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A novel multidimensional NMR pulse sequence tool, spin-state-
elective time-proportional phase incrementation (S3 TPPI), is
ntroduced. It amounts to application of different TPPIs on the
wo components of doublets so that their frequencies can be ma-
ipulated independently. The chief application is for suppression
f large heteronuclear one-bond coupling constants in indirect
imensions of multidimensional experiments without interchang-

ng the two transverse magnetization components of doublets as
onventional decoupling does, which is advantageous when they
elax at different rates such as by partial compensation of dipolar
nd CSA relaxation contributions. For experimental confirmation
e use a sample of 15N-labeled neural cell adhesion molecule
odules 1 and 2, a protein with a molecular weight of about 20

Da. The new tool is general and can be combined with many
ultidimensional NMR experiments for proteins. © 1999 Academic

ress
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The fact that transverse relaxation times can vary stro
ithin multiplet components in high-field spectra of la
olecules has triggered the idea that overall sensitivity m

mprove if heteronuclear decoupling is dispensed with1),
lthough for an IS two-dimensional (2D) multiplet the inten

s distributed over typically two components. The point is
n evolution periods, the magnetization of the narrow re
ance of a doublet should not be transferred to the bro
esonance where it would decay faster. In an approach du
ROSY, Pervushinet al. (1) select exclusively the 2D com
onent representing correlation between the two transitio

ongestT2 relaxation times. In other words, part of the ini
pin order is eliminated.
That poses the question whether it is possible to trea

oherence on the slowly relaxing transition as in TROSY w
lso maintaining the faster relaxing component in a way so

t adds to the intensity of the genuine TROSY peak. T
mounts to finding a way of suppressing heteronuclear
lings without mixing the two components and in fact tha
ossible when the size of the coupling constants is know
443
ly

ht

t
-
er
ed

of

e
e
at
s
u-

The basic idea is derived from a recently published
ulse sequence element, TIG–BIRD (2), that in a heteronucle

S two-spin system allows arbitrary and independent man
ations of the two coherences in a doublet and, if requ
imultaneous and arbitrary manipulation of other isolated
pin systems. For example, two doublet components ca
iven any phases appropriate prior to an evolution period
ultidimensional experiment. Hence one of them can be
ered a phasepJt1 and the other a phase2pJt1 in order to
ompensate the respective opposite phases acquired du
eriodt 1. The net result is that both coherences will appea
ave precessed at the chemical shift frequency, i.e.,
onventional decoupling had been applied. We refer to
pproach as spin-state-selective time-proportional phase
entation (S3 TPPI).
TIG–BIRD in its full generality allowing arbitrary and in

ependent rotations of the multiplet components is much
han is needed for the application in mind: if S3 TPPI is
erformed at the beginning of an evolution period the ma

ization vectors must only be rotated from the z axis to vari
ositions in the xy plane (e.g., phases6pJt1). Another alter
ative chosen here is to place the S3 TPPI element at the en
f an evolution period, i.e., whatever phase difference is
uired during that period gets compensated by refocusin

wo components. To this end a set of four building blo
hown in Fig. 1a can be inserted into multidimensional ex
ments involving, e.g.,1H–15N correlations of the HSQC typ
he parametertm stands fort mod(2/J), wheret is the time o
defocusing to be compensated, i.e., typically the duratio
n evolution period. It should be noted that these pulse
uence elements can be understood entirely in terms
imple vector model.
For the first fewt 1 increments where the acquired chang

ngle between the two magnetization vectors,Dw, is less than
, reestablishment of the initial angle by the S3 TPPI elemen

s achieved through effectiveJ evolution also duringt 1, pro-
ided that the two vectors are interchanged which occurs b
1090-7807/99 $30.00
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444 COMMUNICATIONS
nitial p I pulse in the first element of Fig. 1a. In the n
nterval,p # Dw # 2p, Dw is compensated through effect

evolution duringt 1 2 (2J)21 and without interchanging th
wo magnetizations vectors at the beginning of the S3 TPPI
lement (second element in Fig. 1a). The next interval, 2p #
w # 3p, is similar to the first one but a 1/J evolution cause
sign change that is compensated by ap/2 phase shift of th
-spinp pulse (third element in Fig. 1a). The same phase

s present between the second and fourth elements.
For very large molecules at very high fields the gen

ROSY approach (1, 3) is expected to offer the highest sen
ivity for 1H–15N correlations because the contribution from
aster relaxing component becomes insignificant and doe
ompensate losses from application of the additional rota
n the S3 TPPI element. However, for the currently availa

agnetic fields and medium-size proteins investigated
MR, it can be worthwhile to retain the broader peak mea

hat our new S3 TPPI approach should be superior to TRO
eglecting pulse imperfections and relaxation losses du
dditional delays, the S3 TPPI-based experiment is theore
ally also superior to HSQC (4, 5) because in indirect dime
ions it is more favorable sensitivity-wise to superimpose
omponents of different transverse relaxation rates than to
oth effectively relax at the average rate as exp[2t/T2(a)] 1
xp[2t/T2(b)] $ 2 exp[{2t/T2(a) 2 t/T2(b)}/ 2].
An experimental comparison was carried out using the t

ulse sequences outlined in Fig. 2. Note that S3 TPPI can only
e applied in indirect dimensions so that conventional de

FIG. 1. Set of four pulse sequence building blocks for refocusing oJ c
volution duringt, the elements in (a) invariably leave S-spin magnetiza
nde is the initial t delay. (b) S3 TPPI version suitable for antiphase to inph

nphase and for inphase to antiphase conversion are identical to those
n asterisk. In practice, it can be advantageous to apply the two adjacep/ 2
ift
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ling is applied during acquisition of the free induction de
f the two-dimensional experiment. That eliminates
ROSY effect in the acquisition dimension and it could o
e retained fully in three-dimensional applications. Conv

ional 13C multipulse decoupling in the proton dimension
ell suited to aromatic1H–13C groups where the protons ha
mall chemical shift anisotropy (9) and hence a vanishin
ROSY effect.
The experiments were performed on a Bruker DRX 600-M

pectrometer on a sample of15N-labeled neural cell adhesi
olecule (NCAM) modules 1 and 2, a protein of about 20
olecular weight (10). Fig. 3 shows a contour plot of the S3 TPPI
SQC spectrum where a number of peaks have been fra
ections through these peaks are also plotted in Fig. 3 along
ections through the corresponding peaks in spectra rec
nder identical conditions with the TROSY and HSQC p
equences outlined in Figs. 2a and 2b, respectively. Compa
ROSY, sensitivity gains of about 20% or more are observe

he S3 TPPI HSQC spectrum. The comparison with HSQC (4, 5)
displaced dashed lines in the sections in Fig. 3) is some
isappointing and overall in the spectrum it is clear that HSQ

he method of choice for this molecule at 600 MHz. We te
ively ascribe this result primarily to poor RF homogeneity of
roton coil—a spectrum recorded after a 5p/2 pulse is accompa
ied by an intensity loss in excess of 20% in comparison to
ecorded after ap/2 pulse. The loss caused by RF inhomogen
nd possibly transverse relaxation during the slightly longer p
equence is too large to be compensated by the more fav

ling evolution having occurred during a periodt. Apart from chemical shif
in antiphase with respect to the I spin in an IS two-spin system.tm is t mod(2/J)
conversion (2I zS

6 3 S6). The elements invariably leaving S-spin magnetiza
a) and (b), respectively, but with ap/2 phase shift of the pulse phases marked
pulses as onep pulse and omitting the adjacentp/ 2(x)–p/ 2(2x) pulses.
foup
tion
ase
in (
nt(x)
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445COMMUNICATIONS
elaxation characteristics during thet1 period. A higher static fiel
i.e., a larger TROSY effect) would be favorable for TROSY
disadvantage for HSQC and to a smaller extent also for S3 TPPI
SQC. In other words, we expect that there is a window
olecular size and field strength not dissimilar to typical cur

FIG. 2. Pulse sequences for two-dimensional1H–15N chemical shift cor
SQC where the dashed box represents the elements in Fig. 1a. Filled a

s uncorrelated with the other gradients accompanying echo or antiecho
RX 600 spectrometer while it isy on our Varian Unity Inova 750. Echo e

nova 750) combined with gradients of relative amplitudes27, 3, 2; (b)c 5
a) w I 5 wS 5 2y (Bruker DRX 600) orw I 5 wS 5 y (Varian Unity Inova
radients25, 5, 1; (c)c 5 2x and gradients210, 1. An indication6 to a
eceiver reference phase can be employed. The TROSY version in Fig.3) h
he features of water flipback and Watergate for all three experiments a
d

f
t

alues where S3 TPPI HSQC would offer the highest sensitiv
ny improvement in RF homogeneity will help in this directi
e should also note that S3 TPPI HSQC is favored relative
SQC by an increase int1

max.
In conclusion, we have introduced a novel pulse sequ

tion: (a) TROSY or (S3CT)2 HSQC (1, 3), (b) HSQC (4, 5), and (c) S3 TPPI
pen bars representp/2 andp pulses, respectively. The first gradient in all experim

lection whilet 5 (2JIS)
21 andd is a gradient delay. The phasej is x on our Bruke

riments: (a)w I 5 wS 5 y (Bruker DRX 600) orw I 5 wS 5 2y (Varian Unity
nd gradients 5,25, 1; (c)c 5 x and gradients 10, 1. Antiecho experime
0) combined with gradients of relative amplitudes28, 2, 3; (b)c 5 2x and
se means that a two-step phase cycle accompanied by ap phase shift of th
a=2 higher sensitivity than the original one (6–8). Pulse programs includin
available from the authors upon request.
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lement for heteronuclear decoupling in indirect dimension
ultidimensional NMR spectra. The advantage of this
roach is that fast and slowly decaying coherences ar
ixed, however, both are retained and superimposed. A cr
spect of S3 TPPI is its sensitivity to variations inJ coupling
onstants; if there is a wide range ofJ values it will not work
roperly over the entire range. This point has not been in

igated in detail as yet, but the application presented de
trates that the small variation in1JNH in isotropic solutions o
roteins does not seem to pose a problem. Thus S3 TPPI can be
ombined with other protein backbone multidimensional N
echniques involving correlation between15N and 1HN.
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Sci. USA 94, 12366–12371 (1997).

2. J. Briand and O. W. Sørensen, J. Magn. Reson. 135, 44–49 (1998).

3. A. Meissner, T. Schulte-Herbrüggen, J. Briand, and O. W. Sø-
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eriod comprising all four blocks is completed after 132 increments. (Bo
or the framed cross peaks, the sensitivity of the S3 TPPI HSQC experimen
middle line in the sections) is compared to those of TROSY (right-most
n the sections) and HSQC (displaced dashed lines), all recorded with ide
xperimental parameters.

z

2/
FIG. 3. (Top) 2D 15N–1H correlation spectrum of NCAM recorded w
he S3 TPPI HSQC pulse sequence in Fig. 2c on a Bruker DRX 600-M
pectrometer. Parameters:d 5 1.5 ms,e 5 0.163 ms, andt 5 5.43 ms; 16
cans and 2048 complex data points inF 2; 532 increments int 1 corresponding
o t 1(max)5 87 ms; apodization by a cosine window int 2 and an 18° shifte
osine window int 1; zero-filling to8192(F 2) 3 4096(F 1) complex points. 3

1 increments are taken per block of the sequences shown in Fig. 1a, so oJ
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