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Abstract

Knowledge of the structural properties of linker histones is important to the understanding of their role in
higher-order chromatin structure and gene regulation. Here we study the conformational properties of the
peptide Ac-EKTPVKKKARKAAGGAKRKTSG-NH2 (NE-1) by circular dichroism and 1H-NMR. This
peptide corresponds to the positively charged region of the N-terminal domain, adjacent to the globular
domain, of mouse histone H1e (residues 15–36). This is the most abundant H1 subtype in many kinds of
mammalian somatic cells. NE-1 is mainly unstructured in aqueous solution, but in the presence of the
secondary-structure stabilizer trifluoroethanol (TFE) it acquires an �-helical structure. In 90% TFE solution
the �-helical population is ∼40%. In these conditions, NE-1 is structured in two �-helices that comprise
almost all the peptide, namely, from Thr17 to Ala27 and from Gly29 to Thr34. Both helical regions are
highly amphipathic, with the basic residues on one face of the helix and the apolar ones on the other. The
two helical elements are separated by a Gly–Gly motif. Gly–Gly motifs at equivalent positions are found in
many vertebrate H1 subtypes. Structure calculations show that the Gly–Gly motif behaves as a flexible
linker between the helical regions. The wide range of relative orientations of the helical axes allowed by the
Gly–Gly motif may facilitate the tracking of the phosphate backbone by the helical elements or the
simultaneous binding of two nonconsecutive DNA segments in chromatin.
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The linker histone H1 has a central role in stabilizing both
the nucleosome and chromatin higher-order structure. H1
histones have a characteristic three-domain structure (Hart-
man et al. 1977). The central globular domain consists of a
three-helix bundle with a �-hairpin at the C terminus (Clore

et al. 1987; Cerf et al. 1993; Ramakrishnan et al. 1993) that
is similar to the winged-helix motif found in some se-
quence-specific DNA-binding proteins. The N terminus and
the C terminus are highly basic. The terminal domains have,
in general, little structure in solution. The C-terminal do-
main acquires, however, a substantial amount of �-helical
structure in the presence of secondary-structure stabilizers
such as trifluoroethanol (TFE) or NaClO4 (Clark et al. 1988;
Hill et al. 1989). A turn and a helix–turn motif in the C-
terminal domain have been characterized by high-resolution
NMR in the presence of structure stabilizers (Suzuki et al.
1993; Vila et al. 2000). It has also been shown that a peptide
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belonging to the C-terminal domain of H1° acquires helical
and turn structures upon interaction with the DNA (Vila et
al. 2001).

Histone H1 has been described as a general transcrip-
tional repressor because it contributes to chromatin conden-
sation, which limits the access of the transcriptional ma-
chinery to DNA. However, recent studies show that linker
histones participate in complexes that can either activate or
repress specific genes (Zlatanova and Van Holde 1992;
Khochbin and Wolffe 1994; Wolffe et al. 1997). These
regulatory functions of histone H1 are attributed in some
cases to the globular domain and in others to the tail-like
domains (Bouvet et al. 1994; Shen and Gorovsky 1996; Lee
and Archer 1998; Vermaak et al. 1998; Dou et al. 1999).
Understanding the structural properties of the H1 terminal
domains may clarify its function in chromatin.

The N-terminal domains of H1 histones have two distinct
subregions (Böhm and Mitchel 1985). The distal part is rich
in alanine and proline and highly hydrophobic, whereas the
region adjacent to the globular domain is highly basic and
may be involved in the location and anchoring of the globu-
lar domain (Allan et al. 1986).

Here we study the conformational properties of the pep-
tide Ac-EKTPVKKKARKAAGGAKRKTSG-NH2 (NE-1)
that comprises the positively charged region of the N-ter-
minal domain of linker histone subtype H1e. This is the
most abundant subtype in many mammalian somatic cells.
We show that this region has little structure in aqueous
solution, but that it acquires a high degree of �-helical struc-
ture in the presence of TFE. In 90% TFE, the peptide is
organized in two amphipathic �-helices, separated by a
Gly–Gly motif, which allows great freedom to the orienta-
tion of the two helical elements. This feature may allow the
tracking of the DNA phosphate backbone by the �-helices
or simultaneous binding to two nonconsecutive DNA seg-
ments.

Results

Circular dichroism analysis

We have studied the peptide Ac-EKTPVKKKARKAAG-
GAKRKTSG-NH2 (NE-1), which corresponds to the posi-
tively charged region of the N-terminal domain, immedi-
ately adjacent to the globular domain, of mouse histone H1e
(residues 15–36). None of the first 14 residues of the protein
is positively charged.

In aqueous solution, the CD spectrum of the NE-1 peptide
was dominated by the random coil component. Neither the
double minimum at 208 nm and 222 nm nor the maximum
at 190 nm of the �-helix was observed (Fig. 1A). The mean
residue molar ellipticity at 222 nm ([�]222), taken as diag-
nostic of helix formation, was negligible in water. However,

the absence of a small positive peak at ∼215 nm, a feature
characteristic of the random coil, indicated that a small
amount of structure was present.

Addition of TFE, which stabilizes peptide secondary
structure, increased the �-helical content, as shown by the
increase in the negative ellipticity at 222 nm and the change
in the shape of the spectrum. The transition between the
random coil and the helical structure seems to be a two-state
equilibrium, as indicated by the presence of an isodichroic
point. The helical content of the peptide as a function of
TFE concentration estimated by the method of Chen et al.
(1974) is shown in Figure 1. In 50% and 90% TFE solution,
the helical populations were 18% and 44%, respectively.
The method of Rohl and Baldwin (1997) gave slightly
higher values of 21% and 47%, respectively. It should be
noted, however, that CD methods provide only a rough
estimate of the helical content.

NMR analysis

The NMR spectra were recorded in 50% and 90% TFE at
pH 3.5 and 25°C. Figure 2 summarizes all relevant NOE

Fig. 1. TFE-dependent conformational transition of the NE-1 peptide mea-
sured by CD. (A) Far-UV CD spectra in the presence of various concen-
trations of TFE in 10 mM NaCl, phosphate buffer 5 mM, pH 3.5 at 20°C.
The numbers refer to the TFE concentration in percentage by volume. (B)
Variation of the mean residue molar ellipticity, [�] in degrees-centimeter
squared per decimole, at 222 nm with added TFE. The percentage of
helical structure, calculated as described in Materials and Methods, is also
indicated.
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data for the peptide in 50% and 90% TFE. The figure also
shows the plot of the conformational shifts of the C�H
protons, �� � �observed − �random coil.

The presence of helical conformations was established on
the basis of the following criteria: (1) the presence of
stretches of nonsequential �N(i, i + 3), �N(i, i + 4), ��(i,
i + 3), as well as side-chain–side-chain and side-chain–
main-chain (i, i + 3) and (i, i + 4) NOE connectivities; (2)
strong sequential NN NOE connectivities, concomitant with
weakened �N(i, i + 1) NOE connectivities; (3) significant
up-field shift of the C�H resonances relative to the random
coil values; (4) 3JC�

H–NH couplings <5.0 Hz.
In 50% TFE, the NE-1 peptide showed a low �-helical

population. In these conditions, the helix may begin at
Thr17, with Pro18 in the statistically favored N + 1 position
(Richardson and Richardson 1988), and span to Ala26.

In 90% TFE, the helical population increased consider-
ably, and spanned almost the entire peptide, as shown by the
presence of numerous (i, i + 3) and (i, i + 4) NOE connec-
tivities, the reinforcement of sequential NN NOEs, the up-
field shift of the C�H resonances, and the 3JC�

H–NH < 5.0
Hz for residues T17, K20, R24, A26, A27, K31, and K33.
All these features are interrupted around the Gly28–Gly29
doublet. This indicates that NE-1 is organized in two �-he-

lical elements separated by the Gly–Gly motif. The N-ter-
minal �-helix (helix N-I) begins at Thr17, as this residue
presents a 3JC�

H–NH < 5.0 Hz and it is the first involved in
an �N(i, i + 3) NOE connectivity. This helical element
spans to Ala27, as shown by the abundance of (i, i + 3) and
(i, i + 4) NOEs, the negative and large in absolute value
C�H �� within the Val19–Ala27 segment, and the 3JC�

H–
NH coupling constants <5.0 Hz for residues T17, K20, R24,
A26, and A27. The fractional helicity of this region was
54%, according to the C�H ��.

The C-terminal �-helix (helix N-II) is shorter and some-
what less stable than the N-terminal one, as deduced from
its absence in 50% TFE and the slightly lower helical popu-
lation in 90% TFE (44%). According to the presence of (i,
i + 3) and (i, i + 4) NOE connectivities, the helix spans from
Ala30 to Thr34, with Gly29, which is involved in an �N(i,
i + 4) NOE cross-peak, as N-Cap. This region contains two
residues, Lys31 and Lys33, with 3JC�

H–NH < 5.0 Hz. The
helix may include Ser35, because this residue is involved in
an �N(i, i + 3) NOE cross-correlation.

Structure calculations

The structure calculations were performed on the basis of
the NOE cross-correlations observed in 90% TFE. A set of

Fig. 2. Summary of the NOE connectivities of NE-1. (A) The results in 50% TFE solution and (B) in 90% TFE solution are presented
(25°C, pH 3.5). The thickness of the lines reflects the intensity of the sequential NOE connectivities, that is, weak, medium, and strong.
An asterisk (*) indicates an unobserved NOE connectivity caused by signal overlapping, proximity to the diagonal, or overlapping with
the solvent signal. An open box indicates a d��(i, i + 1) NOE connectivity, where i + 1 is proline. dsch indicates NOE connectivities
involving side chains. The conformational shifts with respect to random coil values, C�H ��, are shown as a function of the sequence
number (bottom).
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89 distance constraints, composed of 21 sequential and 68
medium-range constraints, was used to calculate the three-
dimensional structures of the peptide. A total of 50 struc-
tures were generated with the torsion angle dynamics pro-
gram DYANA (Güntert et al. 1997). The 22 best converged
structures were chosen. The global RMS deviation of the
backbone atoms of the whole peptide, excluding the first
and the last residues, for this set of structures was
0.30 ± 0.09 nm, and the maximum NOE violation was 0.07
nm. Figure 3 shows the superposition of the backbones of
the 22 selected structures. The region spanning from Thr17
to Ala27 adopts a well-defined helical structure, as does the
region from Ala30 to Thr34. In some structures Ser35 is
also included in the C-terminal helix. The calculated struc-
tures are highly flexible about the Gly28–Gly29 motif,
which results in a wide range of values for the angle defined
by the two helical axes. This obliges us to show the set of
calculated structures fitted either for the N-terminal helical
region (Fig. 4A) or for the C-terminal one (Fig. 4B).

Discussion

Histone H1 terminal domains have little structure in aque-
ous solution. Secondary-structure inducers promote the for-
mation of turns and helices in the C-terminal domain (Clark
et al. 1988; Hill et al. 1989; Suzuki et al. 1993; Vila et al.
2000). It has been shown that interaction with the DNA
induces helical and turn structures in an H1 C-terminal pep-
tide (Vila et al. 2001). However, very little is known so far
regarding the N-terminal domain functional and structural
properties.

We have studied the structure of the NE-1 peptide, which
corresponds to the charged region of the N-terminal domain
of histone H1e, by CD and 1H-NMR. In aqueous solution,
NE-1 behaved as a mainly unstructured peptide. Addition of
TFE resulted in a substantial increase of the helical content.
In 90% TFE, the peptide was structured in two �-helices
spanning from Thr17 to Ala27 (helix N-I) and from Gly29
to Thr34 (helix N-II), with fractional helicities of 54% and
44%, respectively. These results, calculated from the up-
field shifts of the C�H � values, are in good agreement with
the average value of 44% obtained by CD for the entire
peptide. The presence of an �N(i, i + 3) NOE cross-peak
involving Ser35 indicates that this residue may also be in-

Fig. 3. Superposition of the backbone of the 22 NE-1 peptide best converged structures calculated by the torsion angle dynamics
program DYANA (Güntert et al. 1997) on the basis of the distance constraints derived from observed NOE cross-correlations in 90%
TFE solution. (A) The 22 structures fitted at the N-terminal helix. (B) The 22 structures fitted at the C-terminal helix.

Fig. 4. End view down the helix axis of the 22 best converged structures
of helix I of NE-1. The helical region from Val19 to Ala27 is represented.
It shows the amphipathic character of the helix, with the positively charged
residues on one face of the helix and the hydrophobic residues on the other.
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cluded in helix N-II, as in some of the calculated structures.
The lack of defined secondary structure when NE-1 is stud-
ied in the absence of TFE is correctly predicted by the helix
prediction program AGADIR, which has been parameter-
ized on the basis of peptide conformations in aqueous so-
lution (Muñoz and Serrano 1994). When the method of
Chou and Fasman (1974), which is based on protein data, is
used, the two �-helical elements are correctly predicted.

TFE stabilizes helical and turn structures (Buck 1998),
revealing the conformational biases of the primary se-
quence. Although TFE has been extensively used, the
mechanism by which it affects the polypeptide structure is
not fully understood. Enhancement of hydrogen bonding,
disruption of the water structure, and preferential solvation
of certain groups of the polypeptide chain have been sug-
gested as possible explanations. It has also been argued that
TFE could associate with the hydrophobic surface of am-
phipathic helices and mimic a dehydrated environment
(Buck 1998). The electrostatic repulsion between the posi-
tively charged residues in the amphipathic helices could
explain the unusually high TFE concentration necessary to
stabilize histone H1 helices (Walters and Kaiser 1985; Clark
et al. 1988; Hill et al. 1989; Johnson et al. 1994; Vila et al.
2000, 2001).

Both helical elements in the N-terminal domain of H1e
have a marked amphipathic character, with all the basic
residues on one face of the helices and the apolar residues
on the other (Fig. 4). The mean helical hydrophobic mo-
ments, 〈�H〉 (Eisenberg et al. 1982, 1984), for helices N-I
(residues Thr17–Ala27) and N-II (residues Gly29–Thr34)
were 0.33 and 0.23, respectively. These values are to be
compared with 〈�H〉 � 0.53 for the highly amphipathic he-
lix (KKLL)3. The positively charged amphipathic �-helices
have been described as DNA-binding motifs. Our results
indicate that the positively charged region of the N-terminal
domain adopts �-helical structure upon binding to the DNA,
as proposed for some of the sequences of the C-terminal
domain (Clark et al. 1988; Hill et al. 1989; Vila et al. 2000,
2001).

Helix N-II surpasses the limit between the N-terminal and
the globular domains defined by trypsin cutting at Lys33.
This indicates that the structural limit between the domains
is the helix-disruptive motif Pro37–Pro38, which is imme-
diately adjacent to helix I of the globular domain. Figure 5A
shows a model structure of the N-terminal peptide of H1e
connected to the NMR structure of the globular domain of
chicken histone H1 (Cerf et al. 1993). The proximity of the
helix–Gly–Gly–helix motif to the globular domain and its
high positive charge density support the view that this re-
gion is involved in the location and anchoring of the globu-
lar domain to the nucleosome (Allan et al. 1986).

Both N-terminal domain helical elements contain a triplet
of basic residues. Basic triplets are not frequent in somatic
H1 subtypes, but they are more common in non- sequence-

specific DNA-binding proteins with high affinity for the
DNA, such as sperm linker histones and protamines (Subi-
rana 1990). The triplets of basic residues probably confer a
high DNA-binding affinity to the proximal region of the
N-terminal domain. The inducible character of the helical
elements of the terminal domains may prevent the highly
charged N-terminal region from strongly binding to DNA
before the globular domain is correctly positioned on the
nuclesosome.

Fig. 5. Model of the binding of the N-terminal domain of histone H1e to
the nucleosome. (A) Model structure of the connection of the N-terminal
and globular domains. The NMR structure of the folded N-terminal domain
NE-1 peptide is shown connected to the NMR structure of the globular
domain of chicken histone H1 globular domain. (B) Representation of a
possible location of the N-terminal domain bound to linker DNA. (C)
Representation of the N-terminal domain bound to chromatosomal and
linker DNA. The chromatosomal DNA is in green, the linker DNA is in
red, the histone H1 N-terminal domain is in blue, and the globular domain
is in green. The globular domain is located according to the model of Zhou
et al. (1998).
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The two �-helical elements in the N-terminal domain are
separated by a Gly–Gly motif. The Gly–Gly doublet be-
haves as a flexible linker between the helical elements. The
Gly–Gly doublet is conserved at equivalent positions in
many vertebrate H1 subtypes (Sullivan et al. 2000). A Gly–
Gly motif is found in the porins of Escherichia coli and
other bacterial species (Jeanteur et al. 1991). The motif
confers flexibility to the third loop of the protein, which
appears to have functional implications (Van Gelder et al.
1997). Another example of structural flexibility associated
with a Gly sequence is that of the calmodulin-related TCH2
protein from Arabidopsis. Its overall structure consists of
two globular domains separated by a flexible linker region
that contains a (Gly)4 motif (Khan et al. 1997).

Figure 5 (B and C) shows a representation of the binding
of the N-terminal domain to the DNA in chromatin. Helix
III of the globular domain interacts at one terminus of the
chromatosome, according to the model of Zhou et al.
(1998). This places the N-terminal domain near the linker
DNA. The wide range of possible orientations of the two
N-terminal �-helices allowed by the Gly–Gly motif could
facilitate the tracking of the phosphate backbone of the
linker DNA by the helical elements (Fig. 5B) or the simul-
taneous binding of nucleosomal and linker DNA (Fig. 5C).

Materials and methods

Peptide synthesis

The peptide Ac-EKTPVKKKARKAAGGAKRKTSG-NH2 (NE-
1) was synthesized by standard methods (DiverDrugs, Barcelona,
Spain). Peptide homogeneity was determined by HPLC on Kro-
masil C8. The peptide composition was confirmed by amino acid
analysis, and the molecular mass was checked by mass spectrom-
etry. The sequence of the peptide corresponds to residues 15 to 36
at the N terminus of mouse histone H1e. It presents two substitu-
tions in the rat, at positions 19 (Val → Ile) and 34 (Thr → Ala);
and three in humans, at positions 26 (Ala → Ser), 29 (Gly → Ala),
and 34 (Thr → Ala). The peptide was acetylated and amidated to
remove the dipole destabilization effect.

Circular dichroism spectroscopy

Samples for circular dichroism spectroscopy were 2.85 × 10−5 M
in the peptide and 5 mM in sodium phosphate buffer, 10 mM NaCl
at pH 3.5. Samples in aqueous and mixed solvent with different
ratios (v/v) of trifluoroethanol/H2O were prepared. Spectra were
obtained on a Jasco J-715 CD spectrometer in 1-mm cells at 20°C.
The results are expressed as mean residue molar ellipticities, [�].
The helical content was estimated from the ellipticity value at 222
nm, [�]222, according to the empirical equation of Chen et al.
(1974):

%helical content = 100 ����222�−39500��1 − 2.57�n��,

where n is the number of peptide bonds.
The mean helix content, fH, was also calculated according to

Rohl and Baldwin (1997):

fH = ��222 − �C����H − �C�;

were �C and �H are given by the following expressions:

�C = 2220 − 53T

�H = �−44000 + 250T��1 − 3�Nr�

where T is the temperature in degrees Celsius and Nr is the chain
length in residues.

1H NMR spectroscopy

Samples were routinely prepared as ∼2.6 mM solutions of the
peptide in H2O, 5 mM phosphate buffer, 10 mM NaCl, and the
presence of either 50% or 90% deuterated TFE. The pH was ad-
justed to 3.5 with minimal amounts of HCl or NaOH in water.
Spectra were obtained at 25°C.

Spectra were recorded in a Bruker AMX-600 spectrometer as
described previously (Vila et al. 2000). The assignments of the
1H-NMR spectra of the peptide in the presence of different con-
centrations of trifluoroethanol were performed by standard two-
dimensional sequence-specific methods (Wüthrich et al. 1984;
Wüthrich 1986).

The helix populations were quantified on the basis of the up-
field shifts of the C�H � values upon helix formation, according to
Jiménez et al. (1993). The average helical population per residue
was calculated by dividing the average conformational shift,
�� � �(�iobs

− �iRC
)/n, by the shift corresponding to 100% helix

formation. Random coil values, �RC, were those given by
Wüthrich (1986), except for Thr17, which was that given for
amino acids followed by Pro (Wishart et al. 1995). A value of
−0.39 ppm was used as the shift for 100% helix formation (Wishart
et al. 1991). The helical length, n, was determined on the basis of
NOE cross-peaks, couplings 3JC�

H–NH < 5.0 Hz, and conforma-
tional shifts, and confirmed by structure calculations.

3JC�
H–NH coupling constants for nonoverlapping signals were

determined by analyzing TOCSY spectra using the method of
Stonehouse and Keeler (1995).

Structure calculations

Peptide structures were calculated with the program DYANA
(Güntert et al. 1997). Distance constraints were derived from the
150-msec NOESY spectrum acquired in 90% TFE at 25°C and pH
3.5. The intensities of the observed NOEs were evaluated quali-
tatively and translated into upper-limit distance constraints accord-
ing to the following criteria: strong NOEs were set to distances
lower than 0.3 nm; medium, lower than 0.35 nm, and weak, lower
than 0.45 nm. Pseudo-atom corrections were set to the sum of the
van der Waals radii. � angles for those residues with 3JC�

H–
NH < 5.0 Hz (T3, K6, R10, A12, A13, K17, and K19) were re-
stricted to the range −90° to −30°. The � angles of the rest of the
residues except for Gly were constrained to the range −180° to 0°.
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