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Structural characterisation of a histone domain by projection–decomposition

Jonas Fredriksson a,1, Wolfgang Bermel b, Martin Billeter a,⇑
a Biophysics Group, Department of Chemistry, University of Gothenburg, Box 462, 405 30 Gothenburg, Sweden
b Bruker BioSpin GmbH, Silberstreifen, D-76287 Rheinstetten, Germany
a r t i c l e i n f o

Article history:
Received 26 October 2011
Revised 26 January 2012
Available online 23 February 2012

Keywords:
NMR
Protein structure
Projection spectroscopy
Multi-way decomposition
1090-7807/$ - see front matter � 2012 Elsevier Inc. A
doi:10.1016/j.jmr.2012.02.006

⇑ Corresponding author. Fax: +46 31 786 3910.
E-mail address: martin.billeter@chem.gu.se (M. Bi

1 Present address: Centro Nacional de Ressonância
moléculas, Instituto de Bioquímica Médica, Rio de Jane
a b s t r a c t

We demonstrate that two projection experiments, a 15N-HSQC–NOESY–15N-HSQC and a 13C-HSQC–NOE-
SY–15N-HSQC, recorded for a histone domain from yeast, contain enough information to support a struc-
tural characterisation of the protein. At the temperature used, 298 K, the histone domain exhibits a very
high extent of chemical shift degeneracy that is uncharacteristic for a fully folded domain. Nonetheless, a
structured core of 67 residues, which is formed by three a-helices and a two-stranded b-sheet is defined
by this NOESY data; this core structure was shown earlier to be present at lower temperature. The above
two experiments, which together required 18 h of instrument time, are part of a set of five projection
experiments acquired during 2.5 days with the goal of complete characterisation of proteins, including
full resonance assignment and structure.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Fast characterisation of proteins by NMR is becoming more and
more routine, but structure determinations, often the ultimate goal
of these studies, still remain very time consuming. Several NMR
techniques exist with the goal to reduce measurement and analysis
time in protein studies (reviewed in Refs. [1–4]). One approach is
projection spectroscopy combined with decomposition analysis,
implemented in the PRODECOMP-SHABBA approach [5]. NMR pro-
jection experiments provide a rapid way to obtain high dimen-
sional (P4D) data [1]. Multi-way decomposition allows
simultaneous analysis of a large number of projections, including
combinations originating from different experiments [6]. Based
on various experiments providing both assignment and structural
data, the combination of these two techniques may provide com-
prehensive descriptions of proteins.

PRODECOMP reads a number of spectral projections, which may
originate from various types of experiments. Thus, NMR data based
on scalar coupling, typically aiming at backbone or side–chain
assignments, may be combined with data based on NOEs to pro-
vide structural information. Both 5D and 4D experiments have
been implemented and tested for various magnetisation transfer
schemes, but for experiments relying on NOE transfers the 4D ver-
sions appear best suited due to sensitivity. The combination of pro-
jections from different experiments prior to decomposition may
yield a very high dimensional set of components (e.g. up to 15
ll rights reserved.
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dimensions; see below). The result of a PRODECOMP calculation
is a list of high dimensional components, which in turn consist of
1D shapes oriented along individual spectral axes; the latter can
be peak picked for chemical shifts of the respective nuclei [5,6].

We have recorded a set of five projection experiments that pro-
vide data for backbone and side-chain assignment as well as for a
description of the 3D structure of the protein. The test protein was
the globular domain I from the Saccharomyces cerevisiae linker
histone, Hho1p [7] (henceforth referred to as histone domain).
The earlier analysis of this histone domain, measured at 288 K,
revealed already extensive chemical shift degeneracy, nonetheless
a structure with a backbone rmsd of 0.4 Å could be determined for
71 residues ([7]; PDB code 1ust). For example, for 12 of the 18
lysines and 11 glutamic acids, at least two other residues with
practically identical chemical shifts for all a and b nuclei are found.
Our measurements were performed at 298 K, and this higher
temperature is likely to aggravate the chemical shift degeneracy,
resembling the difficulties encountered in proteins with partial
intrinsic disorder and creating a challenge for the methods used
here. Using projections from all five experiments provides 15-
dimensional components with shapes along axes of backbone nu-
clei, but also with shapes containing TOCSY and NOESY informa-
tion (the TOCSY is not further analysed here; it consists of a
HCCH-TOCSY sequence followed by transfer to and detection of
the following amide group). An example of such a component is
shown in Fig. 1 and explained in the figure caption.

The shapes on the left side of Fig. 1 (below the one for HN) are
useful for assignment of backbone resonances, while the top two
shapes on the right side contain information for side chain assign-
ments; these are not further considered here. In the following we
evaluate the remaining four shapes, which originate from two data
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Fig. 1. Example of a 15-dimensional component. This description of Phe 103 and coupled nuclei resulted from decomposition of projections selected form five different
experiments: two experiments targeting the backbone via scalar couplings, one experiment involving TOCSY transfers for side-chain assignments, and two involving NOESY
transfers. A narrow interval of four spectral data points, centred on the HN of Phe 103 of the histone domain, was selected for the decomposition (top panel on the left); for all
other nuclei the full spectral width is used. The remaining left side panels provide eight shapes for the surrounding backbone nuclei from both Phe 103 and Asp 102 as
indicated in the figure; the top two shapes on the right side contain information on HCCH-TOCSY-related nuclei of Asp 102 (coinciding for this AMX spin system with the a-
and b-nuclei also reported on the left side). The remaining four shapes (referred to as HCnoesy, Cnoesy, HNnoesy and Nnoesy) provide NOEs from the HN of Phe 103 to spatially
neighbouring H–C, respectively H–N groups. The coloured arrows in the third and fourth panels on the right identify long-range NOEs to CHa of Val 98 (blue) and CHb of Ala
116 (green); the blue arrows in the last two panels describe the sequential NOE to the HN of Asp 102. All shapes are normalised to a common maximum. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sets, a 15N-HSQC–NOESY–15N-HSQC and a 13C-HSQC–NOESY–15N-
HSQC, and demonstrate that these contain sufficient information
for a structural characterisation. This means that we refer the first
steps of a full structure determination, the assignment of backbone
and side chain resonances, to other publications (where also the
corresponding analysis algorithms are presented). We thus assume
full knowledge regarding assignments (taken from Ref. [7]), and
our focus is limited to characterising the extent of structure infor-
mation in the components obtained by the two fast NMR NOESY
experiments.
2. Methods

The sample preparation of the histone domain was as described
earlier: the samples contained 2.7 mM protein dissolved in 90%
H2O/10% D2O at pH 7 [7]. Spectral projections from two NOE-based
4D experiments, 15N-HSQC–NOESY–15N-HSQC and 13C-HSQC–
NOESY–15N-HSQC, were recorded at 298 K on a BRUKER 600 MHz
magnet using a room temperature triple resonance probe (H–
C,N) with 60 complex data points and 16 scans per increment;
the magnetisation pathways are the same as described for the cor-
responding conventional NMR experiments [8], except for the cou-
pling of indirect evolution times whenever a linear dependence of
several chemical shifts occurs in a projection plane. Total measure-
ment time for both experiments was 18 h. The directly detected
nucleus in all projections was HN. From these 4D NOESY experi-
ments, projections were obtained for all combinations of indirectly
detected nuclei (HCnoesy, Cnoesy and N, respectively HNnoesy, Nnoesy

and N; see also Fig. 1), i.e. 13 projections per 4D experiment. In or-
der to increase convergence of the decomposition, but not for
extracting any data, the NOESY-related projections were comple-
mented with selected projections from two backbone experiments.
The increase of convergence is mostly due to the presence of addi-
tional nuclei (e.g. Ca or Cb) that help to resolve ambiguities in the
case of spectral overlap for both the N and HN nuclei. The backbone
experiments, a 5D HBHACBCACONH and a 4D HBHACBCANH, are
those described earlier [5], except that the number of scans was
made equal for all projections.

PRODECOMP decompositions were performed on the 74 HN–N
signals of the 15N-HSQC, for which unique backbone assignment
were possible in spite of the extensive chemical shift degeneracy.
While these decompositions yielded 13-dimensional components
with shapes for HN, N, CO, Cab(i � 1), Hab(i � 1), Ca, Cb, Ha, Hb,
HCnoesy, Cnoesy, HNnoesy and Nnoesy (Fig. 1; note that this figure also
contains TOCSY shapes mentioned in the Introduction), the focus is
on the NOESY-type shapes describing NOEs between the HN de-
fined in the first shape and spatially neighbouring H–C and H–N
groups, i.e. the last four shapes on the right side of Fig. 1.

The detection and identification of structural information in
these shapes is summarised in Fig. 2. Two types of input were
used: the NOESY shapes of the 74 components and data bank files



Fig. 2. Flow-chart summarising the identification of structural information. A
restraint list of upper distance limits was constructed from component shapes with
NOE information for subsequent CYANA calculations. ‘‘NOESY shapes’’ refers to
component shapes labelled HCnoesy, Cnoesy, HNnoesy and Nnoesy in Fig. 1.

Fig. 3. NOESY shapes of the component centred on HN of Glu 104. All positions of
signals due to an expected short distance are labelled. Besides intra-residue and
sequential NOEs, a number of long-range distances can clearly be correlated with
observed NOEs. All shapes are normalised to a common maximum.
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with assignment and structure of the histone domain. For each
shape, a noise level was determined by excluding the ten points
with strongest intensity, and calculating two times the standard
deviation of the remaining points. A minimal noise level of 1/10
(HCnoesy and Cnoesy), respectively 1/20 (HNnoesy and Nnoesy), of the
strongest intensity was imposed; these empirical values were
based on visual inspection of NOESY shapes. In parallel, expected
short distances were extracted from the PDB [9] entry 1ust for this
histone domain as follows. From averaged coordinates of the ten
NMR structures in this PDB file, a list of all short distances from
backbone amide protons to any H–C or H–N closer than 4.5 Å
was compiled. Each entry was complemented by the chemical
shifts from the BMRB [10] entry 6161 for both nuclei of the H–C
or H–N groups.

For each entry of this distance list, it was checked if intensity
above the noise level at the chemical shifts of the H–C or H–N nu-
clei was present in the HCnoesy and Cnoesy, respectively the HNnoesy

and Nnoesy, shapes. If so, an upper distance limit was created be-
tween the amide hydrogen defining the component and the hydro-
gen of the H–C or H–N group as follows: NOEs with intensities
exceeding 60% of the shape maximum for both the proton and
the heavy atom were attributed an upper limit of 3.0 Å, all others
were restrained to 4.3 Å. Components for which less than 50% of
the intensities of the HCnoesy and Cnoesy, respectively the HNnoesy

and Nnoesy, shapes, could be matched by expected short distances
were considered to have low signal-to-noise, and all their distance
restraints were removed (affects only three residues).

Consistency between the NOESY shapes and the mean structure
is measured in terms of (a) what fraction of expected short dis-
tances can be observed in the NOESY shapes and (b) what fraction
of intensities above the noise level in these shapes is explained by
these short distances. High fractions indicate good consistency be-
tween PDB structure and NOESY shapes. In addition, the quality of
the extracted structural information was evaluated by a structure
calculation with CYANA according to standard protocols [11], using
exclusively and directly the upper distance limits obtained with
the above procedure as structural restraints, avoiding any support
from sequence, chemical shift or secondary structure information.
3. Results

Inspection of the deposited NMR structure for the histone do-
main, measured a 288 K, showed that a well-defined structure only
exists for the 71 residues 47–117 [7]. Due to extensive chemical
shift degeneracy at the higher temperature of 298 K used here,
backbone assignments from projection–decomposition were
unavailable for 7 residues in this fragment. Noting the presence
of 4 prolines, this results in 60 components used for this structural
study. Short distances as determined from the PDB structure were
matched to the NOESY shapes of these components (see Section 2).
Components, where this matching explained less than 50% of the
intensities above the noise level, were considered having low sig-
nal-to-noise (i.e. the noise level selected was too low), and no re-
straints from these components were accepted; this concerns Ser
46 near the N-terminus of the fragment and two glycines (54
and 108) next to unassigned residues. The successful matching of
short distances to NOESY shapes resulted in 679 upper distance
limits, 182 for H–N moieties and 497 for H–C moieties. This match-
ing relies on the fact that for the majority of nuclei corresponding
chemical shifts in the earlier assignment ([7]; at 288 K) and the
present spectral data (at 298 K) differ by not more than one spec-
tral point along the indirect dimension. An example of this match-
ing is documented in Fig. 3.

Consistency between the list of expected short distances and
the NOESY shapes (or in other words between the PDB structure
and the NOESY-related projections) was confirmed by the follow-
ing numbers: 80%, respectively 94%, of all intensities in the HCnoesy

and Cnoesy shapes, respectively HNnoesy and Nnoesy shapes, are
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matched to one or several short distances. In turn, these intensities
explain 64%, respectively 85%, of the expected short distances from
backbone amides to any H–C group, respectively any H–N groups.
Several features may explain the 36% of distances to H–C groups,
for which no intensities could be found: the different temperatures
at which the earlier and the present data were recorded, the use of
a hard distance cut-off, the absence of independent stereospecific
assignments, or simply the limited quality of certain shapes and
components.

All 679 short distances identified with the above procedure
were translated into upper distance limits via the procedure de-
scribed in Methods. NOEs with intensities exceeding 60% of the
shape maximum for both the proton and the heavy atom were
attributed an upper limit of 3.0 Å, all others were restrained to
4.3 Å. Corrections were introduced for the use of pseudo-atoms
in methyl groups. Patterns of observed distances between HN
and Ha protons were analysed for identification of regular second-
ary structures, yielding a-helices for residues 51–57, 67–75, 78–
81, 86–99 and a b-sheet with strands 64, 103–104, 113–115. These
secondary structures were enforced with restraints for hydrogen
bonds. Other than this, the NOE-derived upper distance limits were
the only structural input to CYANA, i.e. no restraints based on se-
quence, chemical shifts or similar were used. This procedure en-
sures an unbiased estimation of the extent of structural
information in the list of upper distance limits. CYANA was in-
structed to accept all diasterotopic atoms as stereospecifically as-
signed, and to remove meaningless distance restraints with the
‘‘modify’’ command, yielding a final list of 527 restraints. 400
structures were calculated with the CYANA macro ‘‘calc_all’’; this
was necessary due to the lack of good convergence, presumably
caused by the absence of NOEs between side-chains.

The ten best structures had target functions within a reasonably
narrow range (1.4–3.1 Å2) and no consistent violation of any long-
range upper distance limit exceeding 0.2 Å. Residues 44–49 were
disordered. The average rmsd for residues 50–116 between these
10 structures and their mean coordinates was 1.0 ± 0.5 Å for the
backbone atoms, and 1.5 ± 0.6 Å for all heavy atoms. The corre-
sponding differences between these mean coordinates and the
Fig. 4. Structure calculated from restraints based on NOESY shapes. Superposition
of the structure calculated with CYANA from data recorded at 298 K (blue), and the
average of the earlier published structure at 288 K (red; Ref. [7], PDB entry 1ust).
The shape of the blue structure is centred on the mean coordinates of the ten
calculated structures and the radius of this shape indicates the local precision. For
the blue structure, only the part corresponding to residues 50–116 is shown, while
residues 44–116 are presented for the red structure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
mean coordinates of the earlier determined structure [7] was
1.6 Å for the backbone and 2.4 Å for all heavy atoms. Fig. 4 shows
the structure and its precision determined from NMR projections
(blue), and its superposition with the PDB structure 1ust (red).

4. Discussion and conclusions

The purpose of this study was to demonstrate that the two pro-
jection experiments, 15N-HSQC–NOESY–15N-HSQC and a 13C-
HSQC–NOESY–15N-HSQC provide enough data for a structural
characterisation of a small protein. These experiments required
about 9 h each, yielding 2 � 13 final projection planes; for the given
resolution of 60 complex points in the indirect dimensions this
amounts to a speed-up factor of nearly ten. Issues regarding
assignments are not addressed here, but referred to other publica-
tions. The protein considered, the globular domain I from the Sac-
charomyces cerevisiae linker histone, was measured at 298 K,
where extensive degeneracy of chemical shifts is present. Already
at the lower temperature of 288 K, at least three groups, consisting
of 3–4 residues each, have practically identical shifts for all a and b
nuclei [7]. This shift degeneracy coupled to the presence of large
unstructured parts poses additional challenges for the interpreta-
tion. In some cases components cannot be observed due to spectral
overlap of all atoms involved in the 15 shapes shown in Fig. 1. For
others the NOESY shapes are negatively affected by the structural
disorder. The main result is the observation of consistency be-
tween the structure and the spectral data from the NOESY shapes,
which is demonstrated by the fact that the spectral data explain
most of the short 1H–1H distances in the reference structure, and
vice versa. This consistent data is moreover sufficient to character-
ise a well defined structure for 72% of all amino acid residues of the
domain (92% of the well defined residues in Ref. [7]), as shown by
the CYANA calculations.

This use of NOESY-type projection spectra with decomposition
analysis permits fast structure characterisations for example when
a set of similar proteins (homologous, varied conditions as with
titrations etc.) is studied, or when low dispersion of chemical shifts
is observed. Future work will combine these structural results with
tools for combined backbone and side chain assignments [5] for
comprehensive analyses of protein structures. New experiments
are currently being developed for the characterisation of novel
types of spin systems (i.e. components), and in particular for mea-
surements of residual dipolar couplings. Ongoing research is also
geared towards general shape analysis, including shapes with TOC-
SY-type magnetisation transfer, and other new projection
experiments.
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