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Abstract

Recently, several TROSY-based experiments have been designed for backbone chemical shift assignment and
measurement of the NOEs &H, 13C and!°N labeled proteins. Here, we present TROSY-enhanced NOESY
experiments, namely the 2D S3E-NOESY-S3E, 3D TROSY-NOESY-S3E and S3E-NOESY-TROSY experiments.
These experiments use the spin-state selective excitation method (S3E), and have the TROSY effect in all the
indirectly and directly detected dimensions, and so provide optimal resolution for amide protons. The first two
experiments provide an additional useful feature in that the diagonal peaks of the amide proton region are cancelled
or greatly reduced, allowing clear identification of NOE cross peaks that are close to diagonal peaks.

Recent developments in Transverse Relaxation Opti- Furthermore, the first two experiments provide an ad-
mized Spectroscopy (TROSY) have made it possible ditional useful feature in that the diagonal peaks of
to study large!®N labeled biomolecules>30 kDa) the amide proton region are cancelled or greatly re-
by exploiting the interference between chemical shift duced. This enables clear identification of NOESY
anisotropy and the dipole-dipole interaction between cross peaks close to the diagonal.

amide protons and their attach& (Pervushin et al., The pulse sequences of 2D S3E-NOESY-S3E, 3D
1997). Several TROSY-based experiments have al- TROSY-NOESY-S3E and S3E-NOESY-TROSY ex-
ready been designed for backbone chemical shift as- periments are depicted in Figures 1A to 1C, respec-
signment of?H, 13C and!®N labeled proteins (Per- tively. The section between poirasindbin Figure 1A
vushin et al.,, 1998; Weigelt, 1998; Salzmann et is a reversed INEPT (rev_INEPT) sequence designed
al., 1998; Yang and Kay, 1998; Zhu et al., 1998). so that!°N steady state enhancement can be used in
3D NOESY-TROSY experiments have also been de- the 2D S3E-NOESY-S3E experiment. Sections be-
scribed (Brutscher et al., 1998; Zhu et al., 1999) to tween pointsb and ¢, and pointsd and e contain
obtain structural information from¥°N labeled and the S3E sequences which serve to select the compo-
partially deuterated proteins (Reisman et al., 1991; nent of thelHy split peaks with the slower relaxation
Nietlispach et al.,, 1996). Here, we present three rate. The 2D S3E-NOESY-S3E experiment is a com-
enhanced NOESY-TROSY experiments, namely, the bination of the S3E method and the ordinary NOESY
2D S3E-NOESY-S3E, 3D TROSY-NOESY-S3E and experiment. This experiment not only givesHHy
S3E-NOESY-TROSY experiments with the use of the and Hy-Hc NOE cross peaks with the characteristic
spin-state selective excitation method (S3E) (Meissner narrow TROSY H| linewidths and greatly reduced
et al., 1997; Sgrensen et al., 1997; Pervushin et al., diagonal peaks, but also provides normal NOE cross
1998). These experiments have the TROSY effect in peaks, although with reduced intensities. The evolu-
all the indirectly and directly detected dimensions, tion of the density operator from poiatto b is as
and so provide optimal resolution for amide protons. follows,
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Figure 1. 2D and 3D TROSY-enhanced NOESY pulse sequences.

. Filled bars and open bars represent %nhd 180 pulses, re-
Thus, we have not only selected the slowly relaxing spectively. Default phases are in the x direction. The experi-

component but also utilized the steady state magne- mental recovery delay is 1 st = 1/(4dny) ~ 2.7 ms,

tization of 15N (Pervushin et al., 1998). The section wn = 80 ms. (A) S3E-NOESY-S3E pulse sequenag; =

between points andd is the same as those in anormal % =% —xX.y.=y,=yy) + 45°; ¢z = 4(y).A(-X); 93 = 4(x)A(y);

2D NOESY pulse sequence. The detected magnetiza-fg(fx())f’lg?_’?ﬁ X;y’;gg?/’;:)f‘i;y‘;’(%:g? ;g Z[iggﬁg%

tion _is filtered through the second S3E sequence 10 ¢o =8(x), 8-), 8(y), 8CY); or = 4X—X—XX), 4~y ~¥:Y),
obtain TROSY!Hy components as expressed below 4(-xxx—X), 4(=y,y,y,~Y). The quadrature component in the
with phase — (x.X) and = (X, —X), dimension is acquired by altering the phasgs to ¢4 in the
P %9 = (X, %) ande1o = (X, =X) States-TPPI manner. (B) TROSY-NOESY-S3E pulse sequence:

91 = (XY=X=Y) 92 = (V) 93 = (X); 94 = (XY); 95 =

. (o) — [4(),4(=X)] + 45°; ¢ = 8(X), B(=X); 910 = (—XX); ¢r =

Ge = —1(u + V) sin[(w; — wJ)r] &' @r nj)tzSuSéI/_ (XX, —X,—X,~X,~XX,X). Four transients,Sphaselphase2 are ac-
quired through alteringo and ¢4 (if phasel= 2, ¢ = ¢ + 180°

and¢g = ¢4 + @10, elsego and ¢4 are unchanged; if phase2

wheren is the NOE transfer factosy; is the chemical =~ 2. ¢4 = ¢4 — 90°, elseqq is unchanged) for every pair ¢f and

: ; : _ : _ tyvalues. Axial peaks are removed by setting phaggs+ 18C°,
shift of spinl, J is the one-bond coupling constant be or+180°) and (g +-90°, gr +180°) for every seconth andty incre-

tweenH and®N, spin 7’ with chemical shiftw is ment, respectively. The transmitter offset for proton before the NOE
connected to spihthrough an NOE contact, and spin  mixing period is set at 8.5 ppm. (C) S3E-NOESY-TROSY pulse
S’ is connected to spif throughJ coupling. Another ~ sequenceip; = (X,—X,—Xx,X) + 45°; ¢ = (¥); 93 = (X); ¢4 =
quadrature component is obtained by increasing the S&;X)ci(i?()-_ :Ey)f&();i(j'()ffyx;'ﬁ; fﬁ’();(@ioi_xi(f)ﬁ(;;))'
phases of; to ¢4 by 9C°. For diagonal peaks, Four transients Sphaseiphasez are recorded through altering the
phasespq to ¢4, ¢r and ¢z (if phasel= 2, ¢1 to ¢4 plus 90, else
¢1 t0 94 unchanged; if phase2 2, ¢r = ¢r+¢10, 97 = ¢7+18C,
0e = —(u +v) Sin[(w; — mJ)t1] ei(wlfﬂf)fzswgﬁ I_ elseqr and 7 unchanged) for every pair ®f andty values. Axial
peaks are removed by settings+-18C°, ¢r+180C°) for every second
to increment. The final absorption mode spectra of pulse sequences
. .. . . (B) and (C) are obtained with the use of the methods stated in the
The intensities of _the diagonal Peaks _are Z€r0 SINCE eyt The durations and strengths of the gradients are (14 ms,
SaSg = 0. In practice, some residual diagonal peaks 5 G/cm); g2= (0.4 ms, 15 Glecm); g3- g1; g4= (4 ms, 25 G/cm);
g5= (0.4 ms, 25 G/cm); gé= g1; g7= (0.4 ms, 8 G/cm), gb is a
small bipolar gradient.

y
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may still be present in the spectra. The residual di-
agonal peaks come from the relaxation $f mag-
netization during the NOE mixing timey. The in-
tensities of residual diagonal peaks are proportional
to 1 — exp(—tm/T1s), WhereTyg is the longitudinal
relaxation time of theS spin. If t; = 0.05 s and
Tis = 0.5 s, these intensities are about 10% of that
of the corresponding diagonal peaks in a normal 2D
NOESY spectrum. By taking into account thay
splittings of the diagonal peaks originating from im-
perfections in the settings of S3E, the magnetization
at pointc can be expressed as

o= —(u+v) [Sﬁlx + BSqu] ,

wherenJt = 45° + 3, and3d is a small quantity.

A rapidly relaxing componengS, /., with its inten-
sity being proportional té, will be present. Due to
variation in1Jqy, there will always be some rapidly
relaxing components,S, I, with their intensities be-
ing comparable to that of the NOE cross peaks. In
order not to obscure the NOE peaks, we cannskt

to be less than 45§ < 0) so that the artifacts given
by this term will be negative when compared with the
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to the better water suppression afforded by TROSY
(Zhu et al., 1999). If only the FHN NOESY cross
peaks are of interest, the TROSY-NOESY-S3E exper-
iment is the better choice due to the cancellation or
strong reduction of the diagonal peaks. Otherwise, the
S3E-NOESY-TROSY experiment may be preferred.

Note that for the proposed 3D experiments, the
minimum number of phase cycling steps that could be
used is 4. Two steps are required for the selection of
the slowly relaxing components in the TROSY sec-
tion, and two steps are needed for the S3E segment.
However, the sensitivity of the 4-step phase cycle is
only 50% of that of the 16-step cycle. If the sample
concentration is high, the 4-step phase cycle scheme
can be used so that sufficient increments;iand to
can be collected in a reasonable amount of time to
increase the digital resolution.

When the coherence of\br Hc goes through one
S3E sequence, the intensities ofj Idignals will de-
crease by 50% because, like TROSY, S3E only selects
one component of the magnetization, and the coher-
ence of it signals will decrease by 28% because the
phases ofp1 or ¢7 are 43. Therefore, the sensitivities
of these experiments are reduced by 75% fQFrtHy

NOE peaks. It should be noted that non-amide protons Cross peaks, by 64% forndHc cross peaks and by
can also go through S3E, and so provide NOE cross 50% for Hc-Hc cross peaks when compared with the

peaks and structural information.

Figure 1B describes a 3D TROSY-NOESY-S3E
experiment. The selection of the slowly relaxing com-
ponents ofH and1°N magnetization before the NOE
mixing time is realized by the use of thHE®N-1H

corresponding normal 2D NOESY and 3D sensitivity
enhanced NOESY-HSQC experiments.

For the 3D TROSY-NOESY-S3E experiment, a
different phase cycling scheme from that of the orig-
inal 2D TROSY experiment has to be employed be-

TROSY scheme, and the selection of the TROSY cause the NOESY section cannot transfer two orthog-
1H component before detection is accomplished by onal components simultaneously. The four recorded
the use of the S3E sequence. Thus the characteristictransients used to construct an absorption mode spec-
TROSY spectral linewidths are obtained in all three trum are:

dimensions of the 3D spectrum. As in the 2D S3E-

NOESY-S3E experiment, the diagonal peaks in the
Hn-Hn region will be cancelled or greatly reduced.
It is expected that this experiment and the 2D S3E-
NOESY-S3E will be extremely useful for large bio-
molecules labeled with®N and partially labeled with

S11=sin[(ws + )1 + (07 — TJ)12] IR
S12=00S [(ws + )11 + (0 — J)1p] @1~
Sor=sin[—(ws + nJ)t1 + (07 — wJ)tx] &' @1~
S220=C0S [-(ws + J)t1 4 (0 — wJ)1g] &' @1 =713

2H when normal NOESY experiments become im-
practical. In the 3D TROSY-NOESY-S3E experiment ) ]
some Hy-Hy NOE cross peaks may be obscured due The _real and imaginary partsl/j, of the FID can be
to insufficient water suppression by the S3E used here, 0Ptained as follows:

One alternative is to use the S3E-NOESY-TROSY ex-
periment as depicted in Figure 1C. The main features

: ) ) S11 = S22+ S12
of this experiment are that the diagonal peaks are of S = S+
TROSY linewidth (but are not cancelled or reduced 12 = 21 ozl
as in the TROSY-NOESY-S3E experiment), and the Sp1 = Su1—Sa
Hn-Hyq NOESY cross peaks are easily identified due Shy = S22 — S12
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The spectrum can then be obtained by using a normal
Fourier transformation scheme. In the case of the 3D
S3E-NOESY-TROSY experiment, the four recorded
transients can be expressed as:

S11 = sin[(w; — nwJ)1] ei[(ws'+ﬂj)t2+(w1’_7””3]
S12 = sin[(w; — nwJ)1] ei[_(m5’+n1)12+(w1’_KJ)I3]
So1 = cosfw; — mJ)n] el@s Dt =nis]
Spp = coS[w; — mJ)t] el @stmDiztp—nli]

and the FID components;;, before Fourier transfor-
mation can be expressed as follows:

S11 = S21+ S22
S1, = S21— S22 (with a 90 phase shift)
Sy = S11+ S12
Sy, = S11— S12 (With a 90 phase shift).

To demonstrate the effectiveness of these experi-
ments, we applied the 2D and 3D TROSY-enhanced
NOESY experiments to N labeledXenopus laevis , . ; .
Calmodulin sample (16.7 kDa, 1.5 mM at pH 6.3 and ° ° g ppm ° 8
25°C, 6.1 mM CaC} and 0.1 M KCI) on a Varian . 5 2D and 3D TROSY-enhanced NOESY @) and

H ljgure Z. an -enhance spectra. an
Inova 750 MHz NMR SpeCtrometer' Figures 2A _and (B): Amide proton regions of a normal 2D NOESY spectrum and
2B show the amide proton regions of a conventional e S3E-NOESY-S3E 2D spectrum, respectively. Spectral widths
2D NOESY spectrum and the 2D S3E-NOESY-S3E in both dimensions are 10500 Hz. 600 FIDs were acquired, each
spectrum, respectively. It is clear that the diagonal With 64 transients. The NOESY peaks in (B) are 45 Hz offset when

: compared with those of (A) due to the TROSY selection. (C) The
peaks from Figure 2B are cancelled or greatly reduced 2D spectrum obtained by the projection of 2B-1H cross-sections

in the Hy regi_on of the spectrum_, revealing more  of the 3D TROSY-NOESY-S3E spectrum along #7! dimension.
cross peaks with enhanced resolution when comparedFor the 3D spectrum, 64¥N)x 128¢H) FIDs were recorded, each

with the normal NOESY spectrum (Figure 24). The i\ Sans, Shervl i 1 e Asons o i
linewidths in Flgur'e 2'_3 are about 4 Hz narrower on av- offset’ of proton is shifted to 8.5 ppm iﬁ the F1 dimension. (D) The
erage than those in Figure 2A. The open contours nearfirst 2D 1H-1H plane obtained from the 3D S3E-NOESY-TROSY
the diagonal peaks in Figure 2B are the negakiy experiment using 600 FIDs, each with 64 scansrand 0. Spectral
splittings of the diagonal peaks, which are generated Widths i the three dimensions are 10500 Fi), 3000 Hz ¢°N)
X . and 10500 HzH).

as discussed previously.

Figure 2C displays the 2D NOESY spectrum ob-
tained by projecting 2FH-H cross sections of the  can be obtained with the use of a 3D S3E-NOESY-
3D TROSY-NOESY-S3E spectrum along theN di- TROSY experiment (Figure 2D). The experimental
mension. Figure 2D depicts the first 2BI-'H plane  data matrices used for obtaining the above spectra
from the 3D S3E-NOESY-TROSY experiment with were 300 x 2048 and 32 x 64* x 256¢, where *’ de-
the setting2 = 0 to show the water suppression capa- notes complex number. The spectra were processed by
bility of this experiment. As seen in Figure 2C, the 3D  using only regular cosine-bell window functions and
TROSY-NOESY-S3E experiment can produce a spec- Fourier transformation (States et al., 1982; Delaglio
trum with cancelled or greatly reduced diagonal peaks et al., 1995; Zhu et al., 1998).
in the Hy region, but with some loss of cross peaks in In summary, we have presented 2D S3E-NOESY-
the Hy-H, region due to the water suppression scheme S3g, 3D TROSY-NOESY-S3E and S3E-NOESY-
used in the S3E. The cross peaks in the i, region
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TROSY experiments which have been applied%s Zhang for providing thé®N labeled calmodulin, and
labeled calmodulin. These experiments offer optimal Dr. D.K. Smith for critical discussions. The Hong
resolution in all the indirectly and directly detected Kong Biotechnology Research Institute is acknowl-
dimensions, with an additional feature that the diag- edged for the purchase of the 750 MHz NMR spec-
onal peaks of the first two experiments are greatly trometer.
suppressed in the amide proton region. IftHg-1H,
NOESY peaks need to be identified, 3D S3E-NOESY-
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