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Improved methods for three-dimensional TROSY-Type HCCH
orrelation involving protons of negligible CSA are presented. The
ROSY approach differs from the conventional approach of het-
ronuclear decoupling in evolution and detection periods by not
ixing fast and slowly relaxing coherences and usually suppress-

ng the former. Pervushin et al. (J. Am. Chem. Soc. 120, 6394–
400 (1998)) have proposed a 3D TROSY-type HCCH experiment
here the TROSY approach is applied only in one of the 13C
imensions. A new pulse sequence applying the TROSY approach

n both indirect dimensions is advantageous when the TROSY
ffect of the carbons is large or when a relatively high resolution is
equired. For lower resolutions or moderate TROSY effects we
how that it is possible to combine the best of both worlds, namely
o suppress heteronuclear couplings without mixing fast and
lowly relaxing coherences while at the same time superimpose the
wo components and thus have both contribute to the detected
ignal. That is possible using the novel technique of Spin-State-
elective Time-Proportional Phase Incrementation (S3 TPPI). The
ew 3D S3 TPPI TROSY HCCH method is demonstrated on a

3C,15N-labeled protein sample, RAP 18–112 (N-terminal domain
f a2-macroglobulin receptor associated protein), at 750 MHz and
verage sensitivity enhancements of 10% are obtained for the cross
eaks in comparison to methods based on conventional decoupling
n one of the carbons or on TROSY on both carbons. © 1999 Academic

ress

Key Words: multidimensional NMR; S3 TPPI; TROSY; HCCH.

Interference between dipole–dipole (DD) and chemical
nisotropy (CSA) relaxation (1) can be exploited for enhanc
ent of resolution and sensitivity in NMR spectroscopy

arge biomolecules (2–4) at high fields. This effect is partic
arly attractive in 1H–15N amide groups in the backbone
roteins (1) and in aromatic side chains where the13C nuclei
xhibit large CSA (3). So far the experiments of this so-cal
ROSY-type have focused mainly on the effect within tw
pin systems. That is fine for the amide groups but for ne
oring 1H–13C groups in aromatic spin systems there is mor
e gained by optimizing the pulse sequences. The key pa
ters in this process are the resolution required, the13C trans-
erse relaxation times, and the size of the TROSY effect
he difference in13C linewidths).
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For the sensitivity of TROSY in15N and even more in13C
pplications it is important to include the native15N or 13C
agnetization, which enhances the TROSY and reduce
nti-TROSY resonance (3). This means that only a modera
ROSY effect can be sufficient to make TROSY more se

ive than the corresponding experiment employing con
ional decoupling.

A crucial point when it comes to HCCH correlation
romatic spin systems is that while it is easy to direct co
nce transfer within the heteronuclear two-spin system
uestion, so as to optimize transfer between transitions of

ransverse relaxation times, there is no spin-state selec
ith respect to protons when transferring coherence bet

wo neighboring13C nuclei. In other words, the TROSY c
erence on one carbon gets transferred equally into TR
nd anti-TROSY resonances on a neighboring carbon, e.
pplication of ap/2 pulse or TOCSY-type mixing. Hence the

s no sensitivity enhancement on the second13C nucleus cor
esponding to the one gained by including the native13C
agnetization on the first carbon. Therefore, a larger diffe

ial relaxation effect is necessary in order for the TRO
pproach on the second carbon to be more sensitive
onventional decoupling.
We can envisage three main types of techniques

ROSY-type HCCH correlations in aromatic spin systems
t is the purpose of this communication to present and com
hem experimentally.

The first is the one proposed by Pervushinet al. (3) that with
few modifications is outlined in Fig. 1a. It consists of ap

ation of the TROSY approach to the first carbon and con
ional decoupling on the second carbon. That is sensible f
xtremely coarse resolution in the dimension of the se
arbon. However, for larger proteins the often rather s
pectral dispersion of the1H and 13C resonances in aroma
ings can complicate the resonance assignment and ca
ood resolution in both13C dimensions of three-dimension
3D) HCCH spectra. Under these circumstances convent
ecoupling is detrimental to the sensitivity and it can be wo
hile to employ the TROSY approach throughout. That le

o the pulse sequence shown in Fig. 1b that is recommend
1090-7807/99 $30.00
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448 COMMUNICATIONS
he case of very large TROSY effects and more so if
esolution is required in the F2 dimension.

As mentioned above, this sequence has the drawbac
alf the original magnetization on the TROSY resonance o
rst carbon does not contribute to the detected signal, w
epresents a loss in case of moderate TROSY effects. The
equence in Fig. 1c retains the anti-TROSY contribution
lso the TROSY enhancement by applying Spin-State-S

FIG. 1. Pulse sequences for 3D TROSY HCCH correlation. Filled
( JCC)

21; tm/ 2 5 { 1
2 (t 2 1 t)}mod(t); d 5 gradient delay. The receiver r

he nativeS spin magnetization in the TROSY resonance, the phasej must b
nova spectrometers. In combination with the shaded pulsed field gradi
ndx, respectively, while for the sequence in (b) it would be reversed o
H p pulse of the two-step S3 filter selecting the TROSY resonance is inclu
teps of the S3 filter are coadded at constant receiver phase. In addition
lternating receiver phase. (a) 3D TROSY HCCH pulse sequence with

I mixing, and (c) 3D S3 TPPI TROSY HCCH for superimposing TRO
h

hat
e
h
lse
d
c-

ive TPPI (S3 TPPI) (5). By S3 TPPI the two13C magnetizatio
omponents corresponding to the directly attached proto
ng in the a and b states, respectively, are given differ
PPIs so that their effective precession frequencies ar
ecoupled13C chemical shift. This is achieved in a delayt of

he second constant time period with transverse13C magneti
ation where a1H p pulse is moved to the left at the sa
peed as the13C p pulse. It starts in the middle of thet delay

open bars representp/2 andp pulses, respectively.t 5 (2JCH)21; T 5 T9 5
ence phase is incremented byp at the discontinuities oftm. In order to include
on our Bruker DRX 600 instrument while it must bey on our Varian Unity
, echo and antiecho data sets are on the Varian instruments recordedc 5 2x
e Bruker instrument. The phasef is 2y andu is x in the scans where the dott
and otherwisef 5 y andu 5 2y (on the Varian spectrometers). The individ
the S3 filter the only phase cycle is 0,p of the first S spinp/2 pulse along with
ventional decoupling int 2, (b) 3D TROSY HCCH pulse sequence with TROSYS
and anti-TROSY resonances int 2.
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efer
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449COMMUNICATIONS
nd when it reaches the left end it is restarted at the righ
nd the receiver reference phase incremented byp, i.e.,tm/ 2 5
1
2 (t 2 1 t)}mod(t). Because both components are transfe
o the attached proton, a planar mixing sequence (6–8) rather
han Double Spin-State-Selective Coherence Transfer (S3CT)
4, 9) is applied.

S3 TPPI in the pulse sequence in Fig. 1c can be un
tood as a modification of the conventional scheme
eteronuclear decoupling in constant time evolution per
s, e.g., in thet 2 period of the sequence in Fig. 1a. The f

hat theI and S p pulses move in parallel ensures hete
uclear decoupling. It starts out in the same way in thet 2 S3

PPI sequence in Fig. 1c until thep I pulse reaches th
otted line. By increasing the distance between the twp
ulses byt 5 (2J) 21 at this point there is an additionaJ
volution of 2t which leaves theS-spin magnetization in
ariant apart from a sign change. This sign change is t
nto account by ap phase shift of the receiver referen

FIG. 2. Excerpt from the13C–13C COSY-type F1/F2 projection of the a
AP 18 –112 (90% H2O/10% D2O, 25°C, pH 6.4) recorded with the se

elaxation delay 1.5 s with water presaturation,T 5 T9 5 13.2 ms;t 5
or 13C decoupling int 3. Data matrices of 1283 96 3 2048 points cove
o Fourier transformation and the window functions were cosine in
nhancement of S3 TPPI TROSY HCCH relative to the corresponding si
espectively, and identical parameters.
nd

d

r-
r
s

t
-

en

hase, but heteronuclear decoupling is still warranted
ontinuing to move the twop pulses in parallel with th
reater distance between them. When thep I pulse again
eaches the dotted line the procedure of increasing
nterpulse distance byt and the receiver phase byp is
epeated. The points where the interpulse distance i
reased byt represent discontinuities in the signal envel
unction, the extent of which depends on the differenc
ransverse relaxation times of the two doublet compon
or large differences when this can become intolerable
equence in Fig. 1b is the one of choice.
All three pulse sequences in Fig. 1 include a sim

pin-State-Selective (S3) filter that selects the TROSY re
nance and eliminates the anti-TROSY resonance of the
arbon. It consists of a1H p pulse applied in alternate sca
long with appropriate phase settings of the1H and 13C p/2
ulses preceding thet 1 period. Stronger filters are availab
ut because the anti-TROSY resonance is of low intensi

atic region of the 3D S3 TPPI TROSY HCCH spectrum of15N,13C-labeled
nce in Fig. 1c on a Varian Unity Inova 750 MHz spectrometer. Par

1 ms;t 1(max) 5 12.12 ms;t 2(max) 5 9.04 ms; 4 scans. GARP was us
52003 52003 10000 Hz were zero-filled to 10243 10243 4096 prior

l three dimensions. The numbers next to the signals indicate the
ls from the spectra recorded with the sequence in Fig. 1a (bold) and 1
rom
que
3.2
ring

al
gna
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450 COMMUNICATIONS
romatic1H–13C systems (3) it will in most cases be suffi
ient. When the anti-TROSY resonance intensity on
rst carbon is not negligible, S3 TPPI could also be applie

n t 1 instead of the S3 filter in order to superimpose bo
omponents.
An experimental comparison of the three pulse sequenc

ig. 1 was carried out on a Varian Unity Inova 750 M
pectrometer using a13C,15N-labeled protein, RAP 18–11
N-terminal domain ofa2-macroglobulin receptor associa
rotein) (10). Figure 2 shows an excerpt from the two-dim
ional (2D)13C–13C COSY-type projection of the 3D spectru
ecorded with the 3D S3 TPPI TROSY HCCH pulse sequen
n Fig. 1c. Next to the peaks are indicated the sensit
nhancements of S3 TPPI TROSY HCCH relative to the s
uences in Figs. 1a (boldface) and 1b (italic), respectively
ecorded and processed under identical conditions. These
ers were obtained by adding up sections above a thre

ntensity (about 25% of the smallest cross peak) around
eaks, so that the number of coadded sections was the sa

he peaks compared but varied across the spectrum. The
ge sensitivity enhancements for the cross peaks in the S3 TPPI
ROSY HCCH spectrum compared to the spectra reco
ith the sequences in Figs. 1a and 1b were in both cases
n interesting feature is that the ratio of diagonal to c
eaks is least favorable in the all-TROSY spectrum.
In conclusion, we have presented improved methods

ROSY-type HCCH correlation in aromatic side chains
roteins. For large TROSY effects the anti-TROSY cohere
f the second carbon should be eliminated and no form o1H
ecoupling employed. In contrast, for moderate TROSY
e
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ects, the sensitivity is enhanced when the TROSY and
ROSY coherences are superimposed by S3 TPPI.
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