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Abstract

The structural study of peptides belonging to the terminal domains of histone H1 can be considered as a step toward the
understanding of the function of H1 in chromatin. The conformational properties of the peptide Ac-EPKRSVAFKKT
KKEVKKVATPKK ~CH-1!, which belongs to the C-terminal domain of histone H18 ~residues 99–121! and is adjacent
to the central globular domain of the protein, were examined by means of1H-NMR and circular dichroism. In aqueous
solution, CH-1 behaved as a mainly unstructured peptide, although turn-like conformations in rapid equilibrium with the
unfolded state could be present. Addition of trifluoroethanol resulted in a substantial increase of the helical content. The
helical limits, as indicated by~i, i 1 3! nuclear Overhauser effect~NOE! cross correlations and significant up-field
conformational shifts of the Ca protons, span from Pro100 to Val116, with Glu99 and Ala117 as N- and C-caps. A
structure calculation performed on the basis of distance constraints derived from NOE cross peaks in 90% trifluoro-
ethanol confirmed the helical structure of this region. The helical region has a marked amphipathic character, due to the
location of all positively charged residues on one face of the helix and all the hydrophobic residues on the opposite face.
The peptide has a TPKK motif at the C-terminus, following thea-helical region. The observed NOE connectivities
suggest that the TPKK sequence adopts a type~I ! b-turn conformation, as-turn conformation or a combination of both,
in fast equilibrium with unfolded states. Sequences of the kind~S0T!P~K 0R!~K 0R! have been proposed as DNA
binding motifs. The CH-1 peptide, thus, combines a positively charged amphipathic helix and a turn as potential
DNA-binding motifs.
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Histone H1 has a role in the stabilization of both the nucleosome
and chromatin higher-order structure. H1 linker histones have a
characteristic three domain structure~Hartman et al., 1977!. The
central globular domain consists of a three-helix bundle with a
b-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 sequence-specific DNA-binding proteins. The amino-
terminal and carboxy-terminal tail-like domains are highly basic.

H1 plays a key role in the folding of the nucleosomal arrays into
the 30 nm chromatin fiber. However, experiments with sperm nu-
clei and cell-free extracts fromXenopuseggs show that H1 is not
essential for the assembly of morphologically normal nuclei capa-
ble of DNA replication~Dasso et al., 1994!. Likewise, knockout
experiments inTethrahymena thermophilashow that linker his-
tones are not essential for cell survival, although the chromosome
structure is less condensed~Shen et al., 1995!.

Experiments in vivo indicate that H1 does not function as a
global transcriptional repressor, but instead participates in com-
plexes that either activate or repress specific genes~Zlatanova &
Van Holde, 1992; Khochbin & Wolffe, 1994; Wolffe et al., 1997!.
Regulated expression of H1 duringXenopusdevelopment has a
specific role in the differential expression of oocyte and somatic 5S
rRNA genes~Bouvet et al., 1994!. In Tethrahymena,H1 does not
have a major effect on global transcription, but can act as either a
positive or negative gene-specific regulator of transcription in vivo
~Shen & Gorovsky, 1996!. Previous work has clearly established
that the globular domain of H1 is sufficient to direct specific gene
repression in earlyXenopusembryos~Vermaak et al., 1998!. Other
gene-specific effects, such as gene activation of the mouse mam-
mary tumor virus~Lee & Archer, 1998! or the activation or re-
pression of specific genes inTethrahymena~Dou et al., 1999!,
however, are regulated by phosphorylation localized to the tail-like
domains.

The study of the detailed structure of the terminal domains may
provide insight into the binding of H1 in chromatin and thus con-
tribute to the understanding of H1 function. H1 terminal domains
have little or no structure in solution. The C-terminal domain,
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however, might acquire a substantial proportion ofa-helical struc-
ture upon interaction with DNA~Clark et al., 1988; Hill et al.,
1989!. The C-terminal domain is rich in lysine, alanine, and pro-
line and binds to the linker DNA. It is required for chromatin
condensation and is responsible for the ordered aggregation of
DNA giving rise to the “psi-DNA” spectrum in circular dichroism
~CD! ~Morán et al., 1985!. The low degree of defined secondary
structure in the C-terminal domain in aqueous solution may be due
to the electrostatic repulsion between the positively charged lysine
side chains. Trifluoroethanol and other agents known to stabilize
secondary structure induce variable amounts of helical structure in
the C-terminal domain of H1 subtypes~Clark et al., 1988; Hill
et al., 1989!.

Here, we study the conformational properties of a peptide be-
longing to the C-terminal domain of the H1 subtype H18 by high-
resolution NMR and CD. The peptide is adjacent to the globular
domain and contains the longest proline-free fragment in the
C-terminal domain of H18. It binds to DNA as shown by gel
retardation assays and CD~R. Vila & P. Suau, unpubl. obs.!. We
show that the peptide acquires a high amount of helical structure in
aqueous TFE solutions. The helical region presents a marked am-
phipathic character, with all positively charged residues concen-
trated on one face of the helix and all the hydrophobic residues,
together with a Glu residue, on the other. The last four residues of
the peptide, TPKK, adopt a turn conformation. Sequences of the
kind ~S0T!P~K 0R!~K 0R! have been proposed as DNA binding
motifs ~Suzuki, 1989; Suzuki et al., 1993!. The peptide thus com-
bines a positively charged amphipathic helix and a turn as potential
DNA-binding motifs.

Results

CD analysis

The CD spectrum of the peptide in H2O, pH 3.5, and 58C is
dominated by the contribution of the random coil. No sign of the
characteristic double minimum at 208 and 222 nm, and the max-

imum at 190 nm of thea-helix was observed. The mean residue
molar ellipticity at 222 nm~@u#222!, taken as diagnostic of helix
formation, was negligible in water. However, the small positive
peak at;215 nm, characteristic of the random coil, was not ob-
served, suggesting that a very small amount of structure could be
present in water~Fig. 1!. Addition of TFE, which is known to
stabilize peptide secondary structure, resulted in an increase in the
negative ellipticity at 222 nm~Fig. 1!. The helical content of
the peptide as a function of TFE concentration was estimated by
the method of Chen et al.~1974! ~Fig. 1!. In 50 and 90% TFE
solution, the helical populations were estimated to be 21 and 45%,
respectively.

NMR analysis

The NMR spectra were recorded in aqueous solution and in 50%
and 90% TFE. The presence of helical conformations was estab-
lished on the basis of the following criteria:~1! the presence of
stretches of nonsequentialaN~i, i 1 3!, aN~i, i 1 4!, ab~i, i 1 3!,
as well as side-chain–side-chain and side-chain–main-chaini, i 1 3
and i, i 1 4 NOE connectivities;~2! strong sequentialNN NOE
connectivities, concomitantly with weakenedaN~i, i 1 1! connec-
tivities; and~3! significant up-field shifting of the Ca resonances
relative to the random coil values.

Figure 2 shows selected regions of the two-dimensional~2D!
NOE spectra of the peptide in 90% TFE, pH 3.5, 258C, where
NOE correlations corresponding to medium-range interactions are
indicated. Figure 3 and Tables 1 and 2 summarize all relevant NOE
data for the peptide in water and in 50 and 90% TFE solution. The
figure also shows the plot of the conformational shifts of the CaH
protons,Dd 5 dobserved2 drandom coil. The peptide does not show a
significant helical population in water. However, the presence of
abundant medium NOE correlations between sequential amide pro-
tons ~Fig. 3!, which are only close enough in folded structures,
suggests that turn-like conformations in rapid equilibrium with the
unfolded state could be present.

Analysis of the peptide in 50% TFE solution reveals a signifi-
cant helical population, as shown by the presence of nonsequential

A B

Fig. 1. TFE-dependent conformational transition of the CH-1 peptide measured by CD.A: Far-ultraviolet CD spectra in the presence
of various concentrations of TFE in phosphate buffer 5 mM, pH 3.5 at 58C. The numbers refer to the TFE concentration in percentage
by volume.B: Variation of the mean residue molar ellipticity~@u#, deg cm2 dmol21! 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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NOEs, the intensity of theNN NOE cross peaks, several side-
chain–side-chain and side-chain–main-chain NOE connectivities
and the upfield conformational shifts, CaHDd. According to the
chemical shift criterion, a residue is considered to form part of a
helix whenever itsDd value is negative. In 90% TFE, the propor-
tion of helical structure is considerably enhanced, as revealed by
the increase in number and magnitude of the abovea-helix NMR
diagnostic parameters.

For the determination of the helical limits, we used a criterion
based both on the conformational shifts and on the presence of
aN~i, i 1 3!, ab~i, i 1 3! NOE cross correlations. In 90% TFE
solution, the helix spans from Pro100 to Val116, with Glu99 and
Ala117 as N- and C-caps. The helical limits have been confirmed
by structure calculations based on the distance constraints arising
from NOE cross correlations in 90% TFE. The presence of~i, i 1 3!
cross correlations involving Glu99~Hg! and Arg ~NH! suggests
that Glu99 may act as the N-cap. A Pro residue is found in the next
position. This location is consistent with the strong preference of
Pro for position N1~the first residue after the N-cap!, when Pro is
in the first turn of the helix~Richardson & Richardson, 1988!.

The peptide bond Glu99–Pro100 is predominantly in atrans
conformation as indicated by strong connectivities between Pro
Hdd9 and Glu Ha ~Hinck et al., 1993!. A very weak connectivity
between the Pro Ha and the Thr Ha was observed, indicating the
presence of a small population of Pro in thecis conformation.

In 50% TFE solution, there is a significant helical population in
the segment Lys101–Lys111, with an averageDd of 20.12 ppm.
The averageDd for residues Glu112 to Ala117 is close to zero;
however, there are several~i, i 1 3! NOEs in this region, indicating
that the helix might be less stable than in 90% TFE or distorted. In
90% TFE, the segment Glu112–Ala117 shows an averageDd value
of 20.29 ppm, equivalent to that observed in the rest of the helix.

The helix populations in 50 and 90% TFE, as calculated from
the average conformational shifts and according to the different
helical limits, were 39 and 72%, respectively. With the purpose of
comparison with the values obtained by CD, these percentages
were corrected by the total length of the peptide. Values of 19%
~50% TFE! and 53%~90% TFE! were obtained. These values
are in satisfactory agreement with those estimated from the CD
measurements.

Fig. 2. Selected regions of the 2D NOE spectrum of CH-1. The peptide was 2.2 mM in 90% TFE, pH 3.5, 258C, mixing time 150 ms.
Medium-range NOE connectivities are boxed.A: NOE correlations of aliphatic protons~bottom, CaH! with amide or aromatic
resonances.B: NOE correlations of CaH protons with other aliphatic protons.
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ConnectivitiesaN~i, i 1 4!, which distinguisha helices from
310 helices, were only observed between Val104 and Val116, while,
according to theaN~i, i 1 3! connectivities and the conforma-
tional shifts, the helical structure could extend up to Pro100. This
may indicate that helix N-terminal sequence PKRS is in a 310

helical conformation. Such a possibility is supported by structure
calculations.

It is interesting to note the series of side-chain–side-chain me-
dium cross peaks between the ring protons of Phe106 and the
methylene protons of Lys110~Fig. 2; Table 1!. Side chains in
peptides in solution are often quite mobile, so that NOE cross
peaks involving side chains are difficult to detect~Muñoz et al.,
1995!. The high number of connectivities between the aromatic
protons of Phe106 and the aliphatic protons of Lys110, therefore,
indicates the existence of an interaction between the side chains of
these two residues efficient enough to keep them close and less
mobile ~Fig. 4B!. This conclusion is further supported by distinct
chemical shifts of the diastereotopic protons HE2 and HE3 of Lys110.

Structure of the N-terminal TPKK motif

The peptide has a TPKK sequence in the C-terminal end. It has
been pointed out~Suzuki et al., 1993! that a high proportion of
~S0T!PXX sequences in crystal structures fold into a type~I !
b-turn, which is stabilized by a hydrogen bond between the CO of
residue~i ! and the NH of residuei 1 3. Many suchb-turns present
an additional hydrogen bond between the side-chain oxygen of
~Ser0Thr! and either the NH of thei 1 2 residue~thes-turn type!

or the NH of thei 1 3 residue~thet-turn type!. The peptide bond
Thr118–Pro119 is predominantly in atransconformation as indi-
cated by the presence of strong connectivities between Pro Hdd9
and Thr Ha ~Hinck et al., 1993! ~Fig. 3!. A connectivity between
Pro Ha and Thr Ha, characteristic of thecisconformation, was not
observed.

In H2O, the sequence TPKK does not show NOE connectivities
characteristic of turns or other folded structures. In 50% TFE,
NOE connectivities characteristic of turn conformations are ob-
served: there is a strong connectivity NH~i 1 2!-NH~i 1 3! char-
acteristic of b-turns and a connectivity NH~i 1 2!-ProHb
characteristic ofb- or s-turns. In 90% TFE, other connectivities
appear, NH~i 1 2!-ProHg, NH~i 1 2!-Prog9 and NH~i 1 2!-Prod,
also characteristic ofb- or s-turns. In 90% TFE, a connectivity
NH~i 1 2!-ThrCgH3, which could indicate the presence of a hy-
drogen bond between the OH group of Thr and the backbone
amide of Lysi 1 2, is also observed~Table 2!.

The connectivities observed between the NH of residuei 1 2
and theb, g, andd protons of Pro are those expected for Type~I !
b-turns. Thes-turn can coexist with a Type~I ! b-turn to give a
bs-turn with two hydrogen bonds. It is not, however, possible to
decide whether in CH-1 the turn conformation of the TPKK se-
quence is stabilized simultaneously by two hydrogen bonds or
whether theb- ands-turns are in rapid interconversion. Evidence
for the presence of as-turn in 90% DMSO solution was previ-
ously obtained for motifs starting with Ser in peptides SPRKSPRK
and GSPKKSPRK, but not for the peptide TPRK~Suzuki et al.,
1993!. Our results suggest that thes-turn conformation is also

A B C

Fig. 3. Summary of the NOE connectivities of CH-1. The results~A! in aqueous solution,~B! in 50% TFE solution, and~C! in 90%
TFE solution are presented~258C, pH 3.5!. The thickness of the lines reflects the intensity of the sequential NOE connectivities, i.e.,
weak, medium, and strong. An asterisk~* ! indicates an unobserved NOE connectivity due to signal overlapping, closeness to the
diagonal or overlapping with the solvent signal. An open box indicates adad(i, i 1 1! NOE connectivity, wherei 1 1 is proline. dsch
indicates NOE connectivities involving side chains. The conformational shifts with respect to random coil values, CaH Dd, are shown
as a function of the sequence number~bottom!.
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accessible to sequence motifs starting with Thr. The turn structure
formed by the sequence TPKK must have limited rotational free-
dom about the backbone bonds connecting it to the rest of the
peptide, as indicated by the presence of strong or medium connec-
tivities between the amide proton of Thr118 andbAla117,aVal116,
andaLys115 ~Fig. 3!.

Structure calculations

Structure calculations were performed on the basis of the NOE
cross correlations observed in 90% TFE, since in these conditions
the population of folded structures is higher.

A set of 77 distance constraints, composed of 22 sequential and
55 medium-range constraints, was used to calculate the three-
dimensional~3D! structures of the peptide. A number of 50 struc-
tures were generated for the peptide with the distance geometry
program DIANA ~Güntert & Wüthrich, 1991!. The 15 structures
best fitting the experimental data were chosen. The global RMS
deviation of the backbone atoms for this set of structures, exclud-
ing the first and the last residues, was 0.1616 0.061 nm. The
maximum NOE violation was 0.034 nm. A superposition of the
backbones of the 15 selected structures is shown in Figure 4A.
Figure 4B shows one of the calculated structures. The region span-
ning from Pro100 to Ala117 adopts a well-defined helical struc-
ture. The region from Val104 to Ala117 isa-helical, while the
residues from Pro100 to Ser103 are in a 310 helical conformation.

The helix bends slightly around the sequence KKT~107–109!.
This effect arises from the strong interaction between the side
chains of Phe106 and Lys110~Fig. 4B!.

The C-terminal sequence, TPKK, adopts a turn conformation.
Some of the calculated structures show the hydrogen bond typical
of theb-turn, while others have thes-type hydrogen bond. In the
structure with the third lowest free energy, both hydrogen bonds
are present in abs-turn conformation. A superposition of the
backbone of the best 25 structures is shown in Figure 5A. The
TPKK sequence inbs-turn conformation is shown in more detail
in Figure 5B.

Discussion

We have shown that the CH-1 peptide in TFE solution presents a
significant population of well-defined structure. The longest seg-
ment, 100–116, adopts a helical structure. The first four residues of
the helical region, PKRS, most probably adopt a 310 helical struc-
ture, while the rest of the residues are structured as ana-helix. The
peptide is essentially a random coil in H2O, although the obser-
vation ofdNN~i, i 1 1! connectivities is indicative of the presence
of a series of folded structures~Dyson et al., 1988!, which in TFE
solution would be in equilibrium with a significant population of
regular helical structures. It is interesting to note that the N-terminus
of the helical region, from Pro100 to Lys111, has a higher pro-

Table 1. Summary of side-chain to side-chain and side-chain
to main-chain NOE connectivities other than those expected
for regular helices (abi, i13) found for the CH-1
peptide in 90% TFEa

Residue 1 Residue 2 Intensity

gGlu99 NHArg102 Medium
aLys101 gH3Val104 Strong

* aLys101 g9H3Val104 Strong
* bLys101 NHVal104 Medium
1 dLys101 NHVal104 Weak
1 bArg102 NHVal104 Medium
1 gArg102 NHVal104 Weak
1 gArg102 NHAla105 Weak
1 bSer103 NHAla105 Weak
* aVal104 dLys107 Medium
* gH3Val104 NHLys108 Medium

oPhe106 bLys110 Medium
oPhe106 b9Lys110 Medium
oPhe106 gLys110 Medium
oPhe106 g9Lys110 Medium

* oPhe106 dLys110 Medium
oPhe106 ELys110 Medium
oPhe106 E9Lys110 Medium
mPhe106 bLys110 Medium
mPhe106 b9Lys110 Medium
mPhe106 gLys110 Medium
mPhe106 g9Lys110 Medium

* mPhe106 dLys110 Medium
mPhe106 ELys110 Medium
mPhe106 E9Lys110 Medium

1 bThr109 NHLys111 Weak
* aThr109 gGlu112 Strong
* gH3Thr109 NHGlu112 Medium
* gH3Thr109 NHVal113 Medium

aLys110 gVal113 Strong
aLys110 g9Val113 Strong
aGlu112 gLys115 Weak
aGlu112 dLys115 Strong
aGlu112 d9Lys115 Medium
aGlu112 aGlu112 Medium
bVal113 NHVal116 Weak
gH3Thr118 NHLys120 Medium
gPro119 NHLys120 Weak
g9Pro119 NHLys120 Weak
dPro119 NHLys120 Weak

a
*, NOE cross peaks that are also observed in 50% TFE;1, NOE cross

peaks observed only in 50% TFE.

Table 2. NOE connectivities observed for the sequence TPKK
in 50% and 90% TFE solutiona

Residue 1 Residue 2 50% TFE 90% TFE

s aThr118 NHLys120 * *
s bThr118 NHLys120 — —
s gH3Thr118 NHLys120 * Medium
b0s bPro119 NHLys120 Medium Medium
b0s b9Pro119 NHLys120 * *
b0s gPro119 NHLys120 * Weak
b0s g9Pro119 NHLys120 * Weak
b0s dPro119 NHLys120 * Weak
b0s d9Pro119 NHLys120 * —
b aPro119 NHLys121 — Very weak
b NHLys120 NHLys121 Strong Strong

as, NOE cross peaks expected fors-turns; b, NOE cross peaks ex-
pected forb-turns;b0s, NOE cross peaks expected for eitherb- or s-turns;
*, unobserved NOE connectivity due to signal overlapping.
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pensity to become helical than the C-terminus, from Glu112 to
Ala117. This is manifested by the magnitudes of the negative
conformational shifts in 50 and 90% TFE solution. While in 50%
TFE, the N-terminus is already largely helical, the TFE has to be
increased up to 90% to observe a significant helical population in
the C-terminus~Fig. 3!. The lack of defined secondary structure
when CH-1 is studied in 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 solution
~Muñoz & Serrano, 1994!. When the method of Chou and Fasman
~1974!, which is based on protein data, is used, the peptide is
predicted to bea-helical.

In the middle of the peptide, there is a TKKE sequence.~T0S!
XX ~E0Q! sequences can adopt the capping box conformation
~Harper & Rose, 1993!. In CH-1, the TKKE motif is, however, in
a-helical conformation, according to the observed NOEs and the
negative conformational shifts. Thea-helical structure of the se-
quence TKKE is definitely confirmed by distance geometry struc-
tural calculations on the basis of distance constraints derived from
NOE cross peaks. This result favors the idea that TXXE sequences

are not necessarily stop signals. Jiménez et al.~1994! showed that
a capping box signal could be bypassed by favorable interactions
between the side chain of a capping box residue and a residue
located before it. In CH-1, the series of~i, i 1 4! side-chain–side-
chain cross peaks between the ring protons of Phe106 and the
methylene protons of Lys110, the first Lys in the TKKE sequence
~Fig. 2; Table 1!, indicates a strong interaction between the side
chains of these two residues that very likely contributes to the
stability of thea-helical structure~Muñoz et al., 1995!.

The peptide ends with a TPKK motif. It has been previously
shown that sequences of the kind~S0T!P~K 0R!~K 0R! can adopt
turn conformations in solution in peptides containing one or two
such repeats~Suzuki et al., 1993!. We have shown that the TPKK
motif also adopts a turn conformation when in continuity with a
native H1 sequence. NOE connectivities, both for the classical
type ~I ! b-turn and for thes-turn, are observed.b- and s-turns
could be in dynamic interconversion or combine in abs-turn with
two hydrogen bonds~Fig. 6!. NOE connectivities characteristic of
a s-turn were not previously observed for the peptide TPRK in
90% DMSO solution. They were, however, present in peptides

Fig. 4. Structure of the CH-1 peptide.A: Superposition of the best 15 structures of the CH-1 peptide calculated by distance geometry
methods on the basis of the distance constraints derived from observed NOE cross correlations in 90% TFE solution.B: Illustration
of the interaction between the Phe106 and Lys110 side chains.
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starting with Ser and containing two repeats of the motif~Suzuki
et al., 1993!. Our results suggest that TPXX sequences can also
adopt thes-turn conformation, which therefore would not be ex-
clusive to sequences starting with Ser. This is interesting, as TPXX
sequences are frequently found in H1 subtypes. Models for the
binding of ~S0T!PXX motifs to the DNA minor groove, in either
b- or s-turn conformation have been reported~Suzuki, 1989; Reeves
& Nissen, 1990; Suzuki et al., 1993!.

The effects of TFE on polypeptide chain conformation are di-
verse. In CH-1, both a helix and a turn are stabilized by TFE. It has
been now well established that for helical structures, TFE reveals
the conformational biases of the primary sequence. Possible mech-
anisms by which TFE affects polypeptide structure include en-
hancement of internal hydrogen bonding, the disruption of water
structure and preferential solvation of certain groups of the poly-
peptide chain. In previous studies with entire H1 molecules and
model peptides, repulsion between positively charged residues was
assumed to counteract the tendency toward thea-helical structure
~Walters & Kaiser, 1985; Clark et al., 1988; Hill et al., 1989;
Johnson et al., 1994!. Organic solvents as TFE decrease the di-

electric constant of the medium. This effect should increase sol-
vation of the Lys positive charges by counterions and could lead to
a more efficient neutralization of the peptide charge~Clark et al.,
1988!. Charge neutralization may not, though, be sufficient to fully
structure C-terminal peptides. The amphipathic nature of CH-1
suggests that in condensed chromatin the hydrophobic face of the
peptide could participate in protein–protein interactions. In water
mixtures, the CF3 substituent is hydrophobic. It has been suggested
that TFE could cooperatively associate with the hydrophobic sur-
face in amphipathic helices~Buck, 1998!, thus mimicking a de-
hydrated environment.

The helical region has a marked amphipathic character, with all
basic residues on one face of the helix and all the hydrophobic
ones, together with Glu112, on the opposite face~Fig. 6!. The
amphipathic character of the peptide may influence its conforma-
tional dynamics upon interaction with the DNA, as it has been
shown that DNA-induceda-helix formation in short synthetic pep-

Fig. 5. Turn structure adopted by the C-terminal end sequence TPKK.
A: Superposition of the best 25 calculated structures of the TPKK motif.
B: Illustration of one of the 25 computed structures. Broken lines indicate
possible hydrogen bonds;b-type ~b! ands-type ~s!. Fig. 6. End view down the helix axis of one of the calculated structures of

CH-1. The helical region from Lys101 to Val117 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 and Glu112 on the
other face.
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tides composed of Ala and Lys requires that the peptide can form
amphipathic helices~Johnson et al., 1994!. In the case of CH-1,
difference CD could not be used to investigate the structure of the
peptide bound to DNA, as changes in DNA structure did not allow
to attribute with certainty the spectral changes to the peptide.

The concentration of the basic residues on one face of the helix
defines a potential DNA-binding site. This kind of arrangement
could contribute to the clustering of the positive charges over a
short region of the DNA and, since the peptide is adjacent to the
globular domain, it could affect the conformation of the initial part
of the linker DNA at the exit of the nucleosome. This could have
important consequences in those cases where gene regulation is
mediated by the tail domains~Lee & Archer, 1998; Dou et al.,
1999!.

It has been proposed that the C-terminal domain of H1 may
containa-helical elements~Clark et al., 1988; Hill et al., 1989! and
b-turns ~Erard et al., 1990! when bound to the DNA. Our results
with CH-1, where both structural elements are present, support the
view that both kinds of secondary structure coexist in the C-terminal
domain. It is to be noted thata-helices generally bind to the DNA
major groove, while the~S0T!P~K 0R!~K 0R! motifs are thought to
bind to the minor groove~Suzuki, 1989; Erard et al., 1990!. This
suggests that the H1 C-terminal domain could bind to both the
major and minor grooves of the DNA.

Materials and methods

Peptide synthesis

The peptide Ac-EPKRSVAFKKTKKEVKKVATPKK~CH-1! was
synthesized by standard methods~Neosystem Laboratoire, Stras-
bourg, France!. Peptide homogeneity was determined by high-

performance liquid chromatography on Nucleosil C18. The peptide
composition was confirmed by amino acid analysis and the mo-
lecular mass was checked by mass spectrometry. The sequence of
the peptide corresponds to residues 99 to 121 at the C-terminus of
histone H18. The sequence is common to the mouse and the rat and
presents two conservative substitutions in humans, at positions 102
~Arg r Lys! and 113~Val r Ile!. The peptide was acetylated to
remove the dipole destabilization effect.

CD spectroscopy

Samples for CD spectroscopy were 1.233 1024 M in the peptide
and 5 mM in sodium phosphate buffer, pH 3.5. Samples in aqueous
and mixed solvent with different ratios~v0v! of trifluoroethanol0
H2O were prepared. Spectra were obtained on a Jasco J-715 CD
spectrometer in 1 mm cells at 58C. The results are expressed as
mean residue molar ellipticities@u#. The helical content was esti-
mated from the ellipticity value at 222 nm~@u#222! according to the
empirical equation of Chen et al.~1974!:

% helical content5 100~@u#2220239,5003 ~1 2 2.570n!!,

wheren is the number of peptide bonds in the helix. The helical
length was determined from the NMR data.

1H NMR spectroscopy

Samples were routinely prepared as;2.2 mM solutions of the
peptide in 90% H2O010% 2H2O, 5 mM phosphate buffer, 70 mM
NaCl. The pH was adjusted to 3.5 with minimal amounts of HCl
or NaOH in water. Sodium 3-trimethylsilyl~2,2,3,3-2H4! propio-

Table 3. Chemical shifts of the CH-1 peptide in 90% TFE solution, pH 3.5, 258C

NH CaH CbH Cb9H CgH Cg9H CdH Cd9H Others

Glu99 7,70 4,59 2,08 2,11 2,44 2,44 — —
Pro100 — 4,38 1,95 2,40 2,06 2,14 3,76 3,92
Lys101 8,11 4,11 1,94 2,01 1,49 1,49 1,75 1,75 H23,02
Arg102 8,05 4,11 1,93 1,93 1,68 1,76 3,22 3,22 NEH7,22
Ser103 7,97 4,31 4,08 4,08 — — — —
Val104 7,70 3,74 2,26 — CgH31,03 Cg9H31,14 — —
Ala105 7,94 4,10 CbH31,54 — — — — —
Phe106 7,28 4,33 3,31 3,34 — — — — 2,6H7,28 3,5H7,33 4H7,29
Lys107 8,15 3,93 1,97 2,10 1,55 1,55 1,78 1,78 H23,03 NEH6,42
Lys108 8,78 4,01 1,99 1,99 1,53 1,63 1,75 1,75 CEH22,98 NEH6,42
Thr109 8,04 3,97 4,35 — CgH31,30 — — —
Lys110 8,03 3,92 1,79 1,84 1,35 1,44 1,62 1,62 CEH2,84 CE9H2,92 NEH6,42
Lys111 7,89 4,01 1,99 2,03 1,50 1,50 1,73 1,73 CEH23,00 NEH6,42
Glu112 8,08 4,18 2,22 2,32 2,55 2,55 — —
Val113 8,32 3,70 2,19 — CgH30,98 Cg9H31,10 — —
Lys114 7,92 4,01 2,00 2,03 1,51 1,51 1,71 1,71 CEH23,00 NEH6,42
Lys115 7,93 4,07 2,05 2,07 1,47 1,47 1,72 1,72 CEH22,98 NEH6,42
Val116 7,99 3,81 2,28 — CgH31,01 Cg9H31,12 — —
Ala117 8,34 4,30 CbH31,48 — — — — —
Thr118 7,44 4,51 4,23 — CgH31,37 — — —
Pro119 — 4,41 1,99 2,35 2,06 2,14 3,72 4,02
Lys120 7,66 4,49 1,76 1,99 1,56 1,56 1,72 1,72 CEH23,07 NEH6,42
Lys121 7,49 4,31 1,77 1,91 1,47 1,47 1,72 1,72 CEH23,02 NEH6,42
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nate~TPS! was used as internal standard. Spectra were also ob-
tained in the presence of either 50 or 90% deuterated TFE.

Spectra were recorded in a Bruker AMX-600 spectrometer. All
2D spectra were recorded in the phase-sensitive mode using time-
proportional phase incrementation~Marion & Wüthrich, 1983!
with presaturation of the water signal. Correlation spectroscopy
~Aue et al., 1976! and NOE spectroscopy~NOESY! ~Kumar et al.,
1980! spectra were obtained using standard phase-cycling se-
quences. Short mixing times of 150–200 ms were used in the
NOESY experiments to avoid spin diffusion. Spectra in aqueous
solution were obtained at 58C, while spectra in TFE solution were
obtained at 258C. Total correlation spectroscopy~Bax & Davis,
1985! spectra were acquired using the standard MLEV16 spin-lock
sequence with a mixing time of 80 ms. The phase shift was opti-
mized for every spectrum.

The assignments of the1H-NMR spectra of the peptide in aque-
ous solution or in the presence of different concentrations of tri-
fluoroethanol were performed by standard 2D sequence-specific
methods~Wüthrich et al., 1984; Wüthrich, 1986!. The chemical
shift assignments of the CH-1 peptide in 90% TFE solution are
shown in Table 3.

Quantification of the helix populations was carried out on the
basis of the well-established up-field shifts of the CaH d-values
upon helix formation, according to Jiménez et al.~1993!. The
average helical population per residue was obtained by dividing
the average conformational shift,Dd 5 (~di

obs 2 di
RC!0n, by the

shift corresponding to 100% helix formation. Random coil values
dRC were those given by Wishart et al.~1995!. The random coil
values used for Glu99 and Thr118 were those given for amino
acids followed by Pro. A value of20.39 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 and conforma-
tional shifts, and confirmed by structure calculations.

Structure calculations

Calculations of peptide structures were carried out with the pro-
gram DIANA ~Güntert & Wüthrich, 1991!. Distance constraints
were derived from the 150 ms NOESY spectrum acquired in 90%
TFE at 258C, pH 3.5. The intensities of the observed NOEs were
evaluated in a qualitative way and translated into upper limit dis-
tant constraints according to the following criteria: strong NOEs
were set to distances lower than 0.3 nm; medium, lower that 0.35 nm,
and weak, lower than 0.45 nm. Pseudo atom corrections were set
to the sum of the van der Waals radii. Thec angles were con-
strained to the range21808 to 08.
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