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ABSTRACT: Application of an w,-band-selective, w,-homonuclear decoupled ROESY (BASHD-ROESY) experi-
ment to the assignment of "H NMR spectra of peptides is demonstrated. Band selection in the w, dimension is
achieved with the double pulsed field gradient spin echo (DPFGSE) technique; homonuclear decoupling in the w,
dimension is achieved by placing a non-selective 180° pulse together with the first half of the DPFGSE in the
middle of the evolution period. Application of the BASHD-ROESY experiment is demonstrated with the complete
assignment of the proton resonances of the synthetic 19 amino acid peptide N-Ac—Ala—Glu-Ala—Ala— Ala—Arg-
Ala—Ala-Ala-Arg-Arg-Ala—Ala— Arg-Arg-Ala—Ala—Ala-Arg-NH, . Critical to making the assignments was the
significantly increased resolution in the C,H-NH region of the ROESY spectrum measured with the BASHD-
ROESY pulse sequence with band selection and homonuclear decoupling in the C,H region. NOEs observed for
the peptide indicate it has a helical secondary structure in solution. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The standard strategy used to assign 'H NMR spectra
of peptides is first to assign the backbone amide NH
resonances to amino acid type using NH connectivities
to side-chain protons in 2D TOCSY spectra and then
to establish the sequence of the amino acid residues in
the peptide using NH,—~C H,; and C,H-NH,, , connecti-
vities obtained from 2D NOESY or ROESY spectra.
This is a powerful procedure which, in principle, allows
the assignment of 'H NMR spectra of peptides of
known sequence and the determination of the amino
acid sequence of peptides of unknown sequence. In
practice, however, ambiguities can be encountered in
the sequential assignment step due to overlap of cross
peaks, particularly if the peptide contains multiple resi-
dues of a given amino acid or if the C,H-NH region of
the NOESY or ROESY spectrum also contains long
range NOE cross peaks. The overlap problem is gener-
ally due, in part at least, to low digital resolution in one
or both dimensions.

In order to take advantage of the spectral resolution
possible with high-field spectrometers, semi-selective or
band-selective variants of the standard 2D experiments
have been developed.’~*3 Such experiments are particu-
larly useful when only a portion of the 2D spectrum is
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needed, e.g. the C,H-NH region of the NOESY or
ROESY spectrum for the sequential assignment step.
The semi-selective experiments use soft- or band-
selective pulses to select a desired spectral region in one
or more dimensions. Resolution in semi-selective
spectra can be increased further by homonuclear
decoupling in the selected spectral region.>'* Homo-
nuclear decoupling can be achieved in the evolution
dimension by application of a semi-selective refocusing
pulse together with a non-selective refocusing pulse in
the center of the evolution period® and in the acquisi-
tion dimension by use of homonuclear shaped pulse
decoupling in combination with the time-shared
decoupling mode during data acquisition.**

Several schemes have been used to achieve band
selection and homonuclear decoupling in the evolution
dimension in semi-selective homonuclear 2D experi-
ments.”-1171315 Recently, an w,-band-selective, w,-
homonuclear decoupled TOCSY (BASHD-TOCSY)
experiment was reported'?® in which band selection and
homonuclear decoupling were achieved in the evolution
dimension by a band-selective double pulsed field gra-
dient spin echo (DPFGSE) technique.'® Selective excita-
tion using the DPFGSE technique requires no phase
cycling and yields pure phase band-selective TOCSY
spectra.!®> Use of the DPFGSE technique in other
homonuclear 2D experiments was also mentioned.!3

We describe here the application of an w,-band-
selective, w;-homonuclear decoupled ROESY (BASHD-
ROESY) experiment to the assignment of peptide 'H
NMR spectra. Band selection is achieved using the
DPFGSE technique. The utility of the BASHD-ROESY
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Figure 1. Pulse sequences for (A) the one-dimensional semi-selective experiment with band selection by the DPFGSE
and (B) the w,-band-selective, w,-homonuclear decoupled (BASHD) ROESY experiment. Gradient strengths of 8 and 11
G cm ™" were used for G1 and G2 in the 1D experiment; the duration of the gradient pulses was 6.5 and 14 ms for the
amide NH and C_H regions, respectively. In the BASHD-ROESY pulse sequence, the narrow and wide rectangular pulses
are ©/2 and = pulses, respectively. The band-selective Gaussian pulses are = pulses. The phase cycling is ¢1 = (x, —x),,
$2=(x —x, =X, X)2, d3 =, —Y)a, d4 = (x)4,(—x), and ¢5 = (x)g. Gradient strengths of 2, 8, 11 and 10 G cm~ "' were
used for G1, G2, G3 and G4, respectively; the duration of the gradient pulses was 500 us for G1 and 1 ms for G2, G3 and
G4. A 500 ps recovery period was used after each gradient pulse.

experiment in peptide NMR is demonstrated with the
complete assignment of the 'H NMR spectrum of the
synthetic heparin-binding 19mer peptide N-Ac-Ala-
Glu-Ala—-Ala—Ala— Arg—Ala—Ala—Ala—Arg—Arg— Ala—
Ala—Arg-Arg-Ala—Ala—Ala-Arg-NH, .!” Assignment of
the proton resonances of this peptide is particularly
challenging owing to the presence of six arginine and 12
alanine residues.

EXPERIMENTAL

The peptide was dissolved in H,O-D,O (9:1) at a con-
centration of 5 mM and the pH was adjusted to 3.0. The
pH was measured directly in the NMR tube using an
Ingold combination ultramicroelectrode. The 300 pl
sample solution was contained in an NMR tube
obtained from Shigemi. Sodium 3-(trimethylsilyl)
propionate-2,2,3,3-d, was added as a chemical shift ref-
erence.

'H NMR spectra were recorded at 500 MHz and
5°C on a Varian Unity Inova 500 spectrometer

© 1998 John Wiley & Sons, Ltd.

equipped with waveform generators, a Performa X, Y,
Z gradient module and a 'H{'3C, !N} triple reso-
nance, X, Y, Z triple axis pulsed field gradient probe.
The band-selective pulses used in the BASHD-ROESY
and BASHD-TOCSY experiments were Gaussian
cascade Q3 pulses'> phase modulated to shift the center
of excitation 1690 or —400 Hz to the NH or C,H
regions, respectively. The duration of the band-selective
pulses was 6.5 and 14 ms, with exciting bandwidths of
600 Hz for the NH region and 225 Hz for the C,H
region. An F, spectral window of 550 Hz was used for
band selection in the backbone amide NH region and
175 Hz for band selection in the C,H region. The F,
spectral window was set to 5700 Hz for the non-
selective ROESY experiment. In all cases, the spectral
window in the F, dimension was set to 5700 Hz. All 2D
spectra were measured in the phase-sensitive mode by
the hypercomplex method of States et al.'® A cw spin-
lock of ca. 4 kHz effective field strength and a mixing
time of 125 ms were used for dipolar magnetization
transfer in the BASHD-ROESY and non-selective
ROESY experiments. A windowed MLEV-17 spin lock
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of ca. 9.5 kHz field strength and a mixing time of 120
ms was used in the BASHD-TOCSY experiment.
Pulsed field gradients were applied in the Z-direction.
Data were processed with zero-filling to 4K points in
the F, dimension and, unless noted otherwise, a 90°
shifted sine-bell squared apodization was applied to
both dimensions to drive the FID to zero at the last
point. A frequency shift corresponding to the difference
between the transmitter offset and the center of the exci-
tation window was applied to the ¢, interferograms
prior to Fourier transformation for the band-selective
experiments. No baseline correction, linear prediction
or drift correction was applied. One-dimensional
spectra were acquired with 32K points and a 5700 Hz
spectral width and no weighting functions were applied.
The water resonance was suppressed in the measure-
ment of all one- and two-dimensional spectra using a
selective saturation pulse during the relaxation delay.

RESULTS AND DISCUSSION

The pulse sequence for band selection in 1D 'H NMR
with the DPFGSE is shown in Fig. 1(A);!*¢ the pulse
sequence for the BASHD-ROESY experiment is given
in Fig. 1(B). The BASHD-ROESY pulse sequence is a
modification of the pulse sequences used in the non-

(C)

selective  ROESY and the BASHD-TOCSY experi-
ments.*19-2% Band selection in the evolution dimension
in the BASHD-ROESY experiment is achieved with the
DPFGSE; homonuclear decoupling in the evolution
dimension is achieved by placing the non-selective 180°
pulse together with the first half of the DPFGSE in the
middle of the evolution period.!> A gradient Z-filter
was added after the spin lock for improved suppression
of the water resonance.?!-22

The full one-dimensional 'H NMR spectrum of the
peptide is shown in Fig. 2. Also shown are band-
selective DPFGSE spectra of (B) the C,H and (C) the
amide backbone NH regions measured with pulse
sequence A in Fig. 1. The phase and vertical scale used
for the selective excitation spectra were the same as for
the full spectrum. The DPFGSE provides band-selective
spectra free of phase imperfections regardless of the
quality of the inversion pulse; since the same inversion
pulse is used for each gradient echo, phase imperfec-
tions are compensated for at the end of the second gra-
dient echo.!3:1% Signal amplitude will be reduced owing
to T, relaxation during the echoes, but this is typically
not significant for peptides.

Because of the multiple alanine and arginine residues
in the test peptide, there is extensive resonance overlap
in the one-dimensional spectrum. The C,H resonances
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Figure 2. (A) The full one-dimensional spectrum of the peptide and band-selective spectra of (B) the C,H and (C) the
backbone amide NH regions measured with pulse sequence A in Fig. 1.
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Figure 3. The C,H(F,)-NH(F,) regions of (A) the full ROESY spectrum and (B) the BASHD-ROESY spectrum measured with
w4-band selection and w,-homonuclear decoupling of the NH region. For the full ROESY spectrum, 512 x 4K complex
data points were acquired in t, and t,, respectively, a spectral width of 5700 Hz was used in both dimensions and 16
scans were co-added. A 90° shifted squared sine-bell apodization was applied in both dimensions, and the indirectly
detected dimension was zero filled to 4K. The total acquisition time was ca. 8 h. For the BASHD-ROESY spectrum,
256 x 4K complex points were acquired in t, and t, for spectral widths of 550 Hz in F, and 5700 Hz in F,, and 16
transients were co-added. w,-Band selection was achieved with the DPFGSE using 6.5 ms Q3 Gaussian cascade inversion
pulses. The total acquisition time was ca. 2 h. A 90° shifted sine-bell apodization was applied in both dimensions. For
ease of comparison with spectra in Fig. 4, the F,/F, axes are interchanged from the usual format.

are confined to a 175 Hz (0.35 ppm) region and all but resolution which can be achieved in w,-band-selective,
three of the backbone amide NH resonances fall in a w,-homonuclear decoupled 2D TOCSY and ROESY
200 Hz region. Nevertheless, it has been possible to do a spectra. In the first step of the assignment, the backbone
complete assignment of the 'H NMR spectrum with the amide resonances were assigned to alanine, arginine or

F1 éA
(ppm

4.087
4.107
4'12f
4.14-
4.16
4.16-
4-2°f
4.227
4,24~
4.26j
4.287
4.30
4.32

6
v
v
M
}g
¥

e

N

— I

e

RS

¢

= D S

wiliulwitinlon

4. 34T
8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0

R BN L B B I L S L L RSB

F2 (ppm) F2 (ppm)
Figure 4. The C,H(F,)-NH(F,) regions of (A) the full ROESY spectrum and (B) the BASHD-ROESY spectrum measured with
w4-band-selection and w,-homonuclear decoupling of the C,H region. Measurement conditions as in the legend to Fig.
3, except the following for the BASHD-ROESY spectrum: 128 x 4K complex points were acquired in t; and t,, the
spectral width was 175 Hz in F, and 5700 Hz in F,. The Q3 Gaussian cascade inversion pulses were of 14 ms duration.

© 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 601-607 (1998)



ASSIGNMENT OF 'H NMR SPECTRA OF PEPTIDE SEQUENCE 605

F1 3
(ppm)]
4.06- 11,12 114
4.083 34 36 37
4'10_5 8 89 811
] © ¥
4.123 -
4.14-; 1,2 1 14 78 7',’10 '
3 (] 6 2,69 4213
4.16 ] % L]
E 10 10,11
3 15, 16 @
4.18° aﬁs @13’" 15,18
3 \ 4
4.20- ?‘4’15 .
E 6
; , 23 2s 16,17
4.22 @ &
E 4 45 47 o 18
424 © Y 2 . 9 2
3 13,16 %
4.26] 56 5 9 19
E (= N o
E @ 912,10 ‘B i3
4.287
L AL A A AL AL N AL St ML A LS I AN SRR LI R B
8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0
: F2 (ppm)

Figure 5. The CH(F,)-NH(F,) region of the BASHD-ROESY spectrum measured with w,-band-selection and w,-
homonuclear decoupling of the C,H region [Fig. 4(B)]. A 60° shifted sine-bell apodization function was applied in both
the F, and F, dimensions. Some of the weaker cross peaks are not observed in this spectrum owing to the scaling factor

used.

glutamic acid using cross-peak patterns in BASHD-
TOCSY spectra (data not shown) measured with band
selection and homonuclear decoupling of the C.H and
backbone amide NH regions. The sequential assign-
ment of the specific amino acids was then determined
using BASHD-ROESY spectra. However, to demon-
strate the greatly increased resolution possible with the
BASHD-ROESY experiment, we shall first consider
spectra obtained from the non-selective ROESY experi-
ment.

Figure 3(A) shows the C,H(F,)-NH(F,) region of the
non-selective ROESY spectrum. Measurement and data
processing conditions are given in the figure legend.
Using information from the BASHD-TOCSY spectrum,
assignments can be made starting with the amide NH
resonance of Ala! through the NH resonance of Ala*, as
indicated in Fig. 3(A). However, extensive overlap pre-
vents the sequential assignment of resonances beyond
the NH resonance of Ala*. Overlap in the F,(NH)
dimension is due in part to the width of the multiplets
for the NH protons and to low digital resolution.
Digital resolution in the F; dimension prior to zero
filling was 11.1 Hz per point; digital resolution in the F,
dimension was 2.8 Hz per point. The effect of low
digital resolution in the F; dimension is even more
apparent in Fig. 4(A), which shows the

© 1998 John Wiley & Sons, Ltd.

C,H(F,)-NH(F,) region from the same non-selective
ROESY spectrum.

Resolution in the C,H-NH region of the ROESY
spectrum was increased by using the BASHD-ROESY
experiment with ;-band selection and ;-
homonuclear decoupling in either the backbone amide
NH or the C,H regions. Figure 3(B) shows the
C,H(F,)-NH(F,) region of the BASHD-ROESY spec-
trum measured with ;-band selection and ;-
homonuclear decoupling in the NH region; Fig. 4(B)
shows the C,H(F,)-NH(F,) region of the spectrum
measured with w,-band selection and w;-homonuclear
decoupling in the C,H region. Digital resolution in the
F, dimension in the spectra in Figs 3(B) and 4(B) prior
to zero filling was 2.1 and 1.4 Hz per point, respectively.
The increased digital resolution in the F, dimension
together with the collapse of the NH multiplet structure
in Fig. 3(B) and the C,H multiplet structure in Fig. 4(B)
results in significant increases in spectral resolution. A
comparison of the spectra in Figs 3(B) and 4(B) indi-
cates that the resolution in the BASHD-ROESY spec-
trum measured with band selection in the C H region is
better owing to collapse of the broader C,H multiplets.
Also, the signal-to-noise ratio of the C,H band-selective
spectrum is higher than in the NH band-selective spec-
trum. However, the two BASHD-ROESY spectra tend

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 601-607 (1998)
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Table 1. Chemical shift data for the peptide N-Ac-Ala-Glu-Ala-Ala-Ala- Arg-Ala-Ala-Ala-
Arg-Arg-Ala-Ala-Arg-Arg- Ala-Ala-Ala-Arg-NH, ®

Residue NH amide oH SH yH oH ¢H Others
Ala! 8.673 4.153 1.444 N-Ac 2.114
Glu? 8.829 4.224 2.079 2.423
Ala® 8.436 4.087 1.466
Ala* 8.305 4.242 1.494
Ala® 8.221 4.266 1.544
Arg® 8.288 4.161 (a) 1.876 1.630 (a) 3.184 7411

(b) 1.982 (b) 3.276
Ala’ 8.145 4.147 1.529
Ala® 8.229 4112 1.534
Ala’® 8.114 4.264 1.544
Arg!® 8.095 4.178 (a) 1.854 1.637 (a) 3.205 7.375
(b) 1.953 (b) 3.248
Arg!! 8.069 4.073 (a) 1.866 1.579 (a) 3.193 7.422
(b) 1.976 (b) 3.300
Ala'? 8.142 4.158 1.514
Ala'? 8.062 4.254 1.516
Arg!4 8.051 4.186 (a) 1.813 1.680 (a) 3.204 7.335
(b) 1.927 (b) 3.231
Arg!s 8.116 4.183 (a) 1.782 1.664 (a) 3.205 7.330
(b) 1.903 (b) 3.248
Ala'® 8.140 4.202 1.466
Alal’ 8.026 4238 1.466
Ala'® 7.963 4.274 1.464
Arg!? 8.046 4.254 (a) 1.834 (a) 1.686 (a) 3.215 7.301 NH, (a) 7.313
(b) 1913 (b) 1.738 (b) 3.242 (b) 7.482

*5 mwm peptide; pH = 3.0; 5°C.
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Figure 6. Plots of NOEs obtained from BASHD-ROESY spectra measured using the conditions given in the captions to
Figs 4 and 5. The asterisks indicate resonance overlap. The width of the lines indicates the relative magnitude of the
NOEs.
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to be complementary. For example, with the increased
resolution in the F,(NH) dimension in Fig. 3(B), it is
evident there are two cross peaks in the 8.3 ppm
(F{)-4.10 ppm (F,) region, whereas with the increased
resolution in the F, (C,H) dimension in Fig. 4B, three
cross peaks are apparent in the 4.22-4.26 ppm (F,)-8.22
ppm (F,) region.

The C,H-NH region was assigned completely using
the BASHD-ROESY spectrum obtained by apodization
of the C,H band-selective time-domain data with a 60°
shifted sine-bell weighting function in both the F; and
F, dimensions. The C H-NH region of the resolution-
enhanced BASHD-ROESY spectrum with cross peaks
identified is shown in Fig. 5. The chemical shifts of the
other carbon-bonded protons were then determined
from cross-sections taken from BASHD-TOCSY
spectra measured with band selection in the NH and
C,H regions. Resonance assignments are reported in
Table 1.

As indicated in Fig. 5, resolution in the BASHD-
ROESY spectrum is sufficient also to detect weaker,
longer range NOEs due to the secondary structure of
the peptide, e.g. the numerous C,H~NH;,, ; NOEs iden-
tified in Fig. 5. The observed NOEs are summarized in
Fig. 6. The sequential NH,-NH,,; NOEs, the relative
intensities of the NH,~C,H; and NH,-C,H,,, NOEs
and the longer range NH-C.H;,, and NH-CH,
NOE:s taken together indicate that the peptide adopts
an helical secondary structure in solution.?*?* This
result is consistent with circular dichroism data for the
peptide.”

CONCLUSIONS

The results presented here demonstrate the dramatically
increased resolution in 2D ROESY spectra measured
with the BASHD-ROESY pulse sequence and the appli-
cation of the BASHD-ROESY experiment to the com-
plete assignment of difficult-to-assign 'H NMR spectra
of peptides. Resolution can be improved in the
C,H-NH region by measuring BASHD-ROESY spectra
with w;-band selection and w,-homonuclear decoupling
in either the C,H or the NH region. However, in the
example presented here, the greatest increase in
resolution is achieved with w;-band selection and w;-
homonuclear decoupling in the C,H region owing to
the greater width of the multiplets on the C,H axis. The

© 1998 John Wiley & Sons, Ltd.

results presented here suggest that the BASHD-TOCSY
and BASHD-ROESY experiments should significantly
reduce the need for peptides labelled with !N and/or
13C in peptide NMR.
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