
i
f
s
o
e
s
e
o
n
t
e
c
T
o

s

s
b
c
m
p
c
i
s
o
p
p
E
s
c
i
c
s
c

i

Journal of Magnetic Resonance137,408–412 (1999)
Article ID jmre.1998.1700, available online at http://www.idealibrary.com on

1
C
A

Simplified Multiplet Pattern HSQC-TOCSY Experiment for Accurate
Determination of Long-Range Heteronuclear Coupling Constants1

Wiktor Koźmiński
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A new two-dimensional pulse sequence for accurately determin-
ng heteronuclear coupling constants is presented. It is derived
rom HSQC and HECADE techniques with B0 gradient coherence
election. The main feature of the proposed method is spectra with
nly one component of the IS doublet; i.e., the final result is
quivalent to a selective broadband excitation of either Sa or Sb

pin states and a preservation of these states during the entire
xperiment. The effect is obtained by an appropriate combination
f in- and antiphase coherences. It is demonstrated that hetero-
uclear single-bond as well as long-range coupling constants and
heir relative signs are readily evaluated. The proposed sequence is
qually or less sensitive to a variation of heteronuclear one-bond
ouplings than previously published, closely related sequences.
he new method is applied to a peptide sample for determination
f 3JN,Hb. © 1999 Academic Press

Key Words: HSQC; isotropic mixing; J couplings; spin-state-
elective excitation.

Scalar and dipolar coupling constants provide valuable
traints for the characterization of molecular conformat
onding, and dynamics. However, especially in cases
oupling and linewidths of comparable magnitude, dedic
ethods are required to obtain accurate values of the
lings. Established approaches, reviewed in Refs. (1, 2), in-
lude: (i) evaluation of coupling constants from the linesh
n one- or multidimensional spectra compared with refere
pectra, (ii) quantitativeJ-correlation methods, and (iii) met
ds producing E.COSY multiplet patterns. Previously we
osed a new set of methods, referred to asactive-coupling-
atterntilting (ACT) (3–5). This approach, complementary
.COSY, yields tilted cross-peak patterns even for two-
ystems and thus allows the determination of active cou
onstants with high accuracy. The tilt of the multiplet patte
s obtained by appropriate coaddition of in- and antiph
oherences in the respectiveF 1 and F 2 domains of the 2D
pectra. Recently, the new concept of spin-state-selectiv
itation (S3E) in multidimensional spectra has been introdu

1 Presented in part at the Symposium on Application of Magnetic Reso
n Chemistry and Related Areas, Warsaw, June 24–26, 1998.
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6–9). Its application to the determination of coupling c
tants is based on the generation and comparison of two s
pectra with each displaying only one component of the
ling multiplet, corresponding to the resonances of molec
ith a single state of a given spin. A similar approach
roposed to simplify the multiplet structure of INADEQUAT
pectra (10), and to increase the resolution for I2S groups in
SQC experiments (11). Also one-dimensional methods ge
rating single multiplet components in the S-spin-cou
pectra have been introduced (12, 13). It was shown that th
ame effect could be obtained, with high tolerance to a m
itude of active coupling, simply by coadding the in- a
ntiphase multiplets inF 1-coupled HSQC and H(N)CO spec

or an accurate measurement of1JNH and2JHNC9 in protein (14).
ecently other methods of generation of S3E-like spectra in th
2-coupled HSQC (15) and TROSY (16) experiments wer
roposed for the determination of one-bond coupling
tants.
The most important problem associated with “spin-st

elective” sequences is insufficient suppression of one o
oublet components. It was shown in Ref. (14) that the sim
lest way of generating this type of spectra, coadding
eparate in- and antiphase experiments, is a less sen
ariation of coupling magnitudes than the S3E approach. How
ver, in the case of unlabeled material this method enables

he determination of one-bond coupling constants. Addit
lly, the splittings are displayed in theF 1 domain, the resolu

ion of which can be improved only with drastically increa
xperimental time. Sequences proposed in Ref. (15) produce
ingle multiplet component spectra with couplings displaye
2, but are more sensitive to a mismatch of the one-b
oupling. The sequence presented in this paper is design
etermining one- and multiple-bond heteronuclear coup
onstants from theF 2 dimension and is to a large exte
nsensitive to one-bond coupling variations.

Figure 1 displays the pulse-sequence scheme for the
osed experiment. The new concept basically is a simp
CT/HECADE (3) approach; i.e., it relies on coaddition of
nd antiphase coherences. The sequence is derived fro

ce
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409DETERMINATION OF HETERONUCLEAR COUPLING CONSTANTS
tandard sensitivity-enhanced HSQC experiment (17) with B0

radients for echo–antiecho coherence selection, followe
ubsequent homonuclear isotropic mixing which is require
ong-range coupling measurements.

The method presented is a two-dimensional version
equence proposed in Ref. (12), with the additional improve
ent that the last (p)S pulse, at the center of the 2t delay, is
mitted, and hence the IS coupling evolution during this d

s refocused. One of the main features of this sequenc
nalogy to other sensitivity-enhanced multidimensional m
ds (18), is the recovery of two orthogonalt 1 shift evolution

erms. Since during the inverse INEPT step only one ter
efocused and transferred to in-phase I-spin coherence,
he second term is transferred through multiple-quantum
erence into observable antiphase I-spin coherence, coad
f the two directly results in 2D spectra that display only
ingle component of the IS doublets. In order to measur
oupling constants it is necessary to acquire a second spe
howing the other doublet component. Thus, four FIDs pt 1

ncrement must be sampled: a heteronuclear echo and ant
ach measured withc 5 p/2 as well asc 5 2p/2, a phas
hange that inverts the sign of the antiphase contribution
wo data sets with oppositec selection should be process
eparately. Additionally, the phasec must be inverted synchr
ously with theG2 gradients between the echo and antie
xperiments; for details see the legend to Fig. 1. Neglectin
ptional application of isotropic mixing and unobserva

erms created by the last (p/2)S pulse, the relevant compone
f the density matrix for an IS system at pointt 2 5 0 can be
escribed by the following Cartesian product-operator ter

FIG. 1. Pulse sequence for simplified multiplet pattern HSQC-TOC
xperiment. Dark-filled and open bars representp/2 andp pulses, respectivel
he delay 2D should be tuned to0.5/1JIS. The delayt includes the rectangul
hape gradient pulse and a recovery time of 100ms. GradientG1, with an
mplitude of 10 G/cm and a duration of 2 ms, was used in1H–15N experiment
nly. GradientsG2 andG3 with durations of 2.5 and 1 ms, and amplitudes
0 and 5 G/cm, respectively, were used in1H–15N experiments. For1H–13C
xperimentsG2 andG3 with equal length and amplitude of 10 and 5 G/c
espectively, were used. In all cases only rectangular shaped PFG pulse
mployed. Two echo and two antiecho data sets pert 1 increment wer
cquired, and they were combined using standard VNMR software. The
hase cycle ofw 1 5 x, 2x, w 2 5 x, x, 2x, 2x and receiverx, 2x, 2x, x
as applied. The upfield IS doublet line is selected by phasec set top/2 in
cho and2p/2 in antiecho experiments. For the opposite selection phac
ust be reversed.
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ata set 1 (upfield doublet components):

echo5 1
2~2RSQQIx 1 RMQ2I xSz!cos~vSt1!

2 1
2~RSQQIy 1 RMQ2I ySz!sin~vSt1!

antiecho5 1
2~2RSQQIx 1 RMQ2I xSz!cos~vSt1!

1 1
2~RSQQIy 1 RMQ2I ySz!sin~vSt1!;

ata set 2 (downfield doublet components):

echo5 1
2~2RSQQIx 2 RMQQ2I xSz!cos~vSt1!

2 1
2~RSQQIy 2 RMQ2I ySz!sin~vSt1!

antiecho5 1
2~2RSQQIx 2 RMQQ2I xSz!cos~vSt1!

1 1
2~RSQQIy 2 RMQ2I ySz!sin~vSt1!. [1]

SQ andRMQ account for the different relaxation rates of sing
nd multiple-quantum coherences during the lastD delay and

5 sin(pJD). The requested multiplet structure is direc
btained by independent transformation of data sets 1 a
n additional homonuclear coherence transfer to remo
uclei under preservation of the in- and antiphase char
ith respect to the S spin is possible, e.g., via isotropic mix
owever, measurements of long-range coupling constan
olving nonprotonated S nuclei are not possible.
A very important criterion for the quality of all ACT an

spin-state-selective“ experiments is their ability to clea
uppress the undesired doublet component. For the exper
roposed in this paper there are four particularly rele
ources of error: (i) mismatch of theD delay tuned to one-bon
ouplings, (ii) relaxation-rate differences along the coher
athways that lead to in- and antiphase signals, and (iii) S
omonuclear coupling evolution during the lastD. The Q

FIG. 2. Comparison of the doublet component suppression for H(1) (
) and H(3) (trace b) protons of the sucrose sample obtained with the pro
SQC-TOCSY sequence. The arrows indicate the position of the supp

ine. The vertical scale is normalized. The experiment was optimize
J(13C–1H) 5 150 Hz; however, the actual couplings are about 170 Hz
(1)/C(1) and 150 Hz for H(3)/C(3). See the legend to Fig. 5 for experim
etails.
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410 WIKTOR KOŹMIŃSKI
actor in Eq. [1] affects those coherences that evolve durin
astD delay under the1JIS interaction. When the actual value
he coupling constantJ is unequal toJtarget, used for tuningD
elays D 5 0.5/Jtarget, the selected and suppressed dou
omponents are attenuated and enhanced by (12 Q) respec
ively. Ignoring all other sources of error the intensity ratio
uppressed and selected lines is equal:

FsinS pJ

2Jtarget
D 2 1GYFsinS pJ

2Jtarget
D 1 1G . [2]

his ratio is, however, quite insensitive for any real value oJ,
ince it reaches20.04 forJ/Jtargetequal to 0.75. ForJ two times

arger thanJtarget a pure antiphase is observed. The same r
s obtained for the IPAP method (14); however, for the se
uences proposed in Ref. (15) the corresponding intensity ra
Eq. [3]) is more sensitive to the actual magnitude of one-b
oupling and forJ/Jtarget 5 0.75 it reaches 0.2:

6FsinS pJ

4Jtarget
D 2 cosS pJ

4Jtarget
DG Y

FsinS pJ

4Jtarget
D 1 cosS pJ

4Jtarget
DG . [3]

n the case of the proposed sequence a disturbing effe
ifferent relaxation rates of single- and multiple-quantum
erences is possible. However, sinceD(0.5/1J) is very short in
elation to 1H transverse relaxation rates these effects
xpected to be negligible. The relaxation and spin–spin
ling topology effects for this sequence are discussed in d

n Ref. (12) and generally for E.COSY and S3E experiments i

FIG. 3. Expanded amide proton region from the analog of [Me, Ala7]-AVP
he proposed sequence without TOCSY mixing, tuned for upfield (trace
or I 2S systems. Contour levels for the major isomer only are shown. T
oherently added for each data set for 64t 1 increments. The maximumt 1 and
he delayD was tuned to a coupling of 90 Hz. The data matrix containin
omplex points, and cosine and exponential line broadening of 1 Hz w
e

t

f

lt

d

of
-

re
u-
ail

ef. (19). Effects of homonuclear S-spin coupling evolut
uring the last delayD could be significant only in the case

1H–13C experiments applied to a fully13C-labeled sample.

sopressin spectra obtained with the regular HSQC sequence (trace a) a
nd downfield (trace c) doublet-line selection. Note that this sequence dot work
spectrum was acquired with a 25 mM 90% H2O/D2O solution. Eight scans we

imes were 43 and 410 ms, respectively. A relaxation delay of 1.2 s was
4048 complex points int 1 andt 2, respectively, was zero-filled to 5123 8192
pplied prior to Fourier transformation int 1 and t 2, respectively.

FIG. 4. Contour plot of the Cys6 and Phe3 Hb regions of the HSQC
OCSY spectrum, obtained by the proposed HSQC-TOCSY sequence,

Me, Ala7]-AVP-vasopressin analog sample. Signals of the dominating is
nly are shown. Superposition of the spectra with upfield (black) and d
eld (gray) doublet lines is plotted. The coupling constants correspond
isplacements of a cross peak in these two spectra. All3JN,Hb coupling
onstants obtained in this experiment are summarized in Table 1. Add
IPSI-2 I-spin isotropic mixing was applied for 85 ms; 192 accumulation
ach four data sets in everyt 1 increment were acquired. Water signal supp
ion presaturation, with agB1/ 2p of about 40 Hz, during the relaxation de
as used. All other experimental parameters are the same as those
pectra presented in Fig. 4. The data were zero-filled to 5123 16384 complex
oints in t 1 and t 2, respectively.
-va
b) a
he

t 2 t
g 63 2
as a
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411DETERMINATION OF HETERONUCLEAR COUPLING CONSTANTS
Experimentally, the new sequence used in a1H–15N exper-
ment applied to a peptide sample produces spectra with
uppression of one multiplet line, even with a625% variation
f Jtarget. Additionally, the 1H–13C experiment applied to
ucrose sample with additional isotropic mixing revealed
ignificant disturbing contributions of the undesired cross-
omponents even for signals with different1JIS, which is
hown in Fig. 2.
As an application example, Fig. 3 displays contour plot

he 1H–15N correlations of a 25 mM solution of the [M
la7]-AVP-vasopressin analog in 9/1 H2O/D2O, measure
ith the proposed sequence and a regularF 2-coupled HSQC

FIG. 5. Expansion of the anomeric proton region of the HSQC-TOC
pectrum of a 0.06 M sucrose D2O solution, obtained by the sequence depi

n Fig. 1. The spectra with selection of upfield (gray) and downfield (bl
oublet lines are superimposed. The position of the doublet lines for H(1)
nd H(1)–C(4), cross peaks is reversed, revealing its negative sign in re

o 1J(13C, 1H). Eight scans are coherently added for each data set for 2t 1

ncrements. The maximumt 1 and t 2 times were 35 and 610 ms, respectiv
relaxation delay of 1.5 s was used. The delayD was tuned to couplings

50 Hz. The data matrix containing 2563 800 complex points int 1 and t 2,
espectively, was zero-filled to 5123 16,384 complex points, and cosine a
xponential line broadening of 1 Hz was applied prior to Fourier transfo

ion in t 1 and t 2, respectively.
an

o
k

f

he ability to determine long-range coupling constants is d
nstrated in the expansions of peptide and sucrose so
pectra shown in Figs. 4 and 5. For these experiments
ional homonuclear isotropic mixing was used. Note tha
ormation about the relative signs of the coupling constan
btainable by this method. Table 1 summarizes the valu

3JN,Hb coupling constants obtained for the vasopressin sa
n this experiment.

The signal-to-noise ratio of single echo and antiecho
ets acquired with the proposed method is equal to that ob
ble by the standard sensitivity-enhanced HSQC experi
ithout S-spin decoupling duringt 2.
All spectra presented were acquired at 300K on a Va
nity Plus 500 spectrometer, equipped with a Perform
-PFG unit and using a standard 5-mm-i.d. PFG probeh
or isotropic mixing the DIPSI-2 (20) scheme was used wi
B1/(2p) 5 7 kHz; 8-, 13-, and 26-ms high-power1H, 13C,
nd 15N p/2 pulses, respectively, were used.
In conclusion, the new sequence presented here allow

n accurate and relatively sensitive determination of he
uclear coupling constants. The proposed method, in
nalogy to HECADE sequences (3), is based on coaddition

n- and antiphase signals; however, there is no increment
oupling evolution period. In comparison to the HSQC met
roposed in Ref. (14), the sequence presented in this paper
qual length for the acquisition of in- and antiphase sign
nd moreover it is shorter by a periodD. Additionally the
ouplings are displayed in theF 2 domain, which enables ea
nhancement of resolution without any substantial increa
xperiment time. The optimal homonuclear coherence tra
nables determination of the heteronuclear long-range
lings. In this case relative signs of the coupling constant
eadily obtainable; however, the method works for IS syst
nly. Due to its high tolerance toward substantial variation

1JIS couplings this experiment may be applied not only
ccurate measurements of scalar and dipolar coupling
iomolecules but also for a variety of organic compounds
significantly larger spread of isotropic one-bond coup

onstants.

)
2)
ion

-

TABLE 1
Coupling Constants 3JN,Hb Obtained from HSQC-TOCSY with

implified Multiplet Pattern Experiments, of the Major Isomer of
he [Me, Ala7]-AVP-Vasopressin Analog

Tyr2 Phe3 Gln4 Asn5 Cys6 Arg8

JN,Hb [Hz] a 23.3 23.9 23.7
22.6 22.4 —b

JN,Hb9 [Hz] 21.8 21.8 22.1

Note.The accuracy is limited by theF 2 digital resolution and in the prese
ase is estimated to be about 0.3 Hz.

a Downfield Hb proton signal.
b Not determined due to weak signal-to-noise ratio.
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