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Abstract We present a projected [1H,15N]-HMQC-

[1H,1H]-NOESY experiment for observation of NOE

interactions between amide protons with degenerate 15N

chemical shifts in large molecular systems. The projection

is achieved by simultaneous evolution of the multiple

quantum coherence of the nitrogen spin and the attached

proton spin. In this way NOE signals can be separated from

direct-correlation peaks also in spectra with low resolution

by fully exploiting both 1H and 15N frequency differences,

such that sensitivity can be increased by using short max-

imum evolution times. The sensitivity of the experiment is

not dependent on the projection angle for projections up to

45� and no additional pulses or delays are required as

compared to the conventional 2D [1H,15N]-HMQC-NO-

ESY. The experiment provides two distinct 2D spectra

corresponding to the positive and negative angle projec-

tions, respectively. With a linear combination of 1D

cross-sections from the two projections the unavoidable

sensitivity loss in projection spectra can be compensated

for each particular NOE interaction. We demonstrate the

application of the novel projection experiment for the

observation of an NOE interaction between two sequential

glycines with degenerate 15N chemical shifts in a

121.3 kDa complex of the linker H1 histone protein with a

152 bp linear DNA.
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Introduction

In the last 20 years NMR has found widespread applica-

tions in structural and dynamic studies of biological

macromolecules with molecular weights up to about

30 kDa. More recently, NMR applications were extended

to larger molecular systems where studies of local inter-

actions and the characterization of the dynamic behavior

are of prime interest and not a complete three-dimensional

structure determination; usually an X-ray structure of these

systems is available (Christodoulou et al. 2004; Fiaux et al.

2002; Horst et al. 2005; Sprangers and Kay 2007). This

approach is a direct consequence of the fact that normally

only flexible parts of the macromolecular complexes, e.g.

the smaller ligand or mobile residues on the surface, are

accessible to direct observation by NMR. The observable

resonances often suffer from dynamic line broadening and

poor spectral dispersion. For optimal sensitivity short low

dimensional pulse sequences have to be used, but at the

same time the spectral separation of signals must be

maximized. A solution to these seemingly contradictory

demands could be provided by reduced dimensionality

experiments (Kupče and Freeman 2003; Szyperski et al.

1993b).

For very large molecular systems through-bond corre-

lation experiments become very inefficient; at the same

time, through-space NOE correlations do not suffer from

this limitation (Horst et al. 2006). For a reduction of

transverse relaxation, carbon-bound protons are often

exchanged for deuterons making the observation of NOEs

between nitrogen-bound protons an important source of

information. The NOEs can, e.g., be used to obtain specific

assignments in very large molecular structures (Horst et al.

2006). For optimal sensitivity, usually the lowest possible

dimensionality of the experiments is used which may
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dramatically increase the problem of spectral overlap. For

example, in a 2-dimensional (2D) 15N-resolved [1H,1H]-

NOESY spectrum NOEs between protons attached to 15N

nuclei with similar chemical shifts cannot be observed,

because they overlap with the very strong direct-correlation

peaks. Further, resolved NOE crosspeaks often cannot be

unambiguously assigned to a proton pair in 2D 15N-

resolved NOESY spectra when the attached nitrogen nuclei

have degenerate chemical shifts and the transposed NOE-

cross peak is not observable because of overlap. As a

solution for these kind of problems, we propose a projected

[1H,15N]-HMQC-[1H,1H]-NOESY experiment optimized

for use with large molecular structures. In the resulting

spectrum amide resonances with degenerate 15N-shifts but

distinct 1H-shifts become separated in the indirect dimen-

sion such that NOE-crosspeaks between them can be

observed.

Projection spectroscopy uses simultaneous evolution

periods on different nuclei, a technique that was originally

introduced for reduced dimensionality spectroscopy (Szy-

perski et al. 1993a, b). In recent years, several

implementations of this concept have found their applica-

tion: G-matrix NMR (Kim and Szyperski 2003; Kozminski

and Zhukov 2003; Szyperski et al. 1993b), projection-

reconstruction spectroscopy (Kupče and Freeman 2003),

HIFI NMR (Eghbalnia et al. 2005), automated projection

spectroscopy (APSY) (Hiller et al. 2005a) and multi-way

decomposition (Malmodin and Billeter 2005). The same

principle can be used for the reduction of peak overlap in

lower-dimensional spectra, like the TILT experiment

where 15N- (Kupče and Freeman 2005) or 13C-evolution

periods (Kupče et al. 2005) were incremented simulta-

neously with a 1H-evolution period. This was achieved by

adding a HSQC-type polarization transfer and an additional

evolution period on the heteronucleus to a homonuclear

[1H,1H]-NOESY experiment. The same concept was uti-

lized for maximizing the number of resolved amide

resonances in a 15N-T1q-relaxation experiment (Tugarinov

et al. 2004) by projecting the 15N and the carbonyl

frequencies onto one axis.

For high molecular weight systems we propose a

relaxation optimized HMQC-type projection experiment

that does not require any additional delays compared to the

conventional 2D [1H,15N]-HMQC-NOESY sequence

(Shon and Opella 1989). Thus, the extent of transverse

relaxation during the experiment is not dependent on the

selected projection angle for 0�B a B 45� and the addi-

tional resolution can be obtained without any signal loss

compared to the standard 2D version of the experiment.

Further, the resolution obtained in the indirect dimension is

higher than would be affordable in a corresponding three-

dimensional (3D) experiment. The experiment can either

be used to resolve particular pairs of NOE-signals, or to

provide a 2D [1H,15N]-HMQC-[1H,1H]-NOESY spectrum

with a maximum number of unambiguous non-overlapped

NOE-correlations. The projection angle can be optimized

based on amide chemical shifts from a 2D [1H,15N]-cor-

relation experiment. The experiment introduced in this

paper is especially useful for high molecular weight sys-

tems and we demonstrate its application for the observation

of a weak NOE-interaction between two amide protons of

the H1 linker histone protein within a 121.3 kDa complex

with a 152 bp linear DNA duplex.

Methods

NOEs between amide resonances with degenerate
15N-shifts but distinct 1H-shifts can be resolved with the

proposed projected [1H,15N]-HMQC-[1H,1H]-NOESY.

This experiment is based on a conventional 2D [1H,15N]-

HMQC-NOESY (Shon and Opella 1989) and delivers a 2D

spectrum corresponding to a geometric projection of a 3D
15N-resolved [1H,1H]-NOESY spectrum on a plane span-

ned by the 1H acquisition frequency axis and a mixed

frequency axis (projected dimension (Kupče and Freeman

2003)) inclined at an arbitrary angle a between the 1HN and
15NH axes. The projected dimension is obtained by keeping

the t2(1H) and t1(15N) evolution time increments at the

constant ratio tan a = Dt2/Dt1 (Szyperski et al. 1993b).

The HMQC pulse sequence is ideally suited for performing

simultaneous 15N and 1H evolution during the double

quantum state eliminating the need for any additional

pulses or delays (Szyperski et al. 1993a). The relaxation

during the joint evolution is not dependent on the projec-

tion angle a for a B 45�, it depends only on the desired

maximum evolution time of the 15N-magnetization. When

the single quantum transfer periods are used for additional

constant-time proton evolution (Grzesiek and Bax 1993),

the projection angle can be increased over 45� without a

concomitant increase in transverse relaxation until the

difference between the required maximum proton and

nitrogen evolution periods exceeds the H–N transfer per-

iod. Simultaneous evolution in the multiple-quantum state

in 1H–15N and 1H–13C spin pairs has been used earlier for

optimizing relaxation in experiments which require inde-

pendent evolution of proton and a heteronuclear coherence

(Bazzo et al. 2001; Pervushin and Eletsky 2003; Ying et al.

2007).

Figure 1 shows the pulse sequence of the projected

[1H,15N]-HMQC-NOESY with simultaneously incre-

mented 1H and 15N evolution periods. According to the

projection theorem (Bracewell 1956; Nagayama et al.

1978) the resulting spectrum corresponds to a geometric

projection of a 15N-resolved 3D [1H,1H]-NOESY experi-

ment onto a plane with the 15N axis tilted at the angle a
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with respect to the 1H axis in the indirect dimension, i.e.

a = 0� corresponds to a conventional 2D [1H,15N]-HMQC-

NOESY and a = 90� to a 2D 15N-filtered [1H, 1H]-NOESY.

For projection angles 0 B a B 45� where the 1H evolution

period is shorter or equal to the 15N evolution period, the

pulse sequence in Fig. 1a is proposed. This sequence

requires one additional 180� nitrogen pulse and no addi-

tional delays compared to the conventional experiment. The

experimental scheme in Fig. 1b is proposed for projection

angles above 45�, but it can be used for any projection

angle. This sequence requires an additional 15N 180o pulse

and more elaborate programming for the implementation on

a spectrometer. Both sequences include water flip-back

pulses and magnetic field gradients which guarantee that the

water magnetization stays along the positive z-axis during

the whole experiment which is important for measurements

with large molecular structures (Hiller et al. 2005b). The

pulse sequence in Fig. 1b is very similar to the 3D MT-

PARE-experiment proposed by Ying et al. (2007), but

requires one 15N 180� pulse less, still it can be used for

recording conventional 15N-resolved 3D [1H,1H]-NOESY

experiments, since all combinations of 1H and 15N evolu-

tion times can be realized. In sequence Fig. 1b constant-

time single quantum proton evolution is applied as

discussed in Ying et al. (2007) using the magnetization

transfer periods 2s for 1H chemical shift evolution. This

enables the acquisition of spectra with projection angles

up to a� arctan 1þ 1=JHN � 2sH2O
180
� 2sG1

� �.
tmax

h i

which have the same relaxation as the corresponding

conventional 2D experiment (tmax is the maximal nitrogen

evolution period and sH2O
180

the length of the selective 1H

180� pulse on the water resonance and sG1 the length of the

gradient, including the recovery delay, applied during

the 1H-15N transfer period). Quadrature detection and the

separation of the two sub-spectra is obtained as described by

Brutscher et al. (1995) using the pulse phases u1 and u2.

The two resulting sub-spectra contain the amide resonances

with frequencies in the indirect dimension of XH=N ¼
XN cos aþ XH sin a and XH=N ¼ XN cos a� XH sin a,

respectively; where XN and XH are the 15N and 1H

frequencies of the amide moiety.

For minimal spectral width in the indirect dimension the

proton carrier frequency should be set in the middle of the

amide region for the first part of the pulse sequences in

Fig. 1 Pulse sequences for the 2D projected 3D [1H,15N]-HMQC-

[1H,1H]-NOESY experiment for projection angles (a) 0�B a B 45�
and (b) 45�\ a B 90�. Narrow and wide black vertical bars on the

lines marked 1H and 15N denote 90� and 180� pulses, respectively,

applied at the proton (line 1H) and at the nitrogen frequency (line
15N). The black bell shapes on the line 1H represent gauss-shaped

selective 90� pulses on the water resonance keeping the water

magnetization along the +z-axis during the whole sequence. The grey

bell shapes on the line PFG are sine bell shaped pulsed magnetic field

gradients applied along the z-axis with the following durations and

strengths: G1, 600 ls, 30 G/cm; G2, 700 ls, 50 G/cm; G3, 1000 ls,

50 G/cm. The radio-frequency pulses are applied with phase x unless

indicated otherwise above the pulse bar; the following phase cycles

are used: u1 = x, x, -x, -x, u11 = -u1; u2 = x, -x; urec = x, -x,

-x, x. In (b) the first refocusing pulse on 15N is additionally cycled

with u3 = -x, -x, x, x. The 1H carrier frequency can be set on the

water resonance throughout the whole experiment or, when the sweep

width in the indirect dimension should be minimized, switched

between the middle of the amide region and the water resonance at

the beginning of the experiment and during the mixing time,

respectively. The two sub-spectra for the projection angle a are

recorded interleaved with a constant phase offset of 90� for phase u1

and -90� for phase u2. Quadrature detection in t1 is achieved for each

sub-spectrum by incrementing the pulse phase u2 following the

STATES-TPPI scheme. The +a and -a projection spectra are then

obtained from sum and difference of the two time domain data sets,

respectively, according to the trigonometric addition theorem (Brut-

scher et al. 1995; Kupče and Freeman 2004). The evolution times

t1 (15N) and t2 (1H) are incremented simultaneously at a constant ratio

of Dt2/Dt1, which defines the projection angle a = arctan(Dt2/Dt1). The

following time periods are used in both pulse sequences: s = 1/4JHN

and sm = NOESY mixing time. (a) refocusing the 15N-chemical shift

evolution at the end of the t1 period is required solely to ensure zero

phase correction in the projected dimension, thus d = sN
90 + 2 ls

(with sN
90 being the 15N 90� pulse length and 2 ls the minimal delay

between two pulses). (b) for angles a above 45� the period 2s is first

used for 1H single quantum (SQ) evolution in constant time manner

(Bazzo et al. 2001; Ying et al. 2007) with D ¼ t2=2� t1=2� sN
90 � d

(while d = sN
90 + 2 ls). When the SQ time period is used up

completely, i.e. t2=2 [ t1=2þ dþ 2sþ sN
90 � sH

90 � sH2O
180 � sG1

(sH
90 = duration of the 1H 90� pulse, sH2O

180 = duration of selective

180� pulse on water, sG1 ¼ duration of gradient G1 including gradient

recovery delay), additional proton evolution is realized by increasing

d such that d ¼ t2=2� t1=2� sN
90 � 2sþ sH2O

180 þ sG1 þ sH
90. At the

very beginning of the evolution time when t2=2\t1=2þ dþ 2sN
90þ

2l the 15N 180� pulse can not be centered with the 1H 180� pulse; in

this situation D = sN
90 + 2 ls and the 1H 180� pulse is moved

independently of the 15N 180� pulse. With the pulse sequence (b) a

normal (unprojected) 3D NOESY spectrum can be recorded when the

evolution times t1 and t2 are incremented independently

b
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Fig. 1 and to the water frequency starting in the mixing

time for the rest of the sequence including acquisition. The

first three off-resonance water flip-back pulses have to be

adjusted separately in this case. Alternatively, the carrier

frequency can be set to the water resonance for the whole

sequence which makes the adjustment of flipback pulses

easier but increases the required sweep width in the indirect

dimension. However, when applied to large molecular

systems many transients per time increment are normally

recorded and thus by reducing the number of transients and

by a concomitant increase of the number of sampled time

domain points the desired resolution can easily be main-

tained; alternatively an optimal sweep width can be

calculated for a convenient folding of signals in both

sub-spectra.

When applying the experimental schemes shown in

Fig. 1 the projection angle a must be chosen such that on the

one hand the frequency difference(s) of NOE cross peak(s)

from the corresponding direct correlation peak(s) and on the

other hand the frequency differences to other NOE cross

peaks and direct correlation peaks are maximized. E.g., for

the observation of one specific pair of NOEs between two

amide resonances with the chemical shift differences

DXH and DXN the separation is maximal at an angle

a ¼ arctan DXH=DXNð Þ; for resonances with degenerate
15N-shifts and different 1H-shifts maximum separation will

occur at angles a close to 90�. However, for large molecules

where relaxation must be minimized, the proton evolution

period should not exceed the nitrogen evolution period and

thus a should be chosen B45� for the sequence in Fig. 1a

(or � arctan 1þ 1=JHN � 2sH2O
180
� 2sG1

� �.
tmax

h i
for the

sequence in Fig. 1b). At projection angles close to 45� the

experiment provides the maximal resolution for a given

total maximal evolution time.

Projecting a spectrum with a projection angle a different

from zero or a multiple of 90� results in a loss of
ffiffiffi
2
p

in

signal-to-noise because two spectra with the frequency

combinations XH=N ¼ XN cos aþ XH sin a and XH=N ¼
XN cos a� XH sin a are obtained. This is a general draw-

back of reduced dimensionality experiments which,

however, is offset by the fact that the signals have different

relative positions in each projection and compared to the

conventional 2D spectrum more cross peaks will be

resolved. In the proposed experiment full sensitivity can be

recovered by adding the two 1H cross sections through the

positions of each of the two amide resonances participating

in an NOE interaction; this procedure increases the sensi-

tivity by
ffiffiffi
2
p

since the noise at the position of two

corresponding NOE cross peaks is not correlated. In this

situation a 2D projection of a 3D HMQC-NOESY spec-

trum recorded with the sequence in Fig. 1a becomes more

sensitive than any 3D spectrum including spectra recorded

with the sequence in Fig. 1b where for proton evolution

periods exceeding the ones of nitrogen by more than

5–6 ms additional periods with transverse proton magne-

tization have to be introduced.

Results and discussion

The H1 linker histone protein

In eukaryotic cells DNA is packed in DNA-histone com-

plexes (nucleosomes). The X-ray structures of the

nucleosome core particle and of its superstructure, the

tetranucleosome, have been published (Luger et al. 1997;

Schalch et al. 2005) but the positioning of the linker his-

tone H1 in the nucleosome as well as its role in regulation

of gene expression is still a puzzle. The chicken H1 linker

histone protein used in this study has a total molecular

weight of 22.6 kDa (Hartman et al. 1977). It comprises a

central globular domain with 75 amino acids, for which an

NMR structure is available (Cerf et al. 1994), and flexible

amino- and carboxy-terminal domains with 39 and 111

amino acids, respectively. The central globular domain was

shown to be essential for H1 binding and its positioning in

the nucleosome (Allan et al. 1980; Vermaak et al. 1998);

the terminal domains seem to be important for the H1-

induced chromatin compaction (Allan et al. 1986; Hendzel

et al. 2004). The C-terminal domain acquires a-helical

structure upon interaction with DNA (Clark et al. 1988;

Hill et al. 1989; Vila et al. 2000, 2001) and is mainly

responsible for the chromatin compaction (Lu and Hansen

2004). The N-terminal domain is believed to be involved in

the location and anchoring of the globular domain to the

nucleosome (Allan et al. 1986). Another study suggests

that a helix-turn-helix secondary structure element with a

Gly–Gly motif in the turn (Vila et al. 2002) is induced in

the N-terminal domain upon binding to DNA.

The chicken H1 sequence contains 12 glycine residues;

two of them (Gly32 and Gly33) are sequential neighbors in

the N-terminal domain and the other 10 are situated in the

globular domain. The N-terminal Gly–Gly motif, con-

served in many vertebrate H1 subtypes, is believed to

provide the orientational freedom required for tracking of

the phosphate backbone of the linker DNA by the two

helices or for the simultaneous binding of nucleosomal and

linker DNA (Vila et al. 2002). In summary, the Gly–Gly

motif appears to be a functionally important site and its

characterization by NMR could provide new details about

DNA-binding by H1. For such studies the Gly–Gly motif

must be assigned in the complex with DNA which was

achieved using the projected [1H,15N]-HMQC-[1H,1H]-

NOESY experiment (Fig. 1a).
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Observation of NOEs in the 121.3 kDa H1-DNA

complex

A [1H,15N]-correlation NMR spectrum of free 15N-labeled

H1 in solution (data not shown) shows a set of well dis-

persed signals from a folded domain and a large number of

narrow lines in the random coil region of the spectrum

apparently arising from the unstructured terminal domains.

Assignment of most of these poorly dispersed resonances

seems hardly possible due to extreme overlap and will

become even more difficult in the complex of H1 with

DNA. Despite the overlap, all 12 Gly resonances can be

observed at the specific nitrogen chemical shift around

105 ppm. We could unambiguously distinguish the amide

signals of the two sequential glycines from the N-terminal

part in the spectra based on their negative heteronuclear

NOE values (data not shown), the other 10 Gly residues

located in the globular domain have positive values.

After binding of 15N-labeled H1 to an unlabeled 152

base pair linear DNA duplex in a 1:1 molar ratio only a few

resolved amide signals with low dispersion in the 1HN

dimension remain observable in a [1H,15N]-correlation

spectrum. The resonances from structured regions are

broadened beyond detection, indicating either strong

binding to DNA or intermediate timescale dynamics due to

exchange between different conformations of H1 in the

complex. The observable amide resonances correspond to

residues from more flexible regions of the H1 protein,

which do not strongly interact with DNA or the globular

domain of H1. However, even these resonances show a

substantial increase of the line width as a result of slower

overall tumbling and/or chemical/conformational

exchange. Two resonances with Gly-specific chemical

shifts are among the observable signals in the H1-DNA

complex (Fig. 2) and supposedly originate from Gly32 and

Gly33 in the N-terminal tail, since the Gly residues in the

globular domain cannot be observed. The observation of an

NOE between the amide protons of these two residues

would provide evidence for their sequential neighborhood

and thus a basis for their assignment in the complex. In

addition, the NOE intensity is related to the dynamics of

Gly–Gly turn and can be used to characterize the rigidity of

this region in different DNA-complexes, e.g. with linear

versus supercoiled DNA. Due to the almost degenerate 15N

chemical shifts of the two Gly resonances a 2D 15N-

resolved [1H,1H]-NOESY cannot resolve the NOEs in the

presence of much more intense direct correlation peaks.

Moreover, these particular NOEs are expected to be weak

due to the flexible nature of the Gly–Gly motif. Also in a

2D [1H,1H]-NOESY spectrum the weak NOEs would be

too close to the diagonal to be resolved and could not be

unambiguously distinguished from other NOE signals.

Indeed no NOE between the two glycine amides could be

observed in former NMR studies of the N-terminal H1

peptide (Vila et al. 2002) because of reported overlap.

The projected [1H,15N]-HMQC-[1H,1H]-NOESY

experiment described in Fig. 1 was used to separate the

NOE crosspeaks from the direct correlation peaks of amide

protons of two potentially sequential glycine residues

(Fig. 3). This NOE confirms that the corresponding reso-

nances belong indeed to the glycines 32 and 33 in the

amino-terminal domain of the 121.3 kDa histone H1-DNA

complex. The spectrum shown in Fig. 3a was measured

with a NOESY mixing time of 120 ms; the control spec-

trum in Fig. 3b with a mixing time of 5 ms shows no

NOEs. The spectra in Fig. 3 were measured with a ratio of

0.4 (a = 21.8�) between the two simultaneously incre-

mented 1H and 15N evolution periods. The frequency

difference between the Gly signals is enlarged in the pro-

jected 2D spectrum with respect to the conventional 2D

[1H,15N]-correlation spectrum and the NOEs can be sepa-

rated already at a low spectral resolution, such that the

maximum evolution time could be reduced to 15.8 ms to

increase sensitivity. The spectral width and the 15N-carrier

offset were chosen such that the Gly signals from the

Fig. 2 [1H,15N]-HMQC spectrum of 15N-labeled histone H1 in

complex with a 152 bp DNA measured at 298 K on a Bruker DRX

750 MHz spectrometer equipped with a triple resonance probe with

shielded z-gradient coil. The total evolution time on nitrogen was

43 ms. The complex with a molecular weight of 121.3 kDa was

dissolved at a concentration of 125 lM in 95%/5% H2O/D2O at pH 6

containing 10 mM TRIS buffer, 0.1 mM EDTA and 50 mM NaCl.

Only amides of mobile residues of H1 lead to observable resonances,

signals from rigid regions of the complex are broadened beyond

detection. Two Gly amide resonances with very similar 15N chemical

shifts are circled. The two corresponding Gly residues are suspected

sequential neighbors, but in conventional spectra the sequential

amide–amide NOEs cannot be resolved due to overlap with the very

intense direct correlation peaks
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positive angle projection were folded into the middle of the

spectrum.

Conclusions

In this publication we have introduced and applied a relax-

ation optimized 2D experimental scheme for 15N-labeled

proteins that can resolve NOE signals that are overlapped in

conventional 2D experiments. The application to a 121 kDa

protein-DNA complex showed that the experiment provides

a simple and effective technique for observation of NOE

interactions between amide protons with degenerate 15N-

shifts in large molecules. The 2D projection experiment

discussed in this paper can be used as a building block for the

development of projection experiments based on 4D doubly
15N- or simultaneously [13C,15N]-resolved [1H,1H]-NOESY

pulse sequences.
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