Biochemistry 1993, 32, 11345-11351

11345

Homo- and Heteronuclear Two-Dimensional NMR Studies of the Globular
Domain of Histone H1: Sequential Assignment and Secondary Structure?
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ABSTRACT: A recombinant 75 amino acid polypeptide corresponding to the globular domain of the chicken
histone H1 (GH1) has been studied by 'H homonuclear and 'H-'>N heteronuclear 2D NMR spectroscopy.
Sequential assignment of the backbone and 3-proton resonances has enabled us to determine the secondary
structure of GH1. It was found to consist of three helical regions (T7-S17, L25-Y37, E40-K56) and
probably a 8-hairpin (L59-L173). This structure is similar to the structure of the globular domain of histone
HS (GH5) obtained both by NMR spectroscopy [Zarbock et al. (1986) Proc. Natl. Acad. Sci. U.S.A. 83,
7628-7632; Clore et al. (1987) EMBO J. 6, 1833-1842] and by X-ray crystallography [Ramakrishnan et
al. (1993) Nature 362,219-223]. The B-hairpin as suggested for GH1 is also present in the X-ray structure
of GHS5 but has not been reported for the NMR structure of GHS.

The linker histone H1 is a component of the nucleosome,
and is responsible for the folding and maintenance of chromatin
into the 30-nm filament (Thoma et al., 1979). Itisalsothought
to play a direct role in the regulation of DNA transcription
and replication, and in cell proliferation (Croston et al., 1991;
Zlatanova, 1990; Kamakaka & Thomas, 1990; Sun et al.,
1989). The histones H1 constitute a family with many
variants, differing in their affinity for chromatin (Kumar &
Walker, 1980). Several variants are simultaneously present
in a single cell. For example, the nucleated erythrocytes of
birds contain both H1 and H5, the latter being an extreme
variant of H1.

H1 and its variants have a multidomain structure (Bradbury
et al., 1975). There is a central, trypsin-resistant, globular
domain (GH1),! flanked by extended N- and C-terminal
domains with a high content of lysines and arginines and thus
very positively charged. GH1 is essential for the binding of
HI1 to the nucleosome. Itisthepartof H1 whichis responsible
for the specific positioning of the protein on the nucleosome,
and it confers the same nucleosome protection from micro-
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coccal nuclease digestion as complete H1 (Allan et al., 1980;
Buckleetal., 1992). Theisolated globular domains of different
H1 variants also show different affinities for chromatin
(Thoma et al., 1983).

Natural GH1, obtained by trypsin digestion of complete
chicken histone H1, turned out to be too heterogeneous to
allow successful NMR studies. The breakthrough was
achieved by working with a 75-residue recombinant polypep-
tide having the sequence of a particular GH1 variant. As
such, a more homogeneous preparation could be obtained
compared to the natural fragment. This recombinant GH1
was studied by means of 'H homonuclear and 'H-SN
heteronuclear 2D NMR spectroscopy. Comparison between
analyzable parts of the natural GH1 spectra and the corre-
sponding parts of the recombinant GH1 spectra permitted us
to verify that both polypeptides possess the same fold (Segers,
1991). Here we present the assignment of 'H and SN
backbone resonances (up to §-protons) and the secondary
structure of GH1. These data are discussed in the light of
GHS structures obtained previously by NMR (Clore et al,,
1987) and more recently by X-ray crystallography (Ra-
makrishnan et al., 1993).

MATERIALS AND METHODS

Preparationof Natural GHI. Natural chicken erythrocyte
GH1 was prepared and purified on a TSK SP-5SPW Ultropac
(LKB) ion-exchange column according to Segers et al. (1991).

Preparation of Recombinant GHI. A GHI1 gene was
synthesized on the basis of the amino acid sequence of the
globular domain of the 11L HI1 variant from chicken
erythrocyte (methionine residue +40-113 fragment). It is
noticeable that this sequence is shared by globular domains
of other chicken H1 variants (36-109 segment of .10 H1,
37-110 segment of 11R H1) (Coles et al., 1987). The gene
wascloned ina pET 3c-based vector (Studier et al., 1990) and
expressed in the Escherichia coli BL21(DE3) cells. Cells
were grown until late-logarithmic phase in LB medium
containing ampicillin (100 ug/mL), or in minimal medium
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FIGURE 2: Part of the HSQC spectrum of uniformly *N-labeled GH1 in H,O at 295 K, pH 5.8. Backbone NH-HN correlation peaks are

labeled.

containing 1>’NH,Cl (Aldrich) complemented with vitamin
B1 (5 ug/mL) for the 1*N-labeled protein (Sambrook et al.,
1989). Protein induction was achieved by addition of isopropyl
B-D-galactopyranoside (1 mM). After 3-hinduction for GH1
or overnight for I’N-labeled GH1, the cells were harvested by
centrifugation and resuspended in 100 mM Tris—phosphoric
acid (pH 8.9)/1 mM phenylmethanesulfonyl fluoride. The
cells were disrupted by sonication, and GH1 was solubilized
by bringing the NaCl concentration above 300 mM. The

cellular debris was removed by low-speed centrifugation; 380
mg of (NH4)2SOs/mL was added to the extract. After
centrifugation, GH1 remained in the supernatant which was
dialized overnight against 100 mM Tris—phosphoric acid (pH
8.9)/250 mM NaCl and applied on S-Sepharose FF (Phar-
macia). After the unbound material passed, the protein was
eluted with a linear NaCl gradient from 200 mM until 1 M,
GH1 was desalted over a G25 column [replaced by a PD10
column (Pharmacia) for the !SN-labeled protein] equilibrated
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FIGURE 3: Part of the HSQC—NOESY spectrum of uniformly !*N-labeled GH1 in H,0 at 295 K, pH 5.8, showing the sequential assignment

of the Y37-K41 segment.
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FIGURE 4: Amide region of the NOESY spectrum of GH1 in H,O at 295 K, pH 5.8, with 150-ms mixing time. The dnn(i,i+1) connectivities

corresponding to helix II are highlighted.

with 0.1 X S buffer (10 X S buffer = 43 g of Na,SO,, 48.4
g of NaH,PO.H,0, and 7 g of Na,HPO,/L, pH 5.8). The
protein was lyophilized and brought into 7 X S buffer for
NMR experiments. It gave one single band on a sodium
dodecyl sulfate—polyacrylamide gel. The quality and the
proper folding of GH 1, very sensitive to the conditions of pH
and ionic strength, were checked by UV absorbance, circular
dichroism, and fluorescence (Smerdon & Isenberg, 1976).

NMR Spectroscopy. All NMR experiments were per-
formed at 295 K on a Varian Unity 600-MHz spectrometer.
Quadrature detection in F; and suppression of axial peaks
were achieved according to the TPPI-States method (Marion
et al.,, 1989). We recorded homonuclear 'H spectra of a 1
mM GH1 sample dissolved successively in 95% H,0/5% D,O
and in 100% D,0, and heteronuclear !H-!5N correlation
spectra of a 2 mM 5N-labeled GH1 sample dissolved in 95%
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Table I: SN and 'H Resonance Assignments of GH1 in H;O at 295 K, pH 5.8¢
residue I5SNH ~HN Ha Ho' HB Hp residue ISNH HN Heo Ho' Hp Hp
M1 117.4 7.88 3.82 V39 120.6 7.88 3.72 2.20
A2 118.1 8.50 4.97 1.80 E40 1179 8.16 4.25 2.09 2.09
G3 109.8 7.83 3.95 3.81 K41 118.7 7.92 4.07 1.70 1.46
P4 133.1% 4.50 2.25 1.75 N42 110.3 7.23 5.25 3.35 2.65
S5 116.1 8.68 4.59 421 3.96 N43 119.8 7.30 4.35 3.14 2.90
Vé 1229 9.14 3.66 217 S44 112.2 9.06 4.18 4.00 4.00
T7 109.6 71.79 3181 4.16 R45 119.9 7.55 4.11 217 1.97
E8 123.7 7.54 4.07 2.20 2.06 146 119.5 8.21 3.49 2.10
L9 117.4 7.94 3.88 1.69 1.10 K47 117.3 7.81 3.84 1.94 1.94
110 117.4 8.46 3.44 1.69 L48 117.8 8.22 4.11 1.80 1.80
T11 112.7 8.02 3.53 4.23 G49 108.8 8.34 3.80 3.29
K12 120.8 8.18 3.98 1.86 1.86 LS50 121.1 8.36 3.74 1.68 1.15
Al3 120.1 7.77 4.12 1.32 K51 116.1 7.66 3.98 1.98 1.98
Vi4 115.3 8.44 3.64 2,02 S52 113.8 8.28 4.27 4.05 4.05
S15 114.5 8.44 4.22 4.05 4.00 Ls3 119.7 8.18 4.09 2.05 2.05
Alé 119.5 7.51 4.35 1.49 V54 119.7 8.48 4.37 223
S17 111.3 7.33 4.33 4.01 4.01 S55 116.7 8.51 4.30 4,11 411
K18 123.1 8.71 4.36 2.03 1.85 K56 116.1 8.03 4.34 1.98 1.67
El19 118.4 8.21 4.35 2,14 1.96 G57 104.9 7.83 4.35 3.94
R20 1234 8.89 4.07 1.93 1.93 T58 116.4 8.01 4.09 397
K21 114.3 8.41 4.22 1.82 1.82 L59 115.0 7.06 5.29 1.45 1.39
G22 105.6 7.66 4,23 3.84 V60 116.3 9.21 4.34 1.87
L23 118.4 8.71 4.44 1.62 1.62 Q61 125.0 8.88 4.83 1.74 1.63
S24 120.9 8.68 493 4.43 443 T62 119.0 8.66 433 4.13
L25 120.1 9.09 4.17 2.03 1.75 K63 121.0 8.41 4.30 1.84 1.79
A26 1183 8.69 4.08 1.47 G64 108.4 8.40 4.01 4.01
A27 121.0 8.19 4.16 1.64 T65 111.3 8.16 4.39 4.25
L28 121.6 9.14 4.06 2.15 1.63 G66 111.3 8.75 4.04 3.97
K29 117.1 8.76 3.82 2.03 1.92 A67 1237 8.63 4.07 1.46
K30 117.0 1.74 4.09 1.97 1.97 S68 111.8 8.15 4.54 4,01 4.01
A3l 121.3 8.03 4.26 1.54 G69 108.1 8.20 3.91 391
L32 118.0 8.73 4.06 1.91 1.30 S70 113.4 7.87 4.75 342 342
A33 122.3 8.65 4.86 1.65 F71 118.4 8.68 5.34 2.83 2.77
A34 121.1 8.19 4.25 1.58 R72 116.8 8.83 4.88 1.72 1.63
G35 101.6 7.47 442 3.86 L73 120.7 8.76 4.60 1.77 1.63
G36 106.0 7.97 442 3.76 S74 116.1 8.06 4.21 3.82 3.82
Y37 122.1 7.80 4.40 2.85 245 K75 126.2 7.90 4.21 1.86 1.75
D38 124.6 8.12 4,61 2.59 2.44

@ Chemical shifts (ppm) refer to the HSQC-NOESY spectrum with 150-ms mixing time. 'H frequencies were measured relative to an internal
reference of sodium trimethylsilylpropionate (0 ppm), and 1SN frequencies were measured relative to a fictive 1N reference calculated by the method

of Live et al. (1984). ® Determined from the direct N 1D spectrum.
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FIGURE 5: Schematic representation of the L59-1.73 segment of GH1, showing the sequential and long-range backbone NOE connectivities
indicative of the presence of a §-hairpin. Medium to strong NOEs are represented by black bars. The open boxes indicate that peaks could

not be seen due to overlap or the presence of the water line.

H;0/5% D;0O. The former included DQF-COSY, DQSY
(Braunschweiler et al., 1983), TOCSY with a spin-locking
time of 40 and 80 ms (Bax & Davis, 1985), and NOESY with
amixing time of 150 ms. Thelatter included HSQC, HSQC-
TOCSY with a spin-locking time of 60 ms, and HSQC-~
NOESY with a mixing time of 150 ms (Bodenhausen &
Ruben, 1985; Norwood et al., 1990; Bax et al., 1990). Water
suppression was achieved by presaturation, and the SCUBA
method for recovery of saturated Ha resonances was used for
the homonuclear spectra (Brownetal., 1988). !N decoupling
was accomplished by means of a WALTZ-16 sequence (Shaka

et al., 1983). Homonuclear spectra were typically acquired
with 2048 points in F, (4096 for the DQF-COSY) and 512
complex points in F; (1024 for the DQSY). For the
heteronuclear spectra, it was typically 2048 points in F> and
256 complex pointsin F;. Ineach case, zero-filling was applied
to obtain a number of points equal to the next power of 2.
Data were processed using the Varian software.

RESULTS

Sequential Assignment. The 'H spectra of GH1 display
a large amount of resonance overlap due to the amino acid
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FIGURE 6: Summary of short- and medium-range NOE connectivities and elements of the secondary structure of GH1. NOE intensities are
classified into strong, medium, or weak (intensity 3, 2, or 1), and the mean value between homonuclear (NOESY) and heteronuclear (HSQC-
NOESY) peak intensities is taken in the case of connectivities involving an amide proton. The resulting intensities are represented by the
thickness of the bars. The open boxes indicate that peaks could not be seen due to overlap or the presence of the water line. The secondary
structure elements represented, a-helices (helical lines), extended structures (broken lines), and turns (brackets), were determined on the basis
of the sequential and medium-range NOE connectivities, as discussed in the text.

composition, which is rather unfavorable for an NMR study: The assignment strategy consisted of identifying first all
two-thirds of the residues belong to only five amino acid types. possible spin systems by the classical comparison of homo-
Moreover, only two aromatic residues are present. The nuclear DQF-COSY and TOCSY spectra. The TOCSY
assignment thus required a combination of homonuclear and fingerprint region of GH1 is shown in Figure 1. The DQSY

heteronuclear techniques even though the protein is small. technique was also used to identify the glycine residues by
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FIGURE 7: Comparison of the secondary structures of GHS5 and GH1. (1) Secondary structure of GH5 deduced from NOE connectivities
studied by NMR (Clore et al., 1987). (2) Secondary structure of GHS deduced from the H-bonding scheme studied by X-ray crystallography
(Ramakrishnan et al., 1993). (3) Proposed secondary structure of GH1 (this work). The secondary structure elements represented, a-helices
(helical lines), extended structures (broken lines), and turns (brackets), are discussed in the text.

their characteristic peak at HN — (Ha + He’) frequencies,
and the arginine residues by the peak at HNe — (Hé + Hd')
frequencies. Moreover, both aromatic residues and one
asparagine were identified, taking into account NOE con-
nectivities between HB and Hé (HN& for the asparagine).
About 40 spin systems could be identified by this method.

To complete the sequential assignment, >N-'H hetero-
nuclear spectroscopy was needed. A comparison between the
NOESY spectrum of the unlabeled sample and a 'N-
decoupled NOESY spectrum of the labeled spectrum showed
that GH1 possesses the same conformation in both samples.
For the heteronuclear spectra, the HSQC technique was
preferred over the HMQC technique because the former has
no proton J couplings in the F; dimension (!N) and leads
thus to spectra with a better resolution in F, (Bax et al., 1990;
Norwood et al., 1990; Molinari et al., 1992). The resonances
of GH1 appeared to be very well separated on the HSQC
spectrum, in particular in F, (Figure 2). The HSQC-TOCSY
and HSQC-NOESY spectra were significantly better spread
and resolved than the corresponding homonuclear TOCSY
and NOESY spectra. The strategy consisted of labeling all
previously identified spin systems in the heteronuclear spectra,
before proceeding with the usual sequential walk by aligning
intraresidual NH; - (Ha, HB); peaks with interresidual NH;+,
— (He, HB); peaks on the HSQC-NOESY spectrum (Figure
3). When a segment contained a sufficient number of
identified spin systems, it could be positioned uniquely in the
primary sequence of the protein. The segments could be linked
together, leading to the sequential assignment of all backbone
and B-proton resonances after proline-4. The first three
residues before proline-4 were assigned by elimination. The
resulting resonance assignments are listed in Table I. The
assignment of the side-chain protons is now in progress and
will be published subsequently, together with the tertiary
structure of GH1.

Secondary Structure. Short- and medium-range NOEs
provide a basis for identification of secondary structure
elements (Wiithrich, 1986). Helices are characterized by
stretches of strong dnn(i,i+1), weak dan(i,i+1), and medium
or weak dnn(i,i+2), dan(i,i+2), and d,g(i,i+3) connectivities.
The connectivities between any proton and an amide proton
can be extracted from homonuclear NOESY but also from
heteronuclear HSQC-NOESY, at the F; frequency of the
amide nitrogen. The relation between the intensity of the
peak and the interproton distance is conserved (Molinari et

al,, 1992). Wecarried out a qualitative analysis by classifying
NOE intensities into strong, medium, or weak (intensity 3,
2,or 1),and then taking the mean value between homonuclear
and heteronuclear peak intensities in the case of connectivities
involving an amide proton. For GH1, three helices were
identified in this way for residues T7-S17 (helix I}, L25-Y37
(helix IT), and E40-K 56 (helix IIT). The amide region of the
NOESY spectrum is shown in Figure 4. The dnn(i,i+1)
connectivities corresponding to helix II are highlighted.

An extended structure is characterized by consecutive strong
d,n(i,i+1) and weak or inobservable dnn(i,i+1) connectivities.
Using the same procedure as above, extended fragments were
found for residues 1.59-Q61 and S68-R72. Searching for
long-range connectivities involving these segments, we observed
a pattern of NOEs that could correspond to a 8-hairpin from
residue L59 to residue L73 (Figure 5).

A turnlike structure involving four residues is characterized
by a strong dnn(3,4) connectivity in combination with a dyn-
(2,4) connectivity. Sucha patternis present for P4-T7,G22—
125, Y37-E40, and K56-L59 segments. The attribution of
the first two segments to a turnlike structure is a matter of
debate. They could also constitute the beginning of helices
I and II. However, the presence of the Y37-E40 and K56~
L59 turnsis more convincing. All observed short-and medium-
range NOEs are summarized in Figure 6.

DISCUSSION

While the precise limits of the secondary structure elements
and their relative positioning must await detailed structural
calculations, it is clear from the pattern of short- and medium-
range NOEs that the secondary structure of GH1 in solution
is dominated by three helices. A high content in helical
structure was predicted from theoretical considerations (van
Helden, 1982). Some evidence also emerged from circular
dichroism experiments (Pepe et al., 1990). Moreover, it is
reflected by the fact that nearly all a-protons resonate upfield
relative to water (see Figure 1), which is an indication for a
helical conformation (Wishart et al., 1991).

A comparison was undertaken between the secondary
structures of GH1 and GHS, the globular domain of histone
HS5, an extreme variant of H1 (Figure 7). These homologous
domains display 29 amino acids identities over 75 residues,
amounting to 39%. The identities are unevenly distributed
among the sequence: 14 in the N-terminal 56-residue part
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(containing the 3 helices), representing 25%, and 15 in the
C-terminal 19-residue part (containing the §-hairpin), rep-
resenting 79%. The tertiary structure of GHS has been
determined first by NMR (Zarbock et al., 1986; Clore et al.,
1987) and more recently by X-ray crystallography (Ra-
makrishnan et al., 1993). As far as the secondary structure
is concerned, both GHS5 structures possess three helices (I, II,
and IIT) at roughly the same position (only the limits differ
slightly), but the X-ray structure contains in addition a
B-hairpin at the C-terminus and a short three-residue 8-strand
justbeforehelixII. InGH1,the three helices and the suggested
B-hairpin are perfectly aligned with the GHS X-ray structure,
but thereis no evidence for a 8-strand before helix II. Instead,
the corresponding segment seems rather to adopt a turnlike
conformation. The conformation of the C-terminal part of
GH1 and GH5 is expected to be the same in similar conditions,
as evidenced by the very strong sequence homology (79%) in
this part of the molecule. Ifthe 8-hairpinis effectively present
in GH1, the secondary structure of GH1 would thus be closer
to the X-ray GHS structure than to the NMR GHS5 structure,
suggesting that the difference between the GHS NMR and
X-ray structures is not due to the solution versus crystal state
but rather to differences in physicochemical conditions. The
B-hairpin present in GHS at near-physiological pH (the protein
was crystallized at pH 8) could be disrupted at the low pH
(3.7) at which the NMR experiments on GHS were carried
out,assuggested by Ramakrishnanetal. (1993). The presence
of the S-hairpin in the GH1 solution structure determined
here could be attributed to the use of an intermediate pH
(5.8) and the presence of high salt concentrations. Inanother
respect, it is interesting to note the strong structural homology
between GH1 and GHS in the region of the three helices,
displaying only 25% sequence identity. This fact could reflect
a high evolutionary pressure to select certain structural
features.

Given the high degree of similarity between GH1 and GHS
secondary structures, it is reasonable to assume a similar overall
fold for both proteins. However, we must await the precise
tertiary structure determination of GH1 to reveal the possible
subtle differences between GH1 and GHS, which could explain
functional differences such as their affinities for chromatin
(Thoma et al., 1983).
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