt concentrations. The four core histones wrap DNA
around them to generate the fundamental unit of chroma-
tin, the nucleosome core particle.

A continuing central question in chromatin research is
to elucidate how the fibers fold and unfold to allow DNA
transaction processes such as transcription and replica-
tion. The crystal structure of the nucleosome, solved a few
years ago, has shown how the core histones form an
octamer encapsulated by 146 bp of DNA in nearly two
gyres of duplexes.? It is known that the 30-nm fibers
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require the participation of not only the four core histones
H2A, H2B, H3, and H4 but also the linker histone H1 for
their formation and/or stabilization.>* The exact role of
the linker histone H1 in this process, however, still
remains poorly understood. Knowledge of the structure of
H1 is essential for probing the molecular mechanisms of
the expected DNA condensation. The histone H1 protein
consists of three distinct domains, a small 34-residue
N-terminal fragment (nose), the central 74-residue globu-
lar domain (head), and a slightly larger 110 residue
C-terminal domain (tail). In aqueous media, at physiologi-
cal pH and ionic strength, the N-terminal nose is believed
to have no regular structure, whereas the C-terminal
domain, which is otherwise unfolded, folds into an ordered
structure in the presence of trifluoroethanol.® The struc-
ture of the globular domain has been well characterized
both by NMR® and X-ray crystallography,” whereas virtu-
ally nothing is known about the structure of the C-
terminal domain. Biochemical studies and electron micro-
scopic studies have indicated strongly that the C-terminal
domain is crucial for DNA condensation® and chromatin
folding®® to generate a 30-nm chromatin fiber.

Recent advances in bioinformatics and computational
biology have made sequence analysis and sequence-based
structure predictions a tangible approach for many pro-
teins, not only where significant similarities to a known
structure exist but also where no structural templates are
obvious from sequence similarities alone.'® This is appar-
ent from the CASP4 experiment,'' the most recent of a
series of communitywide structure-prediction analyses
that show several correct predictions for the target pro-
teins in the test. The predictions can be particularly
effective when combined with the knowledge from bio-
chemical and biophysical experiments for that family of
proteins. Recent literature shows that such predictions
have provided significant insights into function of those
protein molecules. For example, prediction of the fold of
GGDEF domain present in many prokaryotic proteins has
led to the identification of their role as regulatory enzymes
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involved in nucleotide cyclization.!? In the absence of
experimental structure determination of the C-terminal
domain of H1, we have used a combination of bioinformat-
ics methods and the knowledge from the available biochemi-
cal and biophysical data to predict the structure of the
C-terminal domain. We also report the structure-function
insights gained by the prediction.

MATERIALS AND METHODS
Overall Sequence Analysis and Secondary
Structure Prediction

The sequence of rat histone H1d, P15865 obtained from
the SWISSPROT database was used for all analyses.
During sequence analyses, the low-complexity filtering
was disabled, because as much as 40% of the C-terminal
domain was comprised of lysines. Multiple alignments
were performed by using CLUSTALW.!® Apart from the
composition bias, the sequence also contained internal
repeats of short stretches, leading to the possibility of
frame shift errors. In view of this finding, particular care
was taken to evaluate alignments at all stages. Therefore,
the multiple alignments obtained through CLUSTALW
required editing to maximize the overlap of the known
functional motifs (S/TPKK) in all known mammalian
linker histones. The PRINTS database'* was used to
analyze sequence profiles. In view of the high composi-
tional bias present in the sequence, secondary structure
prediction was conducted by using several well-known
methods working on different principles and a consensus
obtained with use of the Network Protein sequence analy-
sis server available at http:/npsa-pbil.ibep.fr/.*® The differ-
ent methods used are as follows: the GORIV,'€ a secondary
structure prediction method that uses all possible pair
frequencies within windows of 17 residues; HNN,!7 a
multivariate linear regression method embedded in a
hierarchical and modular algorithm combining optimiza-
tion and complexity control approaches; MLRC,'” a maxi-
mum likelihood method; PHD,'® a neural network-based
method; PREDATOR,'® a method based on nearest neigh-
bor detection; and SOPM,2° a self-optimization secondary
structure prediction method.

Fold Recognition

Fold recognition also was performed by using three
independent methods, ranked among the best predictors
in CASP and CAFASP experiments.''*?! The methods
used are as follows: the GenThreader available at http:/
insulin.brunel.ac.uk/psipred/,?? a fast and powerful fold
recognition method that combines sequence information
with pseudo-energies obtained from solvation and contact
potentials, previously derived from known protein struc-
tures; HFR available through the BIOINGBU server at
http://www.cs.bgu.ac.il/~bioingbu/,?® a hybrid fold recogni-
tion method that collects results from five different thread-
ing programs, combining them along with evolutionary
information from sequence analysis, in a search for the
most consistent fold prediction among them; and the
3D-PSSM at http://www.bmm.icnet.uk/~3dpssm/,?* a
method that combines multiple-sequence profiles with

structure-based profiles which include solvation potentials
derived from known structures and predicted secondary
structures. The top 20 hits obtained from each fold recogni-
tion method were classified in the core fold as per the
SCOP?® and FSSP?® databases. The frequency of occur-
rence of each fold was analyzed. The alignments were then
classified into regions that matched or mismatched the
consensus secondary structure, allowing specific SCOP
classes to be selected as potential candidates for model
building. Each template was analyzed for consistency with
the biochemical data available for the H1 C-terminal
domain.

Model Building

A detailed structural analysis of the chosen template,
HMG-box, was conducted. The C-terminal domain of his-
tone H1d was aligned to the structure-based alignment of
the different proteins containing the HMG-box, keeping
the predicted secondary structural elements and the known
functional residues in view. An initial model for the
domain was constructed manually by using FRODO,?’
based on the backbone conformation of the HMG-box
template and the alignment with H1d. The model was then
improved as detailed in Results. The models were regular-
ized by energy minimization. A steepest descent refine-
ment of 100 steps using DISCOVER interfaced with
Insight-IT was used to achieve this. Visualization, manipu-
lations, and analysis of various structures were performed
by using Insight-II (Accelrys Inc.). Several experimentally
derived structures of complexes of HMG-box with DNA are
available in the Protein Data Bank and served as tem-
plates for modeling the protein-DNA complex. DNA was
then treated as a rigid body and its position was optimized
with respect to the protein. The data from extensive
site-directed mutagenesis of Hld was mapped onto the
model for testing the validity of the model.

RESULTS
Overview of the Sequence Analysis

Histone H1d belongs to a family of 186 members in the
Pfam database®® placed in the functional category of
essential nucleosomal components with a clear structural
and functional annotation for the globular domain but
does not contain any information about the C-terminal
domain. A search through the Interpro database®® shows
that rat H1d has 256 orthologs, but here again no suitable
structural or functional template has been identified for
the C-terminal domain. The SMART?® and DART?* tools
recognize regions 34-109 and 110-219 as separate do-
mains, which indeed correspond to the globular domain
and the C-terminal domain (H1d_C), respectively. The
COGnitor tool does not reveal any related COGs at 3 Be
clades, within the COG database.>2

Domain organization of rat H1d illustrated in Figure 1
shows the three octapeptide repeat units containing the
S/TPKK motifs within H1d_C, which were recently shown
by site-directed mutagenesis studies to be important for
DNA condensation.?33* Among these octapeptide repeats,
the first two are in tandem and span amino acids 144-159
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Fig. 1.

Representation of the domain organization in histone H1d from rat (top). The three S/TPKK repeats within the C-terminal domain are

highlighted by yellow bars. Residue numbers of these and of the domain boundaries are marked. Bottom: A multiple alignment of the C-terminal
domains in several mammalian linker histones. Basic residues are shown in blue, acidic residues in red, polar uncharged resdiues in pink, prolines and
glycines in black, and nonpolar residues are shown in yellow. The three S/TPKK motifs are highlighted in yellow, and their variants observed in some

sequences are highlighted in gray.
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Fig. 2. A: Secondary structure prediction for the C-terminal domain of rat H1d, using different methods (see text). Helical regions are denoted by “h.”
The last line shows the consensus prediction obtained by using NPSA (15) B: Schematic representation of the three fingerprints observed for H1d_C,
positioned appropriately in context of its sequence. Prints corresponding to the high-mobility IY group proteins are shown as filled bars, those from the
ATHOOK motif are shown as dot-filled bars, and those corresponding to the nonhistone HMG proteins are shown as striped bars.

with the proline residues being 146 and 154. The third
octapeptide unit is present 10 amino acids away from the
first two and spans amino acids 170—-177 wherein the
proline in the S/TPKK corresponds to amino acid number
172. A multiple alignment of the C-terminal domain of
various histone H1 subtypes from several mammalian
species also shown in Figure 1 highlights the conservation
of the S/TPKK motifs despite diversity in the length of the
domain.

Structure Prediction

The secondary structure predictions of H1d_C using
several methods consistently showed the presence of four

to five helices as illustrated in Figure 2(A). Differences in
the secondary structure predictions from the different
methods GORIV, HNNC, MLRC, PHD, PREDATOR, and
SOPM were primarily limited to the boundaries of the
helices. The consensus predictions were largely used to
mark the boundaries. Where there was a conflict, a higher
weight was given to the prediction reliability indices
obtained through the “predictprotein” algorithm. Predic-
tion of the structural class using both the sequence compo-
sition as well as through secondary structural elements
unambiguously place the domain in an all-a structural
class. Repeating the studies with other somatic H1 se-
quences gave consistent results. To minimize prediction
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bias due to the higher percentage of lysines found in the
sequence, the sequence was randomized, and the predic-
tion was repeated with 20 such randomized sequences.
The helical content and the position of the helices varied
enormously in the randomized sequences, ranging from
>99% helicity to <5% with the rest of the sequence in a
random coil state, as against the 38% helical content in the
original sequence. All of them, however, gave predomi-
nantly all-a predictions, suggesting that a composition as
in the H1d_C sequence would have a high propensity for
forming all-a structures. The correct sequence, however, is
important in predicting the positions and lengths of the
individual helices.

The top hits from the various fold recognition methods
conducted independently with the sequence of H1d_C
largely indicate an all-a-fold consistent with the predicted
structural class and secondary structure. Analysis of their
structures led us to classify them into six different classes
as illustrated in Table I. These folds were consistently
predicted for close homologues of H1d_C. The regions
within these structures that the Hld_C was predicted to
adopt invariably corresponded to three to four a-helices,
arranged approximately in an L-shaped structure in many
of them. Many of these folds were also characteristic of
protein families known to specifically bind to nucleic acids.
This finding gains a particular relevance because H1d_C
also is known to interact with DNA, and the fold it adopts
would obviously have to support such a function. These
folds, although classified under separate SCOP classes,
exhibit many common features in the regions relevant for
this study (i.e., regions corresponding to those that align
with the C-terminal domain sequence). The fact that three
helices forming an approximately L-shaped structure has
been predicted consistently suggests that to be the basic
skeleton of the histone C-terminal domain structure. The
folds of each of the structures among the top hits were
analyzed by building models of H1d_C, wherein its se-
quence was threaded onto each of the folds, based on the
predicted alignments. These models were investigated in
detail for (a) their compatibility with each template in the
environment of the side-chains, (b) the overall alignments
between the two sequences; (c) positions of the insertions
and deletions with respect to the template structure, (d)
the alignment of the observed secondary structural ele-
ments versus the predicted ones for the C-terminal do-
main, (e) solvent accessibility of the known functional
residues, which in this case, are the three S/TPKK repeat
units, and (f) the potential conservation of the key interac-
tions between secondary structural elements in the tem-
plate. This analysis resulted in identifying the HMG-box
fold as the most appropriate candidate template for model-
ing the C-terminal domain.

Furthermore, evidence from a number of other analyses,
discussed below, revealed a distant evolutionary link
between H1d_C and HMG-box proteins, thus strengthen-
ing the prediction of HMG-box fold in H1d_C. (a) The
finger print sequence patterns corresponding to the HMG
and the related AT-hook proteins (PRINT HIGHMOBIL-
ITY, PR00930, p value of 1.9e-05; ATHOOK, PR00929, p

value of 2.4e-05; and NONHISHMG17, PR00925, p value
of 3.1e-05), as defined in the PRINTS database, were
detected in the sequence of H1d_C [Fig. 2(B)]. (b) A distant
sequence homology with the HMG-box protein (1aab) was
also detected from a FASTA search (29.5% identity over a
78-amino acid stretch) of the Protein Data Bank. (¢) The
three functional motifs (octapeptide repeats) in the H1d_C
structural model occupy positions similar to the functional
(DNA-binding) residues in the HMG-box proteins. (d) The
HMG 1/2 protein family has two HMG domains present as
tandem repeats within the protein,®® resembling the archi-
tecture of somewhat similar domains within the linker
histones, the globular domain, and the C-terminus. (The
globular domain of histone H1 consisting of a three-helical
bundle” was one of the lower scoring hits during structural
homology searches.)

HMG Proteins and Histone H1

An obvious question raised by the identification of an
HMG-box fold in the C-terminus of H1d through fold
recognition studies and the detection of an evolutionary
link between the two is whether the functional profiles of
the HMG proteins and H1 bear any similarities. Review-
ing the information from the literature about various
functional aspects of these proteins reveals significant
similarities indeed, as outlined below, further strengthen-
ing the structure prediction. The high-mobility group
(HMG) proteins are among the largest and best-character-
ized group of nonhistone chromosomal proteins. Although
the structure of these chromosomal architecture proteins
is well defined, their cellular function is not clearly under-
stood. Linker histones, together with HMG proteins, are
the major proteins that bind to the linker DNA in chroma-
tin and exhibit both generalized and specific effects on
gene transcription.?® The binding of linker histones and
HMG-1/2 to chromatin is believed to be competitive in
vivo, although the mechanism is not clear. Similar to
histone H1, HMG-1 has also been shown to protect DNA
reconstituted into mononucleosomal®” or dinucleosomal
particles.®® Both the proteins display similarities in many
aspects of DNA binding. Both unwind DNA, and in most
cases, both histone H1 and HMG-1 possess the same
sequence and structure specificity. HMG-box proteins bind
minor grooves of AT-rich DNA, as is the case with histone
H1. Both bind to distorted helices such as those found in
four-way junctions or cisplatin-modified sequences. HMG
proteins significantly bend DNA as shown by circulariza-
tion assays. Currently, it is believed that the linker
histones H1 act as general repressors, whereas HMG1 and
2 act as transcriptional activators. The molecular basis of
the modulation of transcription activity by these proteins
is not clearly known but becomes comprehensible if they
were to have similar structures. The competition between
the HMG-proteins and histone H1 for binding to chroma-
tin is also easily explained if they were to have similar
structures.

Model Building

An alignment derived from the structural superposi-
tions of the various proteins containing the HMG-box fold
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TABLE 1. List of the Folds Corresponding to the Top Hits From Different Prediction Methods

PDB codes Protein family/(ies) Fold name (from SCOP) Structure
1ccr, 1wad, 1jaf, 1cgo, Cytochrome C Cytochrome c, 3 helices, folded leaf,
la7v, lery opened

laab, 1ckt, 1cg7, HMG-1, HMG-D, HMG-box, 3-helices, irregular array
lhsm, 1qrv, 2lef Lymphoid enhancer R
protein i »
£
' *«a*?;’_% .
1flm Outer surface Four-helical up-and-down bundle, closed
glycoprotein C or partly opened, left-handed twist;

up-and-down

1fjf, 1hr0 Ribosomal protein, Spectrin repeat-like 3 helices; bundle,
S20 closed, left-handed twist; up-and-down
1bs2 t-RNA synthetase Anticodon-binding domain of a subclass of

class I aminoacyl-tRNA synthetases, 4
helices, bundle; one loop crosses over
one side of the bundle

1bxi Colicin, DNAse His-Me finger endonucleases,
domain segregateda- and B-motifs, HNH motif
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Fig. 3. A: Alignment of H1d_C to the structure-based alignment of the HMG proteins 1SRY, 1THSM, 1CKT, and 2LEF. The figure was prepared by
using BOXSHADE written by Hoffman and Baron, available at http://www.ch.embnet.org/software/BOX_form.html. The alignment of the turn regions of
H1d_C with the fragment from 1CZJ used for model building is also shown. Identical amino acids with a threshold of 0.4 (40% of the sequences) are
shown in red and highlighted in yellow, whereas amino acids, which have conservative substitutions, are shown in blue and highlighted in cyan. B:
Schematic representation of organization of secondary structural elements predicted for the H1d_C. Helices are represented by green rectangles, and
turns are indicated in red as inverted Vs. Above this, an alignment of this domain with a structural alignment of the different HMG-box proteins used for
model building is shown schematically, indicated by their PDB codes on the left. The alignment with other structures that showed significant fold,
sequence, and secondary structural compatibility is shown below along with their PDB codes. Residue numbers are also given for each structure to
indicate the position of secondary structural elements. The figure is approximately to scale. Sequence similarities of the H1d_C with the various
structures shown are highlighted in yellow. CH-1 refers to the NMR structure of the N-terminal peptide of H1° (see text for details). The CH-1 peptide
shows high-sequence similarity with rat H1d and has not been highlighted here for clarity.

revealed a high degree of structure conservation despite
very low sequence conservation. An alignment of residues
151-218 of H1d_C to the structure-based alignment of
three of the HMG proteins, 1CKT, a crystal structure of
HMG-1 protein complexed with cis-platin modified DNA
and 2LEF, a solution structure of the lymphoid enhancer
factor-1 in complex with DNA, 1SRY a solution structure
of sex-determining hRY protein, whose sequences were
sufficiently different for each is shown in Figure 3.

An initial model of H1d_C was built on the basis of the
above templates. The model includes the three helices
forming the L-shape of the domain, the third S/TPKK
motif, and provides clues for positioning the first two
S/TPKK motifs, based on the position of the N-terminal
basic segment in Lef-1, which interacts with DNA. NMR
studies of the S/TPKK motifs have shown that a peptide
corresponding to the sequence motif has a characteristic
turn structure.?®

A search through the PDB revealed a cytochrome C3
(1CZJ) to have a very similar sequence and structural
motif. By taking advantage of the knowledge of the precise
arrangement of atoms in this motif from several indepen-
dent structural studies, this substructure was incorpo-

rated into the model at appropriate positions [Fig. 4(A)].
The position and conformation of the nucleic acid were
derived from the structure of the Lef-1-DNA complex.*®
Although the HMG-box fold together with the turn regions
account for the fold and function of most of the C-terminal
domain, the first 31 residues still remained noninterpret-
able at this stage. Therefore, the possibility of extending
the model at the N-terminus was explored by comparing
with the other templates identified by fold recognition
methods. Analyzing them in view of the sequence and
overall structure compatibility (i,e., compatibility of the
segment as part of an overall structure containing the
HMG-box fold) resulted in recognizing cytochrome C4
(1ETP:residues 1-28) as a suitable candidate.

Further sequence and structural homology searches
indicated a surprising structural similarity between a
segment of malate dehydrogenase family [2CMD:147-232;
see Fig. 3(B) with the HMG-box proteins (FSSP: Z-score
2.7, RMSD 3.8)]. Apart from that, residues 119-146 of this
protein (2CMD) showed a considerable sequence and sec-
ondary structural compatibility with the N-terminal re-
gion of the H1d C-terminal domain. The structures of the
segments from both these different proteins were reason-
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Fig. 4. A:Model of the C-terminal domain of rat histone H1d corresponding to the HMG-box domain and the DNA-condensing units. DNA docked into
this model based on that of 2LEF is indicated by a violet ribbon. Superposition of the three HMG-box structures used for model building is shown in the
inset (2LEF in red, THRY in yellow, and 1AAB in cyan). S/TPKK motifs are shown in green and labeled 1, 2, and 3, respectively, and the lysine
side-chains in them are shown in ball-and-sticks representation. The N- and C-termini are marked. B: Full model of the C-terminal domain of H1
consisting of the HMG-box domain (yellow) along with its DNA condensing units (green) as well as the N-terminal segment of the C-terminal domain
(red). The N-terminal segment modeled on the basis of malate dehydrogenase has been oriented to maximize interactions with DNA. The helix and the
turn of the N-terminal segment corresponding to the CH-1 peptide are highlighted in pale yellow. C: Model similar to that in (B) except the orientation of
the N-terminal segment (red), which has been modeled on the basis of the corresponding segment in cytochrome C4.

ably superimposable, consisting of either two «-helices or
one a-helix followed by an extended region, from which a
consensus template was generated, which matched with
the secondary structure prediction of the H1d_C.
However, positioning the segments thus built, with
respect to the HMG-box domain, gave rise to two possibili-
ties, one derived from the position of the segment in
malate dehydrogenase and the other corresponding to that
in cytochrome C4. Models corresponding to both orienta-
tions have been built as shown in Figures 4(B) and 4(C). In
both cases, the model corresponding to the HMG-box
domain of H1d_C and the consensus template for the first
part of the domain, oriented on the basis of either malate
dehydrogenase or cytochrome C4, were stitched together
to build the two alternate models. The interactions with
DNA appear to be maximal in the first orientation, whereas
the second orientation appears structurally more integral.
It must be mentioned here that the HMG-box fold in HMG
proteins is predominantly stabilized by an aromatic clus-
ter of residues between the second and the third helices, a
feature not observed in H1d_C. However, it is clear from

the circular dichroism and other biophysical studies re-
ported for H1d_C® that its structure would get stabilized
only on binding to DNA. Thus, interactions with DNA
appear to be the predominant stabilization force for the
H1d_C structure.

In our second model in which the first 31 residues have
been oriented on the basis of the cytochrome c structure, this
segment interacts extensively with the second and the third
helices of the L-shaped three-helical HMG-box, perhaps
compensating for the absence of the aromatic cluster and
rendering additional stability to the structure. Arguably, the
structure of either cytochrome C4 or malate dehydrogenase,
both distant structural neighbors of the HMG-box, could
have been used as a template for the C-terminal domain. But
it was reasoned that both these proteins, unlike the HMG
proteins, are not DNA-binding proteins; the substructures
corresponding to the HMG-box domain, although present
may have altered to a considerable extent, especially in the
three helices forming the DNA condensing unit.

Malate dehydrogenase has a considerable proportion of
B-structures in addition to the a-helices that showed
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structural similarity, thus making it unsuitable to use as a
template for the whole domain. Therefore, a hybrid model
was constructed in which the amino acid residues from
109-139 of the C-terminus of histone H1 were built on the
basis of either the CMD or ETP templates. The final
models, which differed with each other only in the orienta-
tion of the N-terminal segments, were normalized for bond
lengths and bond angles, and the nucleic acid docked into
them by comparison with the LEF-1 structure.

Experimental Support for the Model

(i) Correlation with circular dichroism data: CD studies
have indicated the C-terminal domain to contain a signifi-
cant proportion of a-helical content only in the presence of
trifluoroethanol, a commonly used inducer of helicity.?
This seems to suggest that the domain adopts an ordered
structure containing a few helices that requires either
DNA or TFE for its formation or stability. Although this is
no direct validation for the predicted structure, the pres-
ence of a HMG-box fold containing five helices, with strong
interactions with DNA, is consistent with the spectro-
scopic observations and their implications.

(ii) Correlation with site-directed and deletion mutagen-
esis data: Earlier studies of mutating prolines to alanines
in the three S/TPKK motifs from our laboratory®® have
shown the importance of first the motif in DNA binding
and second the role of prolines in conferring the required
substructures at the motifs. Subsequently, we conducted
extensive deletion mutagenesis studies corresponding to
the three motifs either singly or in combinations, the
details of which will be reported elsewhere because it is
outside the purview of this article.®* The single mutants
corresponding to the deletion of four amino acids of each
motif show a reduction in DNA binding by 20%, the double
mutants by 40%, and the triple mutant by 45%. Apart from
these, a deletion mutant has been constructed in which a
34-residue segment corresponding to residues 144-177,
housing all three S/TPKK motifs, have been deleted. This
mutant shows 90% reduction in DNA binding and conden-
sation, which led us to label this segment as the DNA-
condensing unit. Our prediction depicts the 16mer and the
8mer sequences (corresponding to the three octapeptide
repeats) as turns in the structure (Fig. 1). The striking
feature that has to be considered here is that according to
the mutational analysis, the 34 amino acid stretch within
the C-terminus of histone H1, which binds and condenses
DNA, corresponds exactly to this region. In addition, the
concave surface of the L-shaped architecture of the HMG-
box within the Lef-1 protein interacts with DNA.

(iii) Correlation with the experimental structure of the
first 23 residues of the C-terminal domain: While these
studies were in progress, Vila et al*! studied the conforma-
tional properties of a peptide representing the sequence
stretch from position 99-121 in the C-terminus of histone
H1° (rat H1.0). This peptide sequence is immediately after
the globular domain and just before the 34 amino acid
stretch that we have identified in the present study as the
DNA-condensing unit (see also Fig. 1). Their NMR analy-
sis showed that although, in aqueous solution, the peptide

is unstructured, it obtained substantial a-helicity in triflu-
oroethanol. The helical region revealed a strong amphi-
pathic character, with all positively charged residues
concentrated on one face of the helix and all the hydropho-
bic residues on the opposite face. They have extended
these studies and have shown by Fourier transform infra-
red spectroscopy that DNA induces «-helical segments
similar to that observed in trifluoroethanol.*? Thus, it is
becoming increasingly obvious that the C-terminus of
histone H1 has a sequence with a potential to adopt a fold
containing regular secondary structures, which would also
be necessary in determining the curvature and path of the
linker DNA between two adjacent two nucleosomes. This
peptide corresponds to residues 112-131 and residues
144-149 in the rat H1d sequence owing to the 12-residue
insertion compared to H1°. It is gratifying to note that our
model also shows a a-helix and turn region for these two
segments but is separated by an extended region because
of the insertion. The helix corresponding to the CH-1
peptide in our model is highlighted in Figure 4(B) and (C).

(iv) Correlation with helicity measurements: The S/TPKK
repeats in H1d_C are separated by the spacer region,
which has been consistently predicted as a helical seg-
ment. The helix after the 8mer ends in a SPAK sequence,
which has been assigned to be a turn structure, and this
distribution of the secondary structural elements within
the overall fold consisting of alternating helices and turns
aligns well with that of the HMG-box proteins. Along with
the mutagenesis studies, we have shown that a deletion
mutant in which the 10 amino acids between the second
and the third motifs have been deleted shows a significant
decrease in helicity content, whereas mutants of the
S/TPKK motifs show an increase in the helicity values.3*
When analyzed in the light of modeling results, it becomes
obvious why the removal of the spacer region (A10 mutant)
results in a decrease in a-helicity (from 26.5% to 15.3%).
The helicity changes are also seen in the C-terminal
constructs. A further reduction in helicity was observed in
the A34 mutant (10.4%). On the contrary, deletion of the
octapeptide repeats resulted in an increase in the induced
helicity, suggesting that removal of the turn regions
extends the helicity to the segment beyond the spacer
region. These experimental data completely agree with the
model described above for H1d_C.

Structure-Function Insights

It is clear from the results presented here that H1d_C
most probably adopts a conformation similar to the HMG-
box domain present in rHMG 1, mLEF-1, and hSRY. It is
worth discussing briefly the salient structural features of
the interaction of LEF-1 and SRY with DNA. The struc-
tural data of Lef-1-DNA complex shows that Lef-1 wraps
around and completely encompasses a highly distorted
duplex DNA.*° The central framework of the protein is
formed by the characteristic L-shaped arrangement of the
helices and an extended region seen previously in struc-
tures of HMG 1 and HMG D domains in the absence of
DNA. The first two helices form one arm of the L, whereas
the third helix and the extended N-terminal region, the
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rest of the L. The DNA duplex binds to the concave surface
of the Lef domain and is bent severely toward the major
groove but retaining the Watson-Crick base pairing. The
domain makes extensive and continuous contacts in the
minor groove, which encompasses the entire region impli-
cated in binding as evidenced by foot printing and mutagen-
esis studies. Bending and opening of the minor groove is
accompanied by substantial narrowing and deepening of
the major groove. Bending occurs throughout the nine base
pair recognition sequence with an average total curvature
summed up over the 15 base pair path of approximately
117° degrees. The SRY protein is a transcriptional activa-
tor of the Mullerian inhibiting substance (MIS) gene and is
composed of three domains in which the central domain
corresponds to a DNA-binding HMG-box. The solution
structure of a specific complex of this HMG domain of SRY
with a DNA octamer consisting of the MIS promoter has
been solved.*3 It has a twisted letter “L” or a boomerang
shape with irregular N-terminal and C-terminal strands
that lie directly opposite to each other. The L-shape is
generated through three helices in which the long arm of
the “L” is formed by the third helix and the N-terminal
strand, whereas the short arm of the “L” is formed by
helices 1 and 2. On binding to hSRY-HMG domain, the
DNA undergoes profound structural changes from B-type
DNA in the free state to an underwound form that has
features intermediate between A and B type DNA. The
DNA in the complex is bent by ~70-80°. The DNA is
located in the concave surface of the L-shaped hSRY-HMG
domain, and binding occurs exclusively in the minor
groove of the DNA, causing widening of the groove. The
conformation of the distorted DNA follows the contours of
the concave binding surface perfectly, and the DNA is
pushed away from the body of the protein. More recently,
the crystal structure of HMG D-DNA complex was also
solved.** Unlike LEF-1 and SRY, HMG D has minimal
sequence specificity. It is surprising that the overall struc-
ture is very similar to that of LEF-1-DNA complex, and the
DNA in the protein-DNA complex is bent by 111°.

An important correlation between the DNA condensa-
tion data and the model that is presented here is that the
34-amino acid stretch in the C-terminus of histone H1d,
which we have identified as the DNA-condensing unit,
corresponds structurally to the DNA-binding and -bending
region of the HMG-box domains of Lef-1 and hSRY. The
structural data show that the concave surface of the
L-shaped molecular architecture of these proteins indeed
interact with the DNA. Furthermore, the bent DNA is
stabilized because of its position in the vicinity of the helix
so that the lysine residues, which project from within the
helix, interact with the DNA. The 34-amino acid stretch of
the C-terminus of histone H1d corresponds to this region,
and the helix aforementioned corresponds to the spacer
region in between the 16mer and 8mer octapeptide contain-
ing the S/TPKK motifs.

The model predicted here for H1d_C would require DNA
to be bent for good binding, as seen in Lef-1 and SRY
proteins. It appears that the 34-amino acid stretch encom-
passing the octapeptide repeats plays a key role in defining

the angle of bending with the octapeptide repeats contain-
ing the S/TPKK motifs functioning as the anchor points. It
has been shown that the S/TPKK sequences can bind to
DNA in the minor groove, and on binding there is a
destabilization of the minor groove.*® Because there are
three octapeptide repeats in H1d_C, it is reasonable to
suggest that there would be destabilization of the minor
groove on the binding of DNA by H1d_C. This scenario is
similar to that found in the HMG-box proteins. The
bending might be the major contributing factor to the CD
spectral observations of a progressive decrease in the
positive ellipticity at 270 nm on interaction of DNA with
histone H1.

Analysis of histone H1-DNA complexes using scanning
force microscopy (SFM) has shown that in these globular
complexes, the path of the DNA is not resolved. It seems
from the general appearance that the DNA is bent and is
probably around a histone H1 molecule.*® Similar data
have been obtained with the toroids formed by the interac-
tion of isolated C-terminal domains of histone H1 with
DNA.*7 Histone Hl-induced DNA bending is physiologi-
cally relevant because the structure of the DNA obtained
on interaction with histone H1 is close to the curvature of
DNA in the condensed fiber. Some experiments have also
indicated that compaction of linker DNA in nucleosomal
templates is accompanied by bending or kinking of linker
DNA.*® The protein-induced DNA bending can be experi-
mentally shown either by gel retardation assay with
circularly permuted DNA substrate containing the target
sequence for the sequence specific-binding proteins.

The other method that has been used for the HMG
proteins is the DNA circularization assay promoted by
DNA ligase.*® However, in the case of histone H1, both
methods cannot be used because first it is not a sequence-
specific binding protein and second it inhibits DNA ligase
activity.?® One of the predictions of correlation of the
structural homology between the C-terminus of histone
H1d and the HMG-box domains is that if the spacer of the
10 amino acids is removed, the entire structure collapses
because of the absence of the helix and, therefore, the bent
DNA duplex cannot be stabilized. In fact, this prediction is
proved to be correct by the observation that the A10
mutant loses 80% of the DNA condensation ability. It is
important that this spacer has lysine residues.

It is worth noting that the octapeptide repeats are fairly
conserved in most of the histone H1 subtypes across
species except a few including the testis specific variant,
H1t.%! It is also interesting to note that their spacing and
the length of the intervening sequence between the re-
peats vary among the different histone H1 subtypes (Fig.
1). This variation might contribute to the possible varia-
tion in the angle of bent DNA and also the extent of
stabilization by the helical segment. It was shown in the
DNA-binding studies that the A34 mutant had residual
DNA-binding activity, which might be due to regions
beyond the 34 mer region. The structural data indicate
that the last portion of the Lef-HMG-box beyond the third
helix is a basic disordered segment, which interacts with
DNA. In histone H1 also, there is a lysine-rich stretch



80 M.M.S. BHARATH ET AL.

toward the end of the molecule, which might be contribut-
ing to residual DNA binding, similar to the scenario of
LEF-1.

The S/TPKK motifs are known to recognize AT-rich
sequences at the narrow minor grooves of the duplexes. We
have shown earlier that a 16-mer peptide ATPKKSTKKT-
PKKAKK, corresponding to the first and the second motifs
found in H1d_C, showed the highest preference for poly(dA-
dT)-poly(dA-dT) containing SAR-DNA.?? Our modeling
studies clearly indicate that the first two motifs together
bind at a minor groove, whereas the third motif appears to
bind at the next groove. An investigation of genome
sequences would be required to determine if there are
indeed AT-rich segments that could indicate regions in
linker DNA that could bind to the C-terminus of H1 and if
they represent motifs correlating with the octapeptide
repeats in H1.

The structural aspects related to the linker DNA has
been a matter of controversy since the concept of higher
order structure has emerged. It is still not clear what the
path of linker DNA is. There have been suggestions that
the path of the linker DNA influences the higher order
structure and if solved will throw light on the folding
pathway of polynucleosome fiber. In a recent study,
Hamiche et al.’® examined mononucleosomes reconsti-
tuted with the globular domain GH5 and also the full
length of histone H5 contaning the C-terminus by electron
microscopy. Their electron micrographs clearly show that
the globular domain of histone H5 increases the wrapping
of DNA around the nucleosome core from 1.65-1.7 turns to
1.8-1.9 turns while at the same time the entering and
exiting DNA are uncrossed. However, in the presence of
full-length histone H5, a stalk is formed, which has been
interpreted as the C-terminal tail bridging the entering
and exiting DNA together to form a four stranded stem,
which spans around a distance of 30 nm. The identification
of the HMG domain in the C-terminus of histone H1 and
the similarity of its structure with those of Lef-1 and SRY
should stimulate efforts to understand the role of the
C-terminus of histone H1 in chromatin folding. The struc-
tural homology of the C-terminus of histone H1ld with
HMG domains of transcription factors Lef-1 and SRY also
represents yet another example of a structural connection
that is emerging between the chromatin architectural
proteins and transcription factors.?*

CONCLUSIONS

Sequence-based structure predictions are used routinely
in structure-function studies of proteins, conducted almost
automatically in many cases. However, predictions that
use the existing knowledge on a particular protein family
along with the recent advances of protein sequence and
structural analyses have the potential to provide informa-
tion stretching beyond the limits of entirely automated
methods. This article shows an application of such an
approach for deducing the structure of the C-terminal
domain of histone H1. The prediction has facilitated the
understanding of the mode of DNA binding by the C-
terminal domain and provided an insight into the method

by which it achieves DNA condensation, which in turn
influences chromatin folding. Identifying an HMG-box fold
in the domain has also provided an explanation for many
experimental observations such as competition in vivo
between HMG proteins and H1 to bind to various target
sites within chromatin, similarity in the DNA affinity
profiles, and binding characteristics of HMG proteins with
those of H1. It has also provided a structural basis to probe
further the assembly of higher order structures of the
chromatin fiber.
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