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Transverse relaxation-optimized NMR experiment (TROSY)
for the measurement of three-bond scalar coupling constant
between 'H{, and N, defining the dihedral angle i is de-
scribed. The triple-spin-state-selective experiment allows mea-
surement of *Jy.n from ®C®, *N, and "H" correlation spectra
H,O with minimum resonance overlap. Transverse relaxation of
BC* spin is minimized by using spin-state-selective filtering and
by acquiring a signal longer in *N-dimension in a manner of
semi-constant-time TROSY evolution. The *J,.n values ob-
tained with the proposed a/B-HN(CO)CA-J TROSY scheme
are in good agreement with the values measured earlier from
ubiquitin in D,0 using the HCACO[N] experiment. © 2000
Academic Press
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INTRODUCTION

couplings. The early theoretical calculations predicted val-
ues for®J,., from —6.6 to+1.1 Hz. It was shown, however,
that this parametrization provides poor resultsl,(16.
Wang and Bax recorded from protein ubiquitidy., data
ranging from 0.1 to—1.9 Hz for reparametrization of the
Karplus curve {1). There are not, to the best of our knowl-
edge, many experimental schemes for measurement of th
inherently relatively small scalar coupling. THé,., has
been measured previously using an E.COSY-type HCA.
COIN] correlation experiment, usingN as a passive spin
during t; and t; periods (@1). Although it is possible to
record the HCACO spectrum in J, the residual water
signal often distorts the adjacett® signals, hindering data
analysis. The dissolvation of a protein sample int®Ds an
additional task, and due to a viscosity of®@ larger than
that of H,O, the protein’s rotational correlation time is
increased. An alternative approach is an HN(CO)CA

Protein main chain conformation is defined by two diheE.COSY-type experimentl(), where'H* acts as a passive
drals, ¢ and 4. These Ramachandran angles relate to threspin duringt, andt, evolution periods. We base the mea

bond J coupling constants via Karplus relations, @). Six
different three-bond scalar coupling$limue, *Jine, “Juncs

surement ofJ,., on this kind of experiment, which opens
the possibility of exploiting the most slowly relaxifgN—"H

*Jene Jee, and*Jecs define dihedralp, and there are severalmyitiplet component by a transverse relaxation-optimizec

methods to measure these few hertz couplir@y9)( The
torsion is more difficult to determine from the thré& cou
plings, i.e.,*Jun, *Juess and *Jyy (10-12. The latter two
couplings are always very smaflJycs < 0.4 Hz,*J < 0.35
Hz). Therefore their applicability for the determinationyofs

somewhat limited 12, 13. However, for perdeuterated sam
ples these two couplings are the only ones available. It is a

possible to extract information ogv directly from dipole—
dipole ®N-'H" and “*C*-*H* or dipole “*C*-'H* and “C’

chemical shift anisotropy (CSA) cross-correlated relaxati
rates (4, 15 provided that the molecular rotational correlatiquﬂ

time, 7., is known.

In this paper we focus on measurement of three-borﬁa

o

scalar coupling betweer®N; and 'H{,, which has the
largest dependence on dihedral anglamong the threéJ

! To whom correspondence should be addressed. ¥8%8 9 191 59541.
E-mail: Perttu.Permi@helsinki.fi.

255

(TROSY) selection 17-19. For precise measurement of
*Jh.n We apply spin-state-selective filteringQ, 21) and use

a semi-constant-time evolutio2?) period for*N chemical
shift and *N-"H* coupling duringt,. There are several
advantages over the HCACOI[N] experiment when using the

[r%roposed scheme. The gradient and sensitivity-enhance

RosY implementation will yield a distortion-fré&N, *H"
correlation spectrum not disturbed by the water resonanc
far away. The relaxation time fot’N especially for the

QH?OSY component is much more favorable than that of the

spin. We can alleviate the signal decay due to rapidly
laxing the *C* spin by separating partly overlapping
“~*H* doublet components into two subspectra by spin-
state-selective filtering. In this way, the acquisition time
can be kept short, and also unnecessary spectral crowding
removed. Finally, the semi-constant-time TROSY evolution

period @3, 24 compensates for the shdrt acquisition.
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FIG. 1. Gradient-selected sensitivity-enhancefB-HN(CO)CA-J TROSY pulse sequence for determination of scalar couplings from*GB-""N-"H"
correlation spectra. Narrow (wide) bars correspond to 90° (180°) pulses, with ybagess otherwise indicated. Half-ellipses denote water-selective 90° pulse
to obtain water-flip-back. All 90° (180°) pulses f6C’ and *C* are applied with a strength 61/\/15 (Q/\/3), where() is the frequency difference between
the centers of th€C’ and™C* regions. TheH, N, *C’, and™*C* carrier positions are 4.7 (water), 120 (centet*df spectral region), 175 (center BC’ spectral
region), and 55 ppm (center 6iC* spectral region), respectively. Quadrature detection irFthdimension is obtained by altering the phasepgfaccording
to States—TPPI3Q3). For quadrature detection and TROSY selectiof jntwo data sets, both for the in- and antiphase spectra, are collectéd: €)X, ¢; =
y; (I) ¢, = —X, ¢ = —y, with simultaneous change in gradient polarit@), The data processing is according to the sensitivity-enhanced me&#pd e
delays employed arA = 1/(4Ay); Ta = U(Awe); Ta = Ta— A; Ty = U(Ncea); 7= LU(Aep); A = 0; 0= k = (T, — A)/t,nae Phase cycling for
the in-phase spectrum is as followp; = X; ¢, = X, —X; ds = X; Ps = 2(X), 2(—X); dc. = X, —X; for the antiphase spectrunp, = y, —y. The arrows
indicate the positions of the Bloch—Siegert compensation pulses. The resolution'iN ttienension is improved by implementing th#\ chemical shift and
the ®N-"H" coupling evolution in a semi-constant-time manner. If accordion style spectroscopyrfoltiplication int, is not used, the 180° pulses denoted
by gray rectangles should be omitted. Pulsed field gradients are inserted as indicated for coherence transfer pathway selection and resioju@ssiater su
For each scheme, the in- and antiphase data are recorded in an interleaved manner and subsequently added and subtracted to separate themeutiplet ¢
into two subspectra. Gradient strengths (durations) are optimized for the highest sen§itivity30 G/cm (1.25 ms)G, = 29.6 G/cm (0.125 ms).

RESULTS AND DISCUSSION at time pointa. At this point, by inserting a spin-state-

) . ) selective filter element into the pulse sequence, we can ed
We now describe a three-dimensional TROSY-based spife 3ce , magnetization with respect to its directly bound

state—selsectivez/B-Hl_\l(CQ)CA-J experiment for the measure-1y« gpin, In the first experiment, referred to as the in-phase
ment of “Jy.y coupling in protonated samples (Fig. e experiment, two 180°*H) pulses marked with unfilled bars
gradient-selected sensitivity-enhanced TROSY scheme, spipa applied at the midpoint of delays The desired mag-

state-selective filtering, and a semi-constant-time evolution Qtization is transferred to 8#,C,C% coherence before the
N are implemented to the HN(CO)CA E.COSY experimentnsyi i i s i
. nsuing gradient pulse, which serves to purge undesire

(10). The flow of coherence is magnetization components in a way analogous to pulsec
field gradientz filtering (PFGz-filter) (vide infra). The
- Ik . Ine . Jecea coupling between th&€C* and'H* spins emerges during the
H N C’ subsequent, evolution period when th&C* chemical shift

is labeled. In order to reduce experimental time, accordior
Jon Joce Ine §tyle1 spectroscopy2b) can be qtili_zed in thé-, dimension;
130a 13C(t,) 130 i.e., Jc.ye Can be scaled up byif simultaneous 180° pulses
are applied to the proton and*@s shown in Fig. 1. Thus,
the desired magnetization is in the form of

JnH
BN(t,) ——— H(ty),
HYN,C;Cycoq wcaty) cog m Icaya(1 + A)ty)cod 7 Icacs
X (1 + Mty + HIN,C,CoH sIN(we.ty) sin(mm Jcae
wheret,, t,, andt; are the evolution and acquisition times, N
respectively. Couplings used for magnetization transfer are X (1+ Mt)codm sl + Mty)
indicated above the arrows. The spin-state-selectiyehalf-
filter element is placed prior to thte evolution period for the for the in-phase experiment at the end ofthevolution period
purpose of subspectral editing. (time pointb). Subsequently, the magnetization is transferrec
In this approach we first transfer thid" magnetization to back to*N and its chemical shift evolution is monitored during
the *C, spin via *®N, and *C/_, spins utilizing standard the t, evolution implemented into th€C'—"N back-transfer
building blocks for coherence transfer. The desired magngep in a semi-constant time manner.
tization can be denoted by the density operatot'BEC,Cy In the second experiment, referred to as the antiphase e
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periment, two 180° 'H) pulses marked with filled bars are(*H) pulse during the filter elements, without perturbitig,,
applied immediately before 180%C*) and 90° {*C*) pulses, modulation or decoupling during the filtering, it is possible to
respectively. In addition, the phase of th€,90°C") pulse is maintain the TROSY effect during most of the pulse sequence
shifted 90° with respect to the in-phase experiment. Thus, thikewise, if theJ-multiplication approach is used during the
desired magnetization is in the form of 1BMN,C,C:H; co- period (by employing simultaneous 180° pulses i@t and'H
herence before the ensuing gradient pulse, which will purgenoted by gray rectangles), it is necessary to apply an add
dispersive components of magnetization arising frdrmis- tional 180° {H) pulse prior tat, to preserve the TROSY effect
match. Consequently, the desired magnetization at time poinduring the latter part of the pulse sequence. Evidently, if
is in the form of neither spin-state-selective filtering nor tldemultiplication
scheme is used, all 180°H) pulses between the firsH-""N
NN~ s Y 1 INEPT and TROSY element should be omitted.
HZN.C.Cysin(wet)sin(m Jea(1 + A)ty)cosm Je.ce It is noteworthy that by using the semi-constant-time
X (1+ Mty + HQ‘NZC’ZCQ’H;‘cos(wcutl)cos(lecuHu TROSY implementation, the 180° pulse for selective inversion
1 of 'H" is no longer neededl(). In some unfortunate cases,
X 1+ Mjeodm el + M) \hare 1y and 'He spins happen to resonate close to each
other, the semi-selective inversion &f" might have some
in the antiphase experiment, and is subsequently transferred daflkkence on the spin state ¢, resulting in a partial collapse
to the amide proton analogously to the in-phase experiment. of the desired E.COSY pattern.

As we allow the evolution ofJ,w, and *J,. to take place  The spin-state-selective filters are prone td @rosstalk
duringt,, we can select the most slowly relaxifitN—"H" cross when coupling evolution does not exactly match the filter
peak by the gradient-selected sensitivity-enhanced TRO®¥riod. Thed crosstalk is deleterious for subspectral editing;
scheme9), and create a familiar E.COSY pattef®), revealing that is, in addition to the desired multiplet component, the
the smalf*J,.., coupling. In order to obtain sufficient resolution inminor component from the other spin state will be present ir
theF, dimension, théN chemical shift evolution is implementedthe subspectra. The intensity ratio of the principle componen
as a semi-constant-time TROSY evolutid8,24. It is advan- |, to the minor componerit, in this case is
tageous to concatenate tHe€'—°N back-INEPT and the first/$

filter in the generalized TROSY schem24(27 to minimize J

signal loss due td°N transverse relaxation. The last two 90° 1+ sin<w (2J)> |
pulses on carbon serve as purge pulses for the undesired magne- LEa- P
tization components arising, e.g., from theismatch of°N-"°C’ 1— sin( - ) I
coupling @3). Finally, post-acquisitional addition and subtraction (230)

of the in-phase and antiphase experiments will yield two 3D
subspectra with correlations ai.(i — 1) + (1 + A)7Jcan, Whereld is the true coupling constant and the filter is matched
on(i) — T + T o) + I and we(i — 1) —  to J,. Owing to relatively uniform*Jc.,. values (140-150
1+ N7 oo, on(i) — T — TIhen, o) + 7w, Hz), excellent filtering is expected with respect to thenis-
respectively. Clearly, this results in a correlation map Wi@f,, match. The minor component arising from thenismatch of
BN, *H! atF,, F,, F, respectively, andl,., is measured from the filter is over 30 times smaller than the major component ir
the cross-peak displacement in the dimension. It should be the range 120-170 Hz whed, = 145 Hz. Effects ofJ
noted that there is not enough resolution in Fhedimension to crosstalk on coupling constant measurements has been di
resolve'Je.c,. In addition t0%J,.y, We can measur8l..,.. from cussed earlier20-3J). In any case, if) crosstalk appears, the
the F, dimension. InterestinglyJ..;. Shows also a large depen minor component can almost entirely be removed by taking a
dence on};, and thus it can be used at least as a qualitative pradepropriate linear combination of the in- and antiphase spectr
for secondary structure2g). The data from®J,.y and Jeu. (23, 32.
available from the same experiment can conceivably be usedhe spin-state-selective filter elements are designed to su
simultaneously to determine thieangle. press cross correlation between the CSA6f and the dipolar
There are few additional points to consider in achieving tlrelaxation (DD) of *C*~"H* by averaging relaxation rates of
optimal performance. Generally, TROSY is active during th@oublet components by the inversion'sf’s spin state during
N-"C’ out- and back-INEPT steps. It should be noted th#hte filter elements, althoughC* CSA is quite small.
two 180° (H) pulses during the in- and antiphase filter-ele Obviously,*C® , couples also to i, and H' spins during
ments are applied to obtain optimal sensitivity. If only a singlidhe antiphase spin-state-selective filter element and, tbeo
180° (*H) pulse was employed, this would interchange amidation period. These couplings are however very small com:
proton spin states for the€N—"*C’ out- and back-transfer stepspared to'Jc..., i.€., 2 and 0.5 Hz, respectively, and their
thus averaging relaxation rates for the fast and slowly relaximgfluence on filtering quality and lineshape is negligible. This
multiplet components. However, by inserting another 180folds true also forJc.cs.
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N T ' - | mM sodium phosphate buffer, 30°C. Spectra were recorded o
@ | aVarian Unity Inova 500 NMR spectrometer, equipped with a
triple-resonance probehead and an actively shieldectis
gradient system. Figure 2 shows a representative portion of tr
overlaid F,—F, plane of cross peaks taken from tHel"
chemical shift of V26. The subspectra were obtained by addin
g and subtracting cosine- and sine-modulated data sets, acquir
with the pulse scheme shown in Fig. 1 in an interleaved
64| manner. The vertical displacement of cross peaks yields.,
LA S R R PR B I whereas the horizontal displacement yietds.,. It was pos
126 125 124 123 122 . . . . .
E, ("N) sible to measure 68,., couplings, i.e., excluding 6 glycines
[ppm) and 3 residues preceding prolines, from a 3D spectra collecte
FIG. 2. F.F, expansion of thew/s-HN(CO)CA-J TROSY spectrum, re 1N 46 h. Additionally, cross peaks for D52 and 123 were not
corded from 1.0 mM U¥N, “C) ubiquitin, 90%/10% HO/D,O, 30°C at 500 Observed.
MHZz *H frequencyt mas tama(ts) = 3.15, 50.6 (64) ms. ThEca. Was multiplied All the measured couplings fall in the range 0-td..85 Hz.
by factor 2 with respect tec., i.e.,A = 1. Data were zero-filled to 1024 1024X  The helical regions of ubiquitin' i'e_’ residues 24-34, show

512 data matrices and apodized with shifted squared sine-bell functions in all trllgfegesJ values betweenr-1.2 and—1.85 Hz. Similar values
dimensions. Up- (blue) and downfield (red) multiplet components, processed into HeN ) ' :

separate subspectra, are shown superimposed for L15, D25, S57, and V70, tere also found .for a shout-helix extending from residue 56
at the'H" (F) chemical shift of V/26. to 59. The coupling constants were extracted simply from the
1D traces. More precise values could be obtained by takin
into account the entire signal of a 2D cross peak. The measure
The t, evolution should be kept short because of rapith,., couplings were compared with the corresponding value:
relaxation of °C* in larger proteins £20 ms) and'J..cs determined by Wang and Bax using the HCACO[N] E.COSY-
modulation. Consequently, the resolution f is limited. type experimentX1). Comparison of 63J,., couplings gave
However, the spin-state-selective editing circumvents proa-0.17-Hz pairwise root-mean-square-deviation (RMSD) (Fig.
lems associated with the short acquisition tim&inby redue  3). The parametrization of the Karplus curve by Wang and Ba>
ing spectral crowding and removing overlapping doublet conft1) gives a residual RMSD of 0.16 Hz compared with 0.19 Hz
ponents for a precise determination'd.... Obviously, in the obtained with our data. A reparametrization on the basis of ou
case of determination of),.y only, t, can be extended by data would improve the fit only by 0.02 Hz, which is within the
linear prediction to improve resolution. precision of our measurements. The data suggest that there
The final point of interest concerns the semi-constant-tinm® systematic deviation between these two methods. Howeve
TROSY evolution period, which provides an improved resolutiodH* spin flip during the delay used fol’C*to-*C’ back
in the N dimension. It is advantageous to follow the slowltransfer may lead to systematic errors in the case of a larg
relaxing TROSY component longer in theN dimension to
compensate for the modest resolution in 1@ dimension. It is

60— el
- V0

worth mentioning that the experiment could also be recorded as a 0 °
two-dimensional®N, *H" TROSY correlation spectrum by omit 02 | Y 2
ting the ®C* chemical shift andJc.,;,. coupling evolution period. 04 ] o ¥

In that case, the magnetization is in the form of:#C, and - s v %
8HYN,C/H¢ coherences prior to théN chemical shift evolution g ’ ° o .

: . . . . 2 -0.8 . °

in the in- and antiphase experiments, respectively. Aftir 9 . .

chemical shift and”N-"H* coupling evolution, the signal of z 1 .

interest is in the form of BIN,cosyt,)cos@®Jy..t,) and s 1.2 4 , ¢
HYN,sin(wyt,)sin(m®Jy..t,) coherences in the in- and antiphase 14 %

experiment, respectively, when omitting,, evolution for sim 46l % e

plicity. Thus, after the TROSY selection, correlationso@fi) — 184

T+ T dhens (i) + 7 andoy() — 7wy — T Jhens - s ' o
wou(i) + 7y, are available after appropriate addition and-sub Hz =2 -18 _1'_6 _1',4 _1‘_2 § 08 06 0402 0
traction of the in- and antiphase spectra. Thg.y coupling is HCACO[N]

measured from the cross-peak displacement ir’heimension.

The proposed experiment for the measurement of thézl(_s. 3. _Correlation of*Jyay coupling constants measured from spectra
39715N _ lpge | l demonstrated with a 1 quired with thex/B-HN(CO)CAJ TROSY vs values measured by Wang and
‘]( N', H'*ll)s SCS‘ ar CO.Up INgs was T . ~'Bax from the HCACOIN] experimentll). The pairwise root-mean-squared
mM uniformly “N/**C-enriched human ubiquitin, dissolved ingeviation is 0.17 Hz. The couplings were measured from separation of cros:

90%/10% BO/D,0 in a Wilmad 535PP NMR tube, pH 5.8, 50peak placements in the,—F, plane between two subspectra.
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protein because observed splittings have a bias toward smallerS. Seip, J. Balbach, and H. Kessler, J. Magn. Reson. B 104,
values. This problem can be alleviated by shortening the latter 172-179 (1994).

delay 2*T,. The HCACOIN] experiment usé?N, which has a 11 A C.WangandA. Bax, J. Am. Chem. Soc. 117, 1810-1813 (1995).
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spins used in the HCACO[N] experiment. Also the time for th&*- B- Reif, M. Hennig, and C. Griesinger, Science 276, 12301233

: e S (1997).
rapidly relaxing™C*" spin being in the transverse plane can bies b Yana K_H. Gard 4L E. Kav 3. Biomol NMR 11. 213220
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The proposed method combines desired features of the sefgi-3. weigelt, 3. Am. Chem. Soc. 120, 10,778-10,779 (1998).
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