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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(HyH,,) coupling constants in larger proteins with uniform
5N labeling. Exclusive selection of the most slowly relaxing com-
ponent of a >N-*H multiplet by the TROSY approach leads to
substantial improvement in resolution; this is a prerequisite for ac-
curate measurement of couplings from the *H multiplets directly
along the *H frequency dimension or from the J-scaled doublets
along the N frequency dimension. © 2001 Academic Press
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INTRODUCTION

its J-modulated variant we propose here belong to the latte
group and offer substantial resolution enhancement that allow
accurate measurementiaf(HyH, ) couplings when traditional
methods will likely fail, as in the case of proteins over 100
residues.

RESULTS AND DISCUSSION

A normal TROSY spectrum recorded with high resolution in
the proton dimension, taking advantage of the TROSY effect ir
both frequency dimensions, allows the direct measurement
3J(HnH,) couplings. Homonuclear coupling constants can be
evaluated from the highly digitizetH multiplets or by com-
parison of the homonuclear coupled and decoupled multiplet
acquired in two separate experiments. For the latter method tt
reference (decoupled) signals are obtained by applying a tra

Scalar coupling constants, together with quantities likgf semi-selective-shaped inversion pulses for the band-selecti

homonuclear nuclear Overhauser effedts dnd the recently decoupling 84) of H, protons during acquisition. Note that an
introduced residual dipolar couplingg,(3—-3 and relaxation efficient suppression of bulk water magnetization is a prerequi
interference rates6¢10, provide important insight into the sijte of H, decoupling. To this end, selective presaturation of the
conformational properties of proteins in solution. In particuyater signal enhanced with gradient dephasing (GO0) is applie
lar, the homonuclear scalar coupling constaittinH.), being  during the relaxation delay between two transients. In addition
directly related to the angle via the appropriately parametrized selective 90 pulse on the water resonance, orthogonal with
Karplus equation {1-14, can be used to characterize theespect to the first nonselective’d pulse, is also introduced
backbone conformation and identify secondary structurl order to continue dephasing of the residual water signal b
elements. the subsequent gradients used for coherence selection (Fig. .
Several experiments, including three-dimensional tripl¢pecoupling sidebands can be efficiently suppressed by simp
resonance technique$5-17 and spin-state-selective excitaayeraging of experiments recorded with four time-shifted de:
tion methods18-23, have been proposed for the measuremeggupling sequences4).
of scalar coupling constants in isotopicallyN| and/or*3C) en- | necessary, further resolution enhancement can be achiev
riched proteins. Basically, the different experimental approachgs the J-modulated TROSY experiment proposed here. The
can be classified into two groups. One type of the methods @j&v method, called TROSY-JM (Fig. 1), is basically a
based on quantitativé-correlation spectroscop$, 24-27in  simple extension of the sensitivity enhanced,-dcoupled
which the coupling information is encoded in the resonance ifrROSY (35-39 experiment discussed abov89(-43. Af-
tensity. The other group comprises experime @0, 28-3B  ter the TROSY sequence, an extdamodulation spin-echo
in which the couplings are observed as splitting in the frequeng¥riod is incorporated, as described recently forkraultiplied
domain spectrum. The high-resolution TROSY experiment apf5QC (MJ-HSQC)44) and HMQC (MJ-HMQC) $0) experi-
ments. The synchronous incrementation of the homonudlear
1To whom correspondence should be addressed. Fax: +36-52-489-g8yodulation and®N chemical shift evolution period, together
E-mail: kover@tigris.kite.hu. with an appropriate scaling factam)(for multiplying the effect
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TROSY-JM ment attained by the band-selective homonuclear decouplin
can compensate for the inherent sensitivity loss.
a xoxox x Here we demonstrate that the high resolution obtained in th
" r\l I I | I I o 15N dimension as a result of the interference of CSA and dipolal
presat. A 4 4N B w172 L2 . . . . .
» interactions (TROSY principle) often ensures a clear separatio
e LI of the J-scaled doublet components. If sodsplittings remain
* I I . I I X I s IC unresolved, a second experiment with unit scaling facte (1)
may be performed to obtain reference signals. Then, a simultan
ous fit of the relevant multiplets in the scaled and unscaled spe
tra may yield the homonuclear couplings or provide an estimat:
for their upper limit. Moreover, since the lonycoupling evo-
lution period is placed after TROSY selection, the experiment
takes full advantage of the TROSY principle. It is expected tha
FIG. 1. Pulse scheme for 2D"IN, 'H]-TROSY-JM experiment using the effect is more pronounced for larger proteins at higher fields
sgnsitivily—enh‘anced gradient (_echo/antiecho coherence se_lection. Narrow e%el’ to the TROSY optimum condition. We note that in order
wide bars designate nonselective’ @hd 180 pulses, respectively. The delay . L .
A = 2.75 ms. Echo-antiecho selection is achieved by the shaded pulsed fFé?oenhance_ the relative contribution'df CSAto the amide pro-
gradients applied along thzeaxis with duration of 1 msj( = 1.2 msincludinga 10N relaxation and thereby to enhance the efficiency of TROSY
recovery delay of 20@s). For*H and®®N spins the echois obtained for = y,  effect, the use of a protein with deuterium enrichment of passivi
$2 = =X, ¢4 = Y, ¢5 = —y, G2 = 35, G4= 15, G6= 10 G/cm; where spins (H;, H,, etc.) would be the most desirable. In the present
the gradient-G2 acts ont>N SQC with coherence orderl, G4 acts on het- work inclusion of 15N steady-state magnetization is applied

eronuclear MQC with coherence ordet and+1 on'®N andH, respectively, d leads to furth itivit h o )
and G6 acts ofH SQC with coherence orderl. In the second experiment the and leads 1o turther sensitivily eénhancement. In comparisol

antiecho signal is obtained fgrn = —y, ¢2 = X, da = v, ¢5 = y, G2 = 40, With the recently proposed MJ-HMQGQ) experiment, theJ-

G4 = 10, G6 = 15 G/cm; where the gradientG2 acts on'®N SQC with modulated TROSY scheme requires fewet/280° pulses, and
coherence ordet1, G4 acts on heteronuclear MQC with coherence order  this way signal loss due to pulse imperfections can be minimizec
on both™®N and*H, and G6 acts odH SQC with coherence orderl. The | the TROSY-JM experiment tHEN chemical shift evolution

amplitudes of other gradients are as follows: 6038, G1= 12, G3= 14, d t tord dulati iod te similarl
and G5= 27 G/cm.¢3 = x — x and the receiver phase = —xx. This phase and proton—protol-moduiation perod are separate simiiarly

cycling scheme allows the detection of the most slowly relaxing component & that of the MJ-HSQCA4) experiment, but here the slowly re-
the 1>N-H multiplet. Water suppression is achieved by selective irradiation d&Xing components are employed during the evolution periods
the water resonance during the relaxation delay followed by GO purging grafiy addition, the band-selective homonuclear decoupling applie

ent between two scans. Residual water magnetization is excited by a sele(a'ming acquisition can lead to further Sensitivity and resolution
90° Gaussian pulse of 2-ms duration and attenuated by the successive gradient

Except for acquisition when theH carrier frequency is set to the middle of theen?-'anc_em_ent' e_spemally with the use of the_ recently Propose
amide proton region, théH transmitter is on-resonance for the water signa@diabatic inversion WURST-2 pulsé&l). A disadvantage of
During acquisition H-band-selective homonuclear decoupling is applied in ththe homodecoupling is that simultaneous water suppression is
decoupled TROSY and TROSY-JM experiments. The semi-selective inversigfust, since the water signal is in theproton region. This may

pulse of the SESAM decoupling sequené)(was a hyperbolic secant pulse of -5 ;58 some sensitivity loss for the rapidly exchanging amide
20-ms duration. Decoupling sidebands are suppressed with time-shifted decou

pling (34). In the TROSY-JM experiment, the scaling of homonuclear couplinBrOtonS' . . L
evolution is achieved by a spin-echo sequence inserted before acquisition. 1€ €evolution of the density matrix in thé-modulated

TROSY experiment can be given in a simplified form as

2 92

—

GO Gl Gl G2 G2 G3 G3 G4 G5 G5 G6

of J-modulation, yields 8°N-*H correlation map where all the 12+ 174 > Sf exp(—iw'ty) > 15, exp(—iwd'ty)
cross peaks appear as doublets alongNedimension with a _ .

> . : > Iy exp(—iwd't) cosm Juun,nt)
splitting corresponding to the relevant homonuclear couplings 24 st HnH. L)

scaled up by. The band-selective decouplingd) applied dur-

ing acquisition removes the undesired antiphase magnetizatigrere I3, 174, and S, designate the single-transition opera-
and retains only the cosine modulated (god;J4,,) com- tors of 'H and N, respectively, as introduced by Pervushin
ponent. Because homonuclear decoupling, as it is known, metal. (35).

cause some sensitivity loss, the use of a purging pulse prior tdThe first step above represents the coherence transfetfom
acquisition seems to be an attractive alternative for removaltof>N and the'>N chemical shift evolution during. The sec-
antiphase components. However, this approach would fail heoad step ensures back transfer fréiN to *H. Finally, the last
Since the sensitivity-enhanced TROSY scheme applied in thiep describes the homonuclelamodulation of*H(**N) mag-
present study relies on the simultaneous detection of orthaggtization occurring during thet; incremented echo period.
onal proton magnetization component®)( a purging pulse The inclusion of'®N steady-state magnetization is not shown
would have a deleterious effect in destroying one of the orthogxplicitly. The phase cycling scheme given in Fig. 1 combined
onal components. It is noteworthy that the resolution improvedth the echo—antiecho gradient coherence selectigre{lows
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sensitivity-enhanced, phase-sensitive detection of the desir~ Ubiquitin

slowly relaxing*>N-*H multiplet component. The unwanted ealing factor = 3

multiplet components are suppressed effectively by the applic  ppm {— K11 161
phase cycling and the gradient pulses (G2, G4, and G6) used 119
coherence selection. Echo and antiecho signals are recorde:
alternate scans with inversion of the phageseo,, ¢4, andes 120+
together with appropriate setting of the amplitudes of grayed gr

dients (G2, G4, and G6). For experimental verification of the pr¢ ™ 1214
posed pulse schemes, a uniforriif-enriched ubiquitin sample

was used as a test case. A small region from the high resoluti 1221
coupled (a) and fidecoupled (b) TROSY spectra together witr
the corresponding cross-sections (c, d) taken parallel tbHhe 123 K11
axis is depicted in Fig. 2. The well-resolved doublets allow th
direct measurement of the relevant homonuclear couplings. T ; l ‘ e T
same region expanded from themodulated}°N, 1H]-TROSY 7372 pem L pem 12 pem
spectrum is shown in Fig. 3 together with the correspondiny H

cross sections taken along thé\ axis. In the TROSY-IM ex- g 3 Expansion of theJ-modulated {°N, H]-TROSY spectrum on
periment, homonucleal-scaling with a factor of 3 was applied ubiquitin and the corresponding cross sections taken alontftheimension.

forresolution enhancement. The cross sections taken throughtR@SY-IM correlation spectra of 18266 complex data points for both echo
and antiecho signals were recorded using the pulse scheme of Fig. 1 with spe
tral widths of 2003 and 1318 Hz iR, and F4, respectively, and collecting 16

161

T
123 ppm 120 ppm

RS54 Q41

Ubiquitin transients pet; increment with a recycle delay of 1.5 s. Homonucléascaling
in F1 with a factor of 3 was applied. Hdecoupling during acquisition was
@ TROSY ® Decoupled-TROSY achieved with SESAM decoupling. Shifted cosine squar&inGaussian win-
ppm Q41 ppm dow function inF1, and zero-filling in both dimensions were applied prior to
119 3 119 @ 2D Fourier transformation.

120

120 @ @

ISN

1214 121 ppm
E E ¢ S123 S18 M35
122 122
Ki1 114+
1234 @ 123 e 15N
e
T T T T ¥ T T T T T T T T T T
74 7.3 7.2 ppm 74 7.3 7.2 ppm si8 @ 114 ppm 118 ppm 116 ppm
1q 1 18 T T T
8.20 8.15 ppm
Q41 R54 -
T T
74 ppm 7.3 ppm 71 ppm D 12
107
3J@ENHy)=8.1 Hz 3JENH)=10.0 Hz 3JHNH)=7.1 Hz 3J(HNHa)=7.1 Hz 7 ©
I5N 18 T
3
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R " e
110_\ T T T
74 PP“‘ 7 ppm 71 ppm 72 PP“‘ 775 770 7.65 ppm
FIG. 2. Expansions of high-resolution TROSY (a) and,-Hecoupled g
TROSY (b) spectra recorded dfN-labeled ubiquitin and the corresponding
cross sections (c, d) taken through the crosspeaks alongHtdimension. FIG. 4. Expansions of thel-modulated }°N, 1H]-TROSY spectrum of

TROSY spectra were recorded with the pulse scheme of Fig. 1 without the amiformly15N-labeled dimeric HP-RNAse together with the corresponding cross
tional J-modulation spin-echo period. For the correlation spectrd B4&om-  sections taken along tHe&N dimension. 2DJ-modulated correlation spectrum
plex data points for both echo and antiecho signal were recorded with spectifdl 00¥256 complex data points for both echo and antiecho signal were recorde
widths of 2003 and 1318 Hz iR, and F4, respectively, and collecting 16 tran- with spectral widths of 2003 and 2179 Hz 2 and F1, respectively, and col-
sients pet; increment with a recycle delay of 1.5 s. THéand'®N nonselective lecting 48 transients périncrement with a recycle delay of 1.5 s. Homonuclear
90° pulses were 10.2 and 265, respectively. | decoupling was achieved with J-scaling with a factor of 3 was applied,Hlecoupling during acquisition was
four time-shifted SESAM decoupling sequences in b. Gaussian window furashieved with SESAM decoupling. Shifted cosine squarginGaussian win-
tion in F2, shifted cosine square iR, and zero-filling in both dimensions were dow function inFq, and zero-filling in both dimensions were applied prior to
applied prior to 2D Fourier transformation. 2D Fourier transformation.
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peaks of the coupled TROSY (Fig. 2) and TROSY-IM (Fig. 3) ACKNOWLEDGMENTS

spectra all show well-resolved doublets due to the homonuclear
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dicate that in the case of larger proteins only the resolved,
scaled doublets of the TROSY-JM spectrum allow an accurate
measurement of the desired homonuclear couplings. Figure 4
shows expanded regions of the TROSY-JM spectrum recorded
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