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Abstract

Precision in the determination of the 3D structures of proteins by NMR depends on obtaining an adequate number
of NOE restraints. Ambiguity in the assignment of NOE cross peaks between aromatic and other protons is an
impediment to high quality structure determination. Two pulse sequences; 3INBESY-CHNH and 3D Gyo-
NOESY-CHNH, based on a modification of a technique for simultaneous detectiéfCstH (of CHz) and

15N-1H correlations in one measurement, are proposed in the present work. These 3D experiments, which are
optimized for resolution in th&C and'>N dimensions, provide NOE information between aromatic protons and
methyl or amide protons. GHmoieties are filtered out and the CH groups in aromatic rings are selected, allowing
their NOE cross peaks to be unambiguously assigned. Unambiguous NOEs connecting aromatic and methyl or
amide protons will provide important restraints for protein structure calculations.

Multidimensional and multinuclear NMR spec- though a robust and cost-effective method for the pro-
troscopy can successfully determine the 3D structures duction of methyl-protonated triple labeled proteins
of double or triple labeled proteins with molecular has been proposed (Goto et al., 1999).
weights up to 30 kDa (Bax, 1994; Kay and Gardner, Because methyl-containing amino acids are abun-
1997). Nevertheless, the structure determination of dantin proteins, the assignment of inter-residue NOEs
many proteins of biological importance remains chal- arising from methyl-containing side chains plays an
lenging with current NMR techniques (Zwahlen et al., important role in determining the NMR structures of
1998). The main difficulty is still the assignment of proteins. NOESY experiments, which allow definitive
NOE cross peaks to specific and proximal proton pairs. assignments of NOEs between methyl and other pro-

In order to overcome the problem of ambigu- tons to be made, are valuable for uniformRC and
ous distance restraints arising from overlapping NOE N labeled protein samples. Recently, a 3D NOESY
cross peaks, an elegant computational method calledexperiment (Uhrin et al., 2000) using GHiltering
ARIA (Ambiguous Restraints for lterative Assign- has been proposed to detect NOEs between methyl or
ment) (Nilges, 1995; Nilges et al., 1997) has been amide protons and other protons. Since aromatic ring-
developed. An alternative and complementary ap- containing amino acids also occur frequently in pro-
proach, using a novel isotope labeling strategy, i.e. teins, and the proton resonance peaks of aromatic spin
15N, 13c, and?H-labeling with methyl protonation  systems often overlap with those of amide protons,
(Metzler et al., 1996; Zwahlen et al., 1998a, b) or the ability to partition aromatic proton resonances and
1H,-protonation (Yamazakiet al., 1997), has also been amide proton resonances into separate dimensions in
developed. The latter strategy is still very costly, al- 3D spectra will be especially helpful for the reliable
_— assignment of these NOE cross peaks.
*To whom correspondence should be addressed. E-mail: In this work, two pulse sequences, a 304
gzhu@ust.hk

NOESY-CHNH and a 3D Go-NOESY-CHNH,
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Figure 1. Pulse sequences of the 2D HSQC4MHH (A), 3D Haro-NOESY-CHNH (B) and Gyro-NOESY-CHNH (C). The section in the
dashed box of the sequence in (A) is replaced with that at the right of (A) for every third and fourth scan. The sequences in (B) and (C) are
continued by the sequence in (A) with the exception thainid p are changed tgtand g, respectively. For all sequences, filled bars and open
bars represent 90and 180 pulses, respectively. Filled shaped pulses are 1.1 ms sinc-modulated rectangjats@8 to selectively excite

the water resonance. Thel and13C carrier frequencies were centered at 7.1 and 127 ppm for aromatic rings before the NOE mixing period,
and 4.7 and 19.6 ppm for methyl groups after the NOE mixing period.li’Ne:arrier frequency was centered at 120 ppm. The widths of the
two 9¢° 13C pulses with lower rf power in (B) and (C) are 6. Thel3C shaped pulses for aromatic carbons and methyl carbons are 0.48 ms
and 0.96 ms iburp2 180pulses (Geen and Freeman, 1991). Phase-modulated SEEﬁﬁ’:Eecoupling was adopted during theperiod in

(A). ta= V(A4 cHarg) = 1.43 msp = 227 ms,¢ = 1/(2Yco) = 143 ms,x = 1/(2Ycp3) = 4.0 ms,tm = 150 ms. Recovery delays
between scans were setto 1.0 s. The default phases are x. For (A), the phase cyclipgwés,—Xx); ¢4 = (X,—X,—X,X); ¢r = (X,—X,—X,X).
Quadrature components ifl and {1\‘ were acquired through settings = ¢3 — 90° and g = ¢4 + 90°, respectively. Axial peaks in the‘fF

and I'—‘i‘ dimensions were removed by invertings( ¢r) and (a4, ¢r) for every second(l:t and {1\‘ increment, respectively. For (B) and (C), the
phase cycling waspy = 4(y),4(=Y); ¢2 = 8(y),8(=Y); ¢3 = (X,—X); 9a=(X,—X,—X,X); @r = (X,—X,—X,X,—X,X,X,—X,—X, X, X,—X,X,—X,— X, X).
The quadrature components in l% and g‘ were acquired through setting = ¢ — 90°, @3 = @3 —90° andgg4 = @4+90°, respectively. For
(B) and (C), the axial peaks in the_FFg and I'—S‘ dimensions were removed by invertingy( ¢r) or (1, ¢r), (93, ¢r) and 4, ¢r) for every
second {, tg and {2\‘ increment, respectively. The durations and strengths of the gradients=a(@.¢Ins, 15 G/cm); g2(0.4 ms, 5 G/cm);
93=(0.4 ms, 10 G/cm); g4(0.4 ms, 15 G/cm), and g50.3 ms, 8 G/cm).
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based on a modification of a technique for simultane- 13C was not modulated by the one-bati@€-1H scalar
ous detection of3C-'H (of CHg) and1°N-1H corre- coupling. In other words, the modulation factors of
lations in one measurement (Uhrin et al., 2000), are the transverse magnetizations'8€ for the CH, CH
proposed. These two experiments can provide NOE and CH groups due to the one-borddC-'H scalar
information between aromatic protons and methyl or coupling were 1, 1 and 1, respectively. For the next
amide protons. Both types of NOEs can be obtained in two scans (in which the sub-sequence in the dashed
a single experimental measurement. One advantage ofbox at the right of Figure 1A replaces the section in
these experiments is that there are no diagonal peaksthe dashed box in the sequence in Figure 1A), the ef-
simplifying the assignment of NOE resonances, and fective one-bond®C-'H scalar coupling time was)2
the resolution of3C and°N can be simultaneously  and the modulation factor for the transverse magneti-
optimized. zation of13C was co%(2nlJch,n) for each CH. As
Figure 1 depicts the pulse sequences of (A) the » = 1/(2LJchz) = 4.0 ms, the modulation factors
2D HSQC-CHNH, (B) the 3D Hyo-NOESY-CHNH were almost-1, +1, and—1 for the CH, CH, and
and (C) the 3D Go-NOESY-CHNH experiment. For ~ CHs groups, respectively.
every third and fourth scan, the section in the dashed  Thus, with four-step phase cycling withg = (X,
box in the 2D HSQC-CBKLNH sequence (Figure 1A)  —X), o2 = (X,—X,—X,X), ¢r = (X,—X,—X,X), two steps
is replaced with the sub-sequence in the dashed boxof which result in isotope filtering (Cavanagh et al.,
at the right of Figure 1A. In the 3D &-NOESY- 1995), the magnetization of the GHyroup is can-
CH3NH and 3D G;o-NOESY-CHNH experiments, celled, while those of the CH and GHyroups are
the pulse sequence shown in Figure 1A is appendedretained. In employing this CHfiltering method, the
to those in Figures 1B and 1C, respectively, with the signal strength of Cklis not reduced compared with
exception thatjtand § in Figure 1A are changed tg t the method used before (Uhrin et al., 2000). In ad-
and g, respectively. dition, the signal of CHl is also filtered out, because
The 2D HSQC-CHNH pulse sequence (Fig- the carrier frequency dfC in the 2D HSQC-CHNH
ure 1A) has been modified from an earlier proposed (Figure 1A) is centered at 19.6 ppm, which is far from
method (Uhrin et al., 2000). In the sequence described the 13C, resonance frequency, and the inversion pro-
here, different spectral widths for tA&C of the methyl file (=96% ) of the two 960us iburp2 (Geen and
groups and'®N can be set to optimize the spectral Freeman, 1991) shaped pulses only extends from 8.6
resolution of'3C and!®N in the 2D HSQC-CHNH to 30.6 ppm. In order to avoid exciting GHgroups in
experiment and the two 3D experiments. To enhance the sequences depicted in Figures 1B and 1C before
spectral resolution in th€C dimension and for Ch the NOE mixing period, the widths of the two 90
filtering, constant time evolution in tha period is pulses were set to 66s. Two 480us iburp2 shaped
used, as shown in the sequence in Figure 1A. pulses were applied to further reduce the excitation of
As the CH group of methionine residues does CHs. The inversion profile ¥96%) of these iburp2
not have a one-bond3C-13C scalar coupling and  pulses extends from 149-105 ppm.
1 = 1/(2%cc) = 143 ms ticc = 35 Hz), In Figure 1B, a refocused INEPT sequence has
cos(2ttJcct) = —1, the cross peak related to the been applied to filter out the magnetization of the
CHs of methionine residues is negative, if the peaks amide and aliphatic protons but to retain the mag-
of other residues containing GHgroups are posi-  netization of the aromatic protons. Signals from the
tive. Therefore, the Cglof methionine residues can aromatic protons were frequency-labeled in thpe-
easily be distinguished from other methyl-containing riod, and then their longitudinal magnetization was
residues in the 2D HSQC-GNIH, 3D Hao-NOESY- mixed with that of the methyl or amide protons dur-
CH3zNH and 3D G;o-NOESY-CHNH spectra. ing the NOE mixing period. The magnetization of the
CHo filtering (Uhrin et al., 2000) has been used in methyl or amide protons was then transferred to their
the proposed pulse sequences to remove spectral overattached methyl carbons or amide nitrogens through
laps between Ckland CH groups. This was achieved the first INEPT in the 2D HSQC-C4NH sequence.
by using one-bond3C-1H scalar coupling and an ap-  They were frequency-labeled with methyl carbon and
propriate phase cycling scheme, as specified in the amide nitrogen frequencies in the(t; in Figure 1A)
caption of Figure 1. For the first two scans of the period. The second INEPT of the 2D HSQC-¢NH
sequence shown in Figure 1A, carbons were decou- section transferred the anti-phase magnetization of the
pled from protons, and the transverse magnetization of methyl carbons and amide nitrogens to their attached
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methyl or amide protons. Finally, their transverse

widths of 1°N were set to 2400 Hz in the two 3D

magnetizations were frequency-labeled and detectedexperiments. The numbers of scans for each tran-

during the  (t2 in Figure 1A) period.
In Figure 1C, only the aromatic carbons were
frequency-labeled in the tperiod. The longitudinal

sient were 64 and 48 for thegd and Gyo exper-
iments, respectively. Cosine bell window functions
were applied to the two 3D spectra before Fourier

magnetization of the aromatic carbon-attached protonstransformation. The processed spectra were composed

was then mixed with that of other protons during the
NOE mixing period. For the~17 kDa test sample

of 128x128x 1024 points. If the resolution in théC
dimension is not an issue, the constant-timgggeriod

used here (calmodulin) there was no TROSY (Per- can be replaced by a normal evolution period in order
vushin et al., 1998, 2000; Meissner and Sgrensen,to increase sensitivity of these experiments. Since the

1999) effect with the aromatic spin systems, so'fi@

evolution mode of the HSQC sequence was utilized,

as shown in Figure 1C. For larger proteins, TROSY-
based sequences can be applied to'the'H groups,
and the'3C-'H groups in aromatic spin systems.

To effectively demonstrate the two proposed 3D

NOESY experiments for detecting NOEs between aro-
matic protons and methyl or amide protons, we ap-

plied them to a uniformly°N and3C labeled calmod-
ulin sample ¢17 kDa, 1.5 mM in 6.1 mM CaGland
0.1 M KCl, pH 6.3, 95% HO/5% D,O) of high con-
centration using a Varian Inova 750 MHz NMR spec-
trometer at 47C. All data processing was performed
using the NMRPipe software package (Delaglio et al.,
1995).

The 2D HSQC-CHNH experiment combined con-
stant time int3C (methyl carbon) and variable time in
15N (amide nitrogen) for frequency labeling. There-
fore the correlation between tH€Ccns and *Hchs
of the methyl groups and betweérN and 'Hy of

proposed experiments are longer than the 3D and 4D
13C/A3C or13C/A5N separated NOESY experiment, the
sensitivities of these experiments are generally lower.
The 2D PEHaolHn] (F1-F3) slice and the
2D [YHaroc'Hcha] (F1-Fs) slice of the 3D Hyo
NOESY-CHNH spectrum taken at®N chemical
shift F, = 118.68 ppm and®Ccpz chemical shift
Fo = 23.34 ppm are shown in Figures 2A and 2B.
The 2D [3Care-tHn] (F1-F3) slice and the 2DCqro-
IHch3] (F1-Fs) slice of the 3D Gie-NOESY-CHNH
spectrum taken aPN chemical shift 5 = 118.68 ppm
and'3Cch3z chemical shift & = 23.34 ppm are shown
in Figures 2C and 2D, respectively. Because only the
aromatic signals are indirectly detected in thedi-
mension for these 3D spectra, the number of cross
peaks is limited. Therefore these NOE cross peaks
could easily and unambiguously be assigned. For the
test sample, there were one histidine, two tyrosine,
eight phenylalanine and zero tryptophan residues. The
spectral dispersion in thtHa, dimension of the 3D

the amide groups could be simultaneously detected, Ha,o- NOESY-CHNH spectrum was better than that in

and optimized in resolution, in one experiment. Sig-
nals were maximized whenm, was set to 2.17 ms
and 2.38 ms for the CiHand the NH moieties, re-
spectively. Howeveryp was set to 2.27 ms in normal

the 13Cayo dimension of the 3D Go-NOESY-CH;NH
spectrum, as shown in Figures 2A and 2C. The chem-
ical shifts of 13C,o for the phenylalanine residues
were near 132.5 ppm. These two 3D experiments

experiments as a compromise. Using this value, the are complementary and there should be a one to one

signals were 99.6% and 98.8% of their maxima for the
CHs and the NH moieties, respectively. The spectral
widths of the indirect detection dimensions in the 2D
HSQC-CHNH experiment were set to 3150 Hz and
2400 Hz, which correspond to the full spectral widths
of the methy3C and'®N on a 750 MHz spectrometer,
respectively.

Two 3D Haro-NOESY-CHNH and Gyo-NOESY-
CH3NH spectra were acquired. Data matrices in
the time domain were composed of*3232*x512*
points and 32x32*x512° points ( signifies com-
plex points), with spectral widths of 18&3150x
10500 Hz and 37703150x 10500 Hz for the
3D HaoNOESY-CHNH and the 3D Go-NOESY-
CH3NH experiments, respectively. The spectral

correspondence between the NOE cross peaks in the
two 3D spectra, thereby providing definitive NOE
connections.

In conclusion, two pulse sequences, the 3f.H
NOESY-CHNH and the 3D Go-NOESY-CHNH,
based on a modification of a technique for simul-
taneously detecting®C-tH (in CHs), and **N-1H
correlations in one measurement, are proposed. The
different spectral widths ot3C in CHz and 15N can
be set to optimize the spectral resolution in the 2D
HSQC-CHNH section of the two proposed 3D ex-
periments. Since the chemical shifts of ©f Val
and lle, G of Leu are closer to those of methyl
carbons and far away from the,@hemical shifts,
NOE cross peaks connecting these carbon-attached
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Figure 2. 2D [MHaro-THN] (F1-F3) slice (A) and 2D fHaro-*HcHal (F1-F3) slice (B) of the 3D Hyo-NOESY-CHNH spectrum taken at
15N chemical shift B = 118.68 ppm and3Ccps chemical shift B = 23.34 ppm, respectively. 20-Caro-tHn] (F1-F3) slice (C) and

2D [23Cqro-tHcHal (F1-F3) slice (D) of the 3D Gro-NOESY-CHsNH spectrum taken at°N chemical shift B = 118.68 ppm and3Ccps
chemical shift B = 23.34 ppm, respectively. The lowest contours for spectra (A) and (B) are drawn at the same level, and for (C) and (D) the
lowest contours are also identical. Contours are separated by a factor of 1.24.
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