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J-Modulated TROSY Experiment Extends the Limits of Homonuclear
Coupling Measurements for Larger Proteins
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This paper describes the use of a TROSY experimental scheme
and its variant extended with a scaled J-modulation spin-echo
sequence for accurate and sensitive measurement of homonu-
clear 3J(HNHα) coupling constants in larger proteins with uniform
15N labeling. Exclusive selection of the most slowly relaxing com-
ponent of a 15N–1H multiplet by the TROSY approach leads to
substantial improvement in resolution; this is a prerequisite for ac-
curate measurement of couplings from the 1H multiplets directly
along the 1H frequency dimension or from the J-scaled doublets
along the 15N frequency dimension. C© 2001 Academic Press

Key Words: isotope labeled proteins; nuclear magnetic reso-
nance; scalar coupling constant; transverse relaxation-optimized
spectroscopy; TROSY.

l

e
h

a

tter
ows

0

in
t in
t of
be

lets
the

rain
tive

n
ui-
he
lied
on,
ith

by
. 1).
ple
e-

ved
he
a

INTRODUCTION

Scalar coupling constants, together with quantities
homonuclear nuclear Overhauser effects (1) and the recently
introduced residual dipolar couplings (2, 3–5) and relaxation
interference rates (6–10), provide important insight into the
conformational properties of proteins in solution. In partic
lar, the homonuclear scalar coupling constant,3J(HNHα), being
directly related to theφ angle via the appropriately parametriz
Karplus equation (11–14), can be used to characterize t
backbone conformation and identify secondary structu
elements.

Several experiments, including three-dimensional trip
resonance techniques (15–17) and spin-state-selective excit
tion methods (18–23), have been proposed for the measurem
of scalar coupling constants in isotopically (15N and/or13C) en-
riched proteins. Basically, the different experimental approac
can be classified into two groups. One type of the methods
based on quantitativeJ-correlation spectroscopy (15, 24–27) in
which the coupling information is encoded in the resonance
tensity. The other group comprises experiments (16, 20, 28–33)
in which the couplings are observed as splitting in the freque
domain spectrum. The high-resolution TROSY experiment
1 To whom correspondence should be addressed. Fax: +36-52-489
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its J-modulated variant we propose here belong to the la
group and offer substantial resolution enhancement that all
accurate measurement of3J(HNHα) couplings when traditional
methods will likely fail, as in the case of proteins over 10
residues.

RESULTS AND DISCUSSION

A normal TROSY spectrum recorded with high resolution
the proton dimension, taking advantage of the TROSY effec
both frequency dimensions, allows the direct measuremen
3J(HNHα) couplings. Homonuclear coupling constants can
evaluated from the highly digitized1H multiplets or by com-
parison of the homonuclear coupled and decoupled multip
acquired in two separate experiments. For the latter method
reference (decoupled) signals are obtained by applying a t
of semi-selective-shaped inversion pulses for the band-selec
decoupling (34) of Hα protons during acquisition. Note that a
efficient suppression of bulk water magnetization is a prereq
site of Hα decoupling. To this end, selective presaturation of t
water signal enhanced with gradient dephasing (G0) is app
during the relaxation delay between two transients. In additi
a selective 90◦ pulse on the water resonance, orthogonal w
respect to the first nonselective 90◦ 1H pulse, is also introduced
in order to continue dephasing of the residual water signal
the subsequent gradients used for coherence selection (Fig
Decoupling sidebands can be efficiently suppressed by sim
averaging of experiments recorded with four time-shifted d
coupling sequences (34).

If necessary, further resolution enhancement can be achie
by the J-modulated TROSY experiment proposed here. T
new method, called TROSY-JM (Fig. 1), is basically
simple extension of the sensitivity enhanced, Hα-decoupled
TROSY (35–38) experiment discussed above (39–43). Af-
ter the TROSY sequence, an extraJ-modulation spin-echo
period is incorporated, as described recently for theJ-multiplied
HSQC (MJ-HSQC) (44) and HMQC (MJ-HMQC) (50) experi-
ments. The synchronous incrementation of the homonucleaJ-
modulation and15N chemical shift evolution period, togethe
with an appropriate scaling factor (n) for multiplying the effect
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J-MODULATED TROSY EXPER

FIG. 1. Pulse scheme for 2D [15N, 1H]-TROSY-JM experiment using
sensitivity-enhanced gradient echo/antiecho coherence selection. Narrow
wide bars designate nonselective 90◦ and 180◦ pulses, respectively. The dela
1 = 2.75 ms. Echo–antiecho selection is achieved by the shaded pulsed
gradients applied along thez-axis with duration of 1 ms (ζ = 1.2 ms including a
recovery delay of 200µs). For1H and15N spins the echo is obtained forφ1 = y,
φ2 = −x, φ4 = −y, φ5 = −y, G2 = 35, G4= 15, G6= 10 G/cm; where
the gradient−G2 acts on15N SQC with coherence order+1, G4 acts on het-
eronuclear MQC with coherence order−1 and+1 on15N and1H, respectively,
and G6 acts on1H SQC with coherence order−1. In the second experiment th
antiecho signal is obtained forφ1 = −y, φ2 = x, φ4 = y, φ5 = y, G2= 40,
G4 = 10, G6= 15 G/cm; where the gradient−G2 acts on15N SQC with
coherence order+1, G4 acts on heteronuclear MQC with coherence order−1
on both15N and1H, and G6 acts on1H SQC with coherence order+1. The
amplitudes of other gradients are as follows: G0= 38, G1= 12, G3= 14,
and G5= 27 G/cm.φ3 = x − x and the receiver phase8 = −xx. This phase
cycling scheme allows the detection of the most slowly relaxing componen
the15N–1H multiplet. Water suppression is achieved by selective irradiation
the water resonance during the relaxation delay followed by G0 purging gr
ent between two scans. Residual water magnetization is excited by a sele
90◦ Gaussian pulse of 2-ms duration and attenuated by the successive grad
Except for acquisition when the1H carrier frequency is set to the middle of th
amide proton region, the1H transmitter is on-resonance for the water sign
During acquisition Hα-band-selective homonuclear decoupling is applied in
decoupled TROSY and TROSY-JM experiments. The semi-selective inver
pulse of the SESAM decoupling sequence (34) was a hyperbolic secant pulse o
20-ms duration. Decoupling sidebands are suppressed with time-shifted d
pling (34). In the TROSY-JM experiment, the scaling of homonuclear coupl
evolution is achieved by a spin-echo sequence inserted before acquisition

of J-modulation, yields a15N–1H correlation map where all the
cross peaks appear as doublets along the15N dimension with a
splitting corresponding to the relevant homonuclear coupli
scaled up byn. The band-selective decoupling (34) applied dur-
ing acquisition removes the undesired antiphase magnetiza
and retains only the cosine modulated (cosπnt1JHNHα

) com-
ponent. Because homonuclear decoupling, as it is known,
cause some sensitivity loss, the use of a purging pulse prio
acquisition seems to be an attractive alternative for remova
antiphase components. However, this approach would fail h
Since the sensitivity-enhanced TROSY scheme applied in
present study relies on the simultaneous detection of orth
onal proton magnetization components (40), a purging pulse

would have a deleterious effect in destroying one of the orth
onal components. It is noteworthy that the resolution improv
MENT FOR LARGER PROTEINS 61
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ment attained by the band-selective homonuclear decoup
can compensate for the inherent sensitivity loss.

Here we demonstrate that the high resolution obtained in
15N dimension as a result of the interference of CSA and dipo
interactions (TROSY principle) often ensures a clear separa
of theJ-scaled doublet components. If someJ-splittings remain
unresolved, a second experiment with unit scaling factor (n = 1)
may be performed to obtain reference signals. Then, a simulta
ous fit of the relevant multiplets in the scaled and unscaled sp
tra may yield the homonuclear couplings or provide an estim
for their upper limit. Moreover, since the longJ-coupling evo-
lution period is placed after TROSY selection, the experime
takes full advantage of the TROSY principle. It is expected th
the effect is more pronounced for larger proteins at higher fiel
closer to the TROSY optimum condition. We note that in ord
to enhance the relative contribution of1H CSA to the amide pro-
ton relaxation and thereby to enhance the efficiency of TRO
effect, the use of a protein with deuterium enrichment of pass
spins (Hβ , Hγ , etc.) would be the most desirable. In the prese
work inclusion of 15N steady-state magnetization is applie
and leads to further sensitivity enhancement. In comparis
with the recently proposed MJ-HMQC (50) experiment, theJ-
modulated TROSY scheme requires fewer 90◦/180◦ pulses, and
this way signal loss due to pulse imperfections can be minimiz
In the TROSY-JM experiment the15N chemical shift evolution
and proton–protonJ-modulation period are separate similar
to that of the MJ-HSQC (44) experiment, but here the slowly re
laxing components are employed during the evolution perio
In addition, the band-selective homonuclear decoupling app
during acquisition can lead to further sensitivity and resoluti
enhancement, especially with the use of the recently propo
adiabatic inversion WURST-2 pulse (51). A disadvantage of
the homodecoupling is that simultaneous water suppression
must, since the water signal is in theα-proton region. This may
cause some sensitivity loss for the rapidly exchanging am
protons.

The evolution of the density matrix in theJ-modulated
TROSY experiment can be given in a simplified form as

I 13
y + I 24

y > S+34 exp
(−iω34

S t1
)
> I −24 exp

(−iω34
S t1

)
> I −24 exp

(−iω34
S t1

)
cos
(
π JHNHα

nt1
)
,

where I 13
y , I 24

y , and S+34 designate the single-transition opera
tors of 1H and 15N, respectively, as introduced by Pervush
et al. (35).

The first step above represents the coherence transfer from1H
to 15N and the15N chemical shift evolution duringt1. The sec-
ond step ensures back transfer from15N to 1H. Finally, the last
step describes the homonuclearJ-modulation of1H(15N) mag-
netization occurring during thent1 incremented echo period
The inclusion of15N steady-state magnetization is not show
og-
e-
explicitly. The phase cycling scheme given in Fig. 1 combined
with the echo–antiecho gradient coherence selection (45) allows
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sensitivity-enhanced, phase-sensitive detection of the des
slowly relaxing 15N–1H multiplet component. The unwante
multiplet components are suppressed effectively by the app
phase cycling and the gradient pulses (G2, G4, and G6) use
coherence selection. Echo and antiecho signals are record
alternate scans with inversion of the phasesφ1, φ2, φ4, andφ5

together with appropriate setting of the amplitudes of grayed g
dients (G2, G4, and G6). For experimental verification of the p
posed pulse schemes, a uniformly15N-enriched ubiquitin sample
was used as a test case. A small region from the high resolu
coupled (a) and Hα decoupled (b) TROSY spectra together wi
the corresponding cross-sections (c, d) taken parallel to the1H
axis is depicted in Fig. 2. The well-resolved doublets allow
direct measurement of the relevant homonuclear couplings.
same region expanded from theJ-modulated [15N, 1H]-TROSY
spectrum is shown in Fig. 3 together with the correspond
cross sections taken along the15N axis. In the TROSY-JM ex-
periment, homonuclearJ-scaling with a factor of 3 was applie
for resolution enhancement. The cross sections taken throug

FIG. 2. Expansions of high-resolution TROSY (a) and Hα-decoupled
TROSY (b) spectra recorded on15N-labeled ubiquitin and the correspondin
cross sections (c, d) taken through the crosspeaks along the1H dimension.
TROSY spectra were recorded with the pulse scheme of Fig. 1 without the
tional J-modulation spin-echo period. For the correlation spectra 64∗1K com-
plex data points for both echo and antiecho signal were recorded with spe
widths of 2003 and 1318 Hz inF2 andF1, respectively, and collecting 16 tran
sients pert1 increment with a recycle delay of 1.5 s. The1H and15N nonselective
90◦ pulses were 10.2 and 26µs, respectively. Hα decoupling was achieved with

four time-shifted SESAM decoupling sequences in b. Gaussian window fu
tion in F2, shifted cosine square inF1, and zero-filling in both dimensions were
applied prior to 2D Fourier transformation.
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FIG. 3. Expansion of theJ-modulated [15N, 1H]-TROSY spectrum on
ubiquitin and the corresponding cross sections taken along the15N dimension.
TROSY-JM correlation spectra of 100∗256 complex data points for both echo
and antiecho signals were recorded using the pulse scheme of Fig. 1 with s
tral widths of 2003 and 1318 Hz inF2 andF1, respectively, and collecting 16
transients pert1 increment with a recycle delay of 1.5 s. HomonuclearJ-scaling
in F1 with a factor of 3 was applied. Hα decoupling during acquisition was
achieved with SESAM decoupling. Shifted cosine square inF2, Gaussian win-
dow function inF1, and zero-filling in both dimensions were applied prior t
2D Fourier transformation.

FIG. 4. Expansions of theJ-modulated [15N, 1H]-TROSY spectrum of
uniformly15N-labeled dimeric HP-RNAse together with the corresponding cro
sections taken along the15N dimension. 2DJ-modulated correlation spectrum
of 100∗256 complex data points for both echo and antiecho signal were recor
with spectral widths of 2003 and 2179 Hz inF2 andF1, respectively, and col-
lecting 48 transients pert1 increment with a recycle delay of 1.5 s. Homonuclea
J-scaling with a factor of 3 was applied. Hα decoupling during acquisition was
nc-achieved with SESAM decoupling. Shifted cosine square inF2, Gaussian win-
dow function inF1, and zero-filling in both dimensions were applied prior to
2D Fourier transformation.
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J-MODULATED TROSY EXPERI

peaks of the coupled TROSY (Fig. 2) and TROSY-JM (Fig.
spectra all show well-resolved doublets due to the homonuc
J-coupling evolution, which verifies our expectation that bo
experiments perform equally well in the case of smaller protei
TheJ-values measured from the splitting of doublets in the tw
experiments were found to be in agreement within the achie
digital resolution. However, experiments with a dimeric for
of uniformly 15N-labeled human pancreatic ribonuclease (H
RNAse), a 128-residue protein (MW= 2× 13.7 kDa) (46), in-
dicate that in the case of larger proteins only the resolved,J-
scaled doublets of the TROSY-JM spectrum allow an accur
measurement of the desired homonuclear couplings. Figu
shows expanded regions of the TROSY-JM spectrum recor
on HP-RNAse using a value ofn = 3 for homonuclearJ-scaling
together with the corresponding cross sections taken along
15N dimension.

CONCLUSION

In summary, it has been shown that the resolution impro
ment achieved by the use of the TROSY scheme in the propo
TROSY-JM experiment is useful for resolving homonucle
scalar couplings in larger proteins. The described sensitiv
enhanced gradient variant of the experiment results in h
sensitivity and high resolution15N–1H correlation spectra, in
which the cross peaks appear as doublets along the15N dimen-
sion with a splitting ofn∗ 3J(HNHα) Hz and singlets along
the 1H dimension due to Hα-band-selective decoupling dur
ing the acquisition. Typically, a scaling factor of 3 to 5 allow
the resolution of doublets arising from homonuclear couplin
between 2 and 3 Hz. Successful measurements were ca
out at 11.7 T using ubiquitin (MW= 8.56 kDa), calretinin
I–II fragment (47–49) (MW = 12.05 kDa), and dimeric HP-
RNAse (MW = 2 × 13.7 kDa). In the latter cases all cou
pling constants for residues giving well-resolved peaks in
[15N, 1H]-TROSY-JM spectrum were determined. The pul
sequence was also effective for resolving proton–proton c
plings in13C-labeled model molecules. The applicability of th
proposed method for oligosaccharides and RNA will be furth
investigated.

EXPERIMENTAL

All NMR experiments were carried out on a Bruker Avanc
DRX 500 spectrometer operating at 500 MHz1H frequency,
equipped with an actively shielded1H/13C/15N gradient triple-
resonance probe. The [15N, 1H]-TROSY spectra were recorded
in 1.7 mM [U-15N]ubiquitin (95% : 5%= H2O : D2O, pH 4.7,

15
purchased from VLI, Southeastern, PA) and in 1.0 mM [U-N]
HP-RNAse (95% : 5%= H2O : D2O) at 300 K. All other rele-
vant experimental parameters are given in the figure legends
ENT FOR LARGER PROTEINS 63
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K. Wüthrich, NMR scalar couplings across Watson–Crick base pa
hydrogen bonds in DNA observed by transverse relaxation optimized sp
troscopy,Proc. Natl. Acad. Sci. USA95,14147–14151 (1998).

37. K. V. Pervushin, G. Wider, and K. W¨uthrich, Single transition-to-single
transition polarization transfer (ST2-PT) in [15N, 1H]-TROSY, J. Biomol.
NMR12,345–348 (1998).

38. K. Pervushin, R. Riek, G. Wider, and K. W¨uthrich, Transverse relaxation-
optimized spectroscopy (TROSY) for NMR studies of aromatic spin system
in 13C-labeled proteins,J. Am. Chem. Soc.120,6394–6400 (1998).

39. M. H. Lerche, A. Meissner, F. M. Poulsen, and O. W. Sorensen, Pul
sequences for measurement of one-bond15N–1H coupling constants in the
protein backbone,J. Magn. Reson.140,259–263 (1999).

40. J. Weigelt, Single scan, sensitivity- and gradient-enhanced TROSY for m
tidimensional NMR experiments,J. Am. Chem. Soc.120, 10778–10779
(1998).

41. M. Czisch and R. Boelens, Sensitivity enhancement in the TROSY expe
ment,J. Magn. Reson.134,158–160 (1998).

42. M. Rance, J. P. Loria, and A. G. Palmer, Sensitivity improvement of tran
verse relaxation-optimized spectroscopy,J. Magn. Reson.136, 92–101
(1999).

43. G. Zhu, X. M. Kong, and K. H. Sze, Gradient and sensitivity enhancement
2D TROSY with water flip-back, 3D NOESY-TROSY and TOCSY-TROSY
experiments,J. Biomol. NMR13,77–81 (1999).

44. S. Heikkinen, H. Aitio, P. Permi, R. Folmer, K. Lappalainen, and I
Kilpelainen, J-multiplied HSQC (MJ-HSQC): A new method for measurin
3J(HNHα) couplings in15N-labeled proteins,J. Magn. Reson.137,243–246
(1999).

45. L. E. Kay, P. Keifer, and T. Saarinen, Pure absorption gradient enhanc
heteronuclear single quantum correlation spectroscopy with improved s
sitivity, J. Am. Chem. Soc.114,10663–10665 (1992).

46. N. Russo, M. Denigris, A. Ciardiello, A. Didonato, and G. Dalessio, Expre
sion in mammalian-cells, purification and characterization of recombina
human pancreatic ribonuclease,FEBS Lett.333,233–237 (1993).

47. B. Schwaller, I. Durussel, D. Jermann, B. Herrmann, and J. Cox, Comparis
of the Ca2+-binding properties of human recombinant calretinin-22k an
calretinin,J. Biol. Chem.272,29663–29671 (1997).

48. J. Kuznicki, K. I. Strauss, and D. M. Jacobowitz, Conformational-chang
and calcium-binding by calretinin and its recombinant fragments containi
different sets of EF-hand motifs,Biochemistry34,15389–15394 (1995).
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