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We present novel one- and two-dimensional versions of the
1-filtered TOCSY experiment. These experiments utilize pulsed-

eld gradient techniques and INEPT–reverse INEPT magnetiza-
ion transfer to generate heteronuclear filtering by means of co-
erence pathway selection. The major advantages of this approach
re twofold: first, each experiment requires a reasonable number of
ransmitter pulses, gradient pulses, and delays to implement. Sec-
nd, the use of z-axis gradients at the beginning and termination
f the pulse sequences prevents the recovery of dephased magne-
ization prior to FID detection. This technique was incorporated
nto 1-D and 2-D v1-filtered JXH- and JHH-TOCSY-style experi-

ents. As demonstrated on 15N-enriched peptide samples, the use
f the pulsed-field-gradient coherence selection scheme effectively
lters out unwanted magnetization components, thereby improv-

ng the overall sensitivity of the experiments. In addition to this
uite of pulse sequences, we also present a method for correcting
he reduction in J-coupling that results from crosspeak shifting in
-D v1-filtered E. COSY-style spectra. This correction is applica-
le to both Lorentzian and Gaussian 2-D crosspeak lineshapes.
1999 Academic Press

Key Words: pulsed-field gradient; heteronuclear; homonuclear;
-coupling; peptides; crosstalk relaxation; isotropic mixing;
rosstalk J-coupling correction.

INTRODUCTION

Long-range heteronuclearJ-couplings (LRJXH) can be esti
ated using heteronuclear half-filteredJ-resolved experimen

1, 2). These experiments are very useful for determining b
one and sidechain torsion angles in polypeptides (1, 2). The
asic scheme used in these experiments is a proton–proto
oherence transfer period, in which magnetization tran
ccurs between X-bound protons and other protons in the
oupling network. The resulting spectrum exhibits an
OSY-style two-dimensional connectivity pattern (1–3),

1 To whom correspondence should be addressed. E-mail: jse@
dmunds.dental.nyu.edu.

2 Contribution No. 9 from the Laboratory of Chemical Physics, New Y
niversity.
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here crosspeaks separated byJXH in the v1 dimension als
xhibit frequency displacements equal toLRJXH in the v2 di-
ension. The large1JXH separation (approximately 140 Hz

13C, 90 Hz for 15N) makes the displacement measurem
ndependent of crosspeak linewidth and lineshape. The
idely used half-filtered heteronuclear experiment is the
1-filtered TOCSY experiment (2, 4). Here, magnetizatio

ransfer between X-bound protons and remote protons i
calar coupling network is accomplished using a spinlock p
equence. One dimensionalv1-filtered TOCSY experimen
ave also evolved. Here, two 1-D subspectra are obtaine
ne of the following methods: the paired satellite selec
OCSY method (i.e., PASS-TOCSY) (5), or the “in phase
ntiphase” method (i.e., IA-TOCSY) (6, 7). In these one-d
ensional experiments, one observes theLRJXH as a frequenc

hift in the subspectra (5–7). By virtue of their improved digita
esolution, these 1-D experiments allow for a more accu
etermination of theLRJXH, particularly for LRJXH , 3 Hz
5–7).

Recent studies have reported the use of “excitation sc
ng” pulsed-field-gradient (PFG) GBIRD pulse sequences8)
or heteronuclear filtering. The GBIRD sequence result
mproved heteronuclear filtering capabilities and increased
itivity in v1-filtered TOCSY experiments (7, 9). However
hese improvements come at a cost: (1) The GBIRD sequ
ust be applied at the beginning of the pulse sequence (7–9).
his means that unwanted proton magnetization tha
ephased by the GBIRD pulse sequence can recover pr
ID detection. This problem compromises the filtering ca
ilities of the experiment. (2) For effective filtering, t
BIRD sequence is either employed in a lengthyn-cycle

ormat (wheren 5 2 or 4) (7, 8) or is combined with othe
echniques, such as zz-filtering (9). Hence, the netv1-filtered
OCSY pulse sequence becomes long, rendering it unsu

or spin systems that experience fast spin–spin relaxation
arge peptides, proteins).

In this report, we present novel one- and two-dimensi
ersions of thev1-filtered TOCSY experiment. We utiliz

ve-
1090-7807/99 $30.00
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128 XU, ZHANG, AND EVANS
ulsed-field-gradient methods and an INEPT–reverse IN
agnetization transfer scheme to generate heteronuclear

ng by means of coherence pathway selection (10, 11). The
ajor advantages of this approach are twofold: First,
xperiment requires a reasonable number of transmitter p
radient pulses, and delays to set up. Second, the use ofz-axis
radients at the beginning and end of the pulse sequ
revents the recovery of dephased magnetization prior to
etection. This approach results in a more effective pur
f unwanted solute and solvent proton magnetization.

NEPT-style PFG approach was incorporated into two type
xperiments: av1-filtered JXH-TOCSY-style experimen
4, 7, 9) (LRJXH determination) and av1-filtered JHH-TOCSY-
tyle experiment (12, 13) (LRJHH determination). For thev1-
lteredJHH-TOCSY experiment, the displacement of the cro
eaks in thev2 dimension corresponds to a long-ran
omonuclear coupling (11, 12). As demonstrated on15N-en-
iched peptide samples, the pulsed-field-gradient cohe
election scheme generates effective heteronuclear filt
ithin a reasonable pulse sequence timeframe.
In addition to the v1-filtered TOCSY pulse sequen

chemes, we present an approach for analyzing E. COSY
-resolved spectra and correcting for “crosstalk” reductio
he observedJ-coupling. The nature of crosstalk artifacts in
OSY-style 2-D experiments has been discussed elsew

14, 15). As shown in this report, the observed shifts
rosstalk-affected E. COSY-style crosspeaks (Lorentzia
aussian lineshapes) can be compensated for, and aJ correc-

ion factor can be calculated.

RESULTS AND DISCUSSION

alf-Filtering and “In-Phase–Antiphase” Pulse Sequence

To understand the application of thev1-half-filtered TOCSY
xperiments, we begin with a description of the half-filter
in-phase–antiphase” coherence selection techniques
A). The heteronuclear half-filter pulse sequence is a P
nhanced HSQC-type pulse. The pulse commences wi

NEPT-type transfer step (16, 17) that generates antiphase
erence for X-bound protons (Fig. 1A). The initialI -spin
agnetization evolves asI y3 2I zSy. After the INEPT transfe

tep, a reverse INEPT transfer step is performed (18). Here, the
agnetization components evolve as 2I zSy3 I y. Hence, usin

he overall INEPT–reverse INEPT transfer scheme, we r
nly one magnetization component,I y. To achieve selection o
oherence pathways, we perform the following steps: (1) a
nez-gradient pulse (G1, during delayt g) prior to the start o

he reverse INEPT transfer step and a second gradient
G2, during delayt g) immediately prior to the FID acquisitio
2) Employ nonselective heteronuclear- and proton-180°
nversion pulses prior to each gradient pulse. The net effe
he spin system is as follows. TheG1 and G2 dephasing
radients are applied on heteronuclear and proton cohere
T
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espectively. The resulting spatial phase gradients are diff
ultiples of the magnetogyric ratios of the X-nucleus
roton (i.e., gS and gH) (10, 11). By setting the gradien
trengths asG1:G2 5 6gH:gS, either a “p-type” (when “1”
pplies) or “n-type” (when “2” applies) coherence (11, 19)
ill be selected, resulting in in-phase detectable magnetiza
rotons that are not bound to the X-nucleus are purged

he spectrum by two techniques: dephasing created b
radient pulses and cycling phasesf1 andf3 (Fig. 1A). Note

hat the positioning of theG2 gradient at the end of the pul
equence ensures that dephased spins cannot recover be
ID acquisition. Obviously, since one of the two cohere
athways is also dephased by the gradients, the half-fil
xperiment suffers from a loss in sensitivity as compared t
BIRD cycle (7, 9). Thus, at the conclusion of the half-filte

ng experiment, we have heteronuclear-filtered proton ma
ization which will experience further evolution according
omonuclearJ-coupling. There is no active heteronucl
agnetization at this point.
The half-filter pulse sequence outlined above approach

ers from the HSQC planar-mixing method (18, 19), in which
eteronuclear magnetization is active during thet 1 interval.
he planar mixing method generates two heteronuclear c
nces, 2I zSycos(v st 1), and, 2I zSxsin(v st 1) (18, 19). This sec
nd component, 2I zSxsin(v st 1), is retained as a planar co
onent perpendicular to 2I zSycos(v st 1); both components a
efocused at the end of the pulse sequence (18, 19). By com-
arison, the half-filtering pulse sequence described above
rates a single magnetization component 2I zSy, and theG1

radient pulse generates a magnetization component 2I zSx;
hese components arenotmixed and cannot be mixed as per
lanar mixing method.
The heteronuclear “in-phase–antiphase” (IA) pulse sequ

s created by a simple modification of the half-filtered pu
equence (Fig. 1A). The last heteronuclear 180° pulse in
A is replaced by a 908f4–1808x–908f4 heteronuclear compos
ulse sequence (denoted by checkered rectangles). This
osite pulse is equivalent to an effective 180° pulse
antiphase” magnetization) whenf 4 5 y or an effective 0
ulse (i.e., “in-phase” magnetization) whenf 4 5 2x (7).
sing the phase cycling protocol and addition/subtraction t
iques reported elsewhere (7), the resulting satellite pea
ppear individually on two separate spectra. The frequ
isplacement between the two spectra gives rise to the
ervedJ-coupling.

XH- and JHH-TOCSY Pulse Sequences

We createv1-filtered TOCSY experiments via simple mo
fication of the pulse sequences shown in Fig. 1A. For exam

2-D PFGv1-filtered JXH-TOCSY experiment can be co
tructed by appending at 1 delay and spin–lock at the end of t
1-filtered pulse sequence (Fig. 1B). This requires the re

ioning of G2 at the end of the spin–lock sequence to pre
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129PFG-v1-FILTERING USING GRADIENT PURGING
he recovery of dephased magnetization. With the inclusio
he isotropic mixing period and disregarding the effec
radients on the spin system, we can outline the magnetiz
volution for thev1-filtered JXH-TOCSY experiment as fo

ows:

IyO¡
INEPT

2I zSyO¡
Reverse

INEPT
I yO¡

t1 I ycos~v1t1!

1 iI xsin~v1t1!O¡
Spinlock

I y
rcos~v1t1!

1 iI x
rsin~v1t1!3 t2 [1]

ere, the superscript r refers to relayed magnetization. A
FG version (7) can be constructed by modifying the 2
xperiment as follows: set thet 1 delay equal to 0 and activa

FIG. 1. (A) PFG-v1 filtered and “in-phase–antiphase” (IA) coherence
heckered rectangles. “G”, rectangularz-gradient RF pulse. Transmitter pha
radient relaxation delay. Note that the “IA” pulses (checkered rectangles
xperiment. Phase cycling schemes are as follows. For half-filter exper
or “IA” experiment,f 1 5 { y, y, x, x}; f 2 5 x; f 3 5 { x, 2x, x, 2x};
, y, 2y, 2y, y} for addition experiments or5 { x, 2x, 2x, x, 2y, y, y, 2

2 and 0ph in half-filter and “IA” experiments. (B) PFG-v1 filter JXH-TOCSY
ith f5 5 0ph. For 1-D version,t 1 5 0; for 2-D version,t 1 is incremen

mplemented on phasesf2 and 0ph to generate phase-sensitive 2-D spec
dentical to that described in (B), withf6 5 0ph 1 1.
of
f
on

D

he “IA” sequence as described in the preceding parag
Figs. 1A and 1B). In this report, we utilized the “clea
ompensated spin–lock sequence to generate isotropic m
onditions, but one can substitute other suitable comp
ulse train sequences for this purpose (e.g., DIPSI20),
ABBY (21)). The 1-D and 2-D PFGv1-filteredJHH-TOCSY
xperiments (12, 13) are similar to the heteronuclear expe
ent, but require the addition of a [BIRD/2(S)2 BIRD/2(H)]

omposite pulse (22) immediately at the end of the spin–lo
equence and before the inversion pulse (Fig. 1C). This
osite pulse is similar to the standard BIRD sequence, but
5 1

4
1JXH.

We first test the effectiveness of thev1-filter pulse sequenc
nd, subsequently, the “IA” pulse sequence (Fig. 2). The
al one-dimensional proton spectrum (amide fingerprin
ion) is shown in Fig. 2A. The application of thev1-filtered

sfer pulse sequences. 90° pulse, white rectangles; 180°, black rectangle
are given above each pulse. Delays:t 5 1

4
1JXH; t g 5 duration of gradient pulse1

nking black rectangular pulse on the X-nucleus timeline) areonlyutilized in the “IA”
nt,5 { y, y, x, x}; f 2 5 x; f 3 5 { x, 2x, x, 2x}; 0ph 5 { x, 2x, 2x, x}.
5 { y, y, y, y, 2x, 2x, 2x, 2x}; receiver phase (0ph)5 { x, 2x, 2x,
for subtraction experiments. CYCLOPS phase cycling routine is applie
lse sequence. The experimental parameters are identical to that given
as per standard two-dimensional experiment. The hypercomplex sc

(C) PFG-v1 filteredJHH-TOCSY pulse sequence. The experimental paramete
tran
ses
fla

imef 1

f 4

y}
pu

ted
tra.
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130 XU, ZHANG, AND EVANS
INEPT-style” PFG pulse sequence results in an effec
roton filtering of the amide resonances (Fig. 2B). With
pplication of the IA pulse sequence, we see that onlyoneof

he two satellite peaks appears on either spectrum (Fig
nd 2C), with the frequency displacement equal to the1JNH

oupling. Therefore, the gradient-enhanced coherence
ion technique does an effective job of purging unwan
roton magnetization from the spectrum.
We next examine the combination ofv1-filtering and spin–

ock coherence transfer steps. As shown in Fig. 3, the 2-D
-D PFGv1-filteredJXH-TOCSY experiments exhibit effectiv
urging of unwanted proton magnetization. In the 2-D s

rum (Fig. 3A), expansion of the crosspeak region for the
3JN–Hb spin coupling (which relates thex1 side chain torsio
ngle) reveals the expected E. COSY pattern. By measurin

requency displacement in thev2 dimension, we calcula
3JN–Hb 5 3.5 Hz. For the 1-D “IA” experiment, expansion
he same frequency region reveals the typical “in-ph
ntiphase” displacement (Fig. 3B); here, we obtain a valu
.4 Hz for 3JN–Hb. Note the absence of crosstalk peaks in
pectrum. In Fig. 4, 1-D sections extracted from the am
roton fingerprint region of the 2-D PFGv1-filtered JXH-
OCSY also reveal the absence of observable crosstalk p
ne can assume that, due to the small size of the polype

n question, crosstalk phenomena are not observed in eith

FIG. 2. 1-D NMR PFG-v1 filtered and “in-phase–antiphase” experime
sp-C-amide, in 90% v/v H2O/10% D2O, 10°C, pH 7.0. The Val residue
pectra; (C, D) PFG-v1 filtered spectra, with (C)5 “in-phase” experiment, (

42 ms. 64 scans were uitilized for reach spectra. Recovery delay5 1 s. RF
3 Gauss/cm.t 5 1

4
1JNH with 1JNH 5 90 Hz. Spectral window was 5200 H

ffset was applied on-resonance with the solvent signal. Proton chemic
e
e

2B

ec-
d

nd

-
a

he

–
of
s
e

ks.
ide
the

-D or 2-D experiments. The 2-D (Fig. 5A) and 1-D (Fig. 5
ersions of the PFGv1-filtered JHH-TOCSY experiment ex
ibit similar effectiveness and sensitivity. Once again
hown in Fig. 5B, the 1-D experiment does not exh
rosstalk artifacts. In Figs. 5A and 5B, the observed frequ
isplacement represents the Val3JNH–Ha coupling (which re

ates thef torsion angle); we obtain a value of 7.5 Hz for b
he 2-D and 1-D experiments, respectively.

stimation of Crosstalk in Half-Filtered TOCSY Experime

In the v1-filter J-resolved experiment, it is assumed thaS
pins do not change their spin states during theI spin state
sotropic mixing period. Hence, the detected magnetizatio
he I spin states should correlate perfectly with theS spin
tates. However, in E. COSY-style experiments, it has
eported that dipolar relaxation pathways permit “crosst
etweenS spin states, which can lead to observed shifts in
. COSY-like crosspeaks and reduction in observedJ-coupling
onstants (14). This situation is exacerbated in proteins, wh
he observed proton linewidths are comparable or greater
he observedJ-coupling (14). One solution to the crossta
roblem is to utilize a spin-state selective (S3) E. COSY pulse
equence (14, 15) which suppresses crosstalk signals. H
ver, another solution to the crosstalk problem involves

(expanded amide fingerprint region). The sample is 10 mM N-a-acetyl-Asp-Val-
labeled at thea-N position. (A) Normal 1-D spectrum; (B) PFG-v1 filtered
“antiphase” experiment (6, 7). Transmitter pulses:1H 90° 5 10.5ms, 15N 90°
radient pulses: 1 ms duration, 0.5 ms relaxation time,G1 5 30 Gauss/cm,G2

and a Lorentzian apodization window function of 2 Hz was applied. Tra
hifts are referenced from internal d4-TSP.
nts
is15N-
D)5
z-g
z,

al s
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131PFG-v1-FILTERING USING GRADIENT PURGING
nalysis of the 2-Dv1-filtered “E. COSY-style” spectra and t
orrection for the reduction inJ-coupling that results from
rosspeak shifting. The derivation of thisJ-coupling correction
s detailed in the Appendix; we will briefly summarize
ndings here. For two identical crosspeaks with Lorent
ineshapes (denoted as Peaks 1 and 2),J-coupling adjustmen
actor, DJ, is

DJLorentzian5 2Ct J
c

1

@1 1 4d 2~ J c! 2# 2 , [2]

hereCt is the crosstalk probability or intensity term,Jc is the
educedJ value due to crosstalk,DJ 5 J 2 Jc, andd is the

FIG. 3. One- and two-dimensional PFG-v1 filtered JXH-TOCSY experi
ents. The sample is 10 mM N-a-acetyl-Asp-Ala-Asp-C-amide, in 90% v

2O/10% D2O, 10°C, pH 7.0. The Ala residue is15N-labeled at the alpha-
osition. (A) 2-Dv1-filtered TOCSY spectra; (B) 1-D “in-phase–antipha
OCSY spectra, with (a) “in-phase” experiment, (b) “antiphase” experim
oth spectra are expanded to show the methyl fingerprint region; trans
ffset was applied on-resonance with the solvent signal. The 2-D spe
tilized 2048 complex data points inv2 dimension, 256 experiments,
cans/experiment, spectral window5 5200 Hz, with hypercomplex processi

n the v1 dimension. For 1-D experiments, 64 scans were utilized, a
orentzian apodization window function of 2 Hz was applied. Proton chem
hifts are referenced from internal d4-TSP.
n

nverse of the linewidth. For crosspeaks with Gaussian
hapes, a similar expression can be derived,

DJGaussian5 2Ct J
cexpF2~ J c! 2

2s G , [3]

heres is the linewidth. For other lineshapes, one can fol
he derivation presented in the Appendix to obtain an equ
ent expression.

To estimate the adjustment of theJ-coupling measureme
ue to crosstalk relaxation in a givenv1-filtered TOCSY
xperiment, we present the following example. As sh
elow in the hypothetical 2-D spectrum, let us denote th
OSY-like crosspeak pair (“O”) as Peaks 1 and 2, and
orresponding heteronuclear-bound proton peaks as Pe
nd 4. In the presence of crosstalk, one should observe
eaks (“o”), which are denoted as Peaks 39 and 49, in the

requency region of Peaks 3 and 4.

O (3) o (49) O (1)
F1

o (39) O (4) O (2)

F2

[4]

ote that Peaks 39 and 49 are “crosstalk” peaks. The procedu
or determining theJ correction is as follows: (A) measure t
ntensity ratio of Peak 39 to Peak 3, or Peak 49 to Peak 4. Thi
ill yield Ct, or the crosstalk intensity term. (B) Measure
bservedJ-coupling constant as the chemical shift differe

FIG. 4. One-dimensional section (amide proton fingerprint region) f
FG-v1 filteredJXH-TOCSY experiment of 10 mM N-a-acetyl-Asp-Ala-Asp
-a-amide, in 90% v/v H2O/10% D2O, 10°C, pH 7.0. Processing parame
tilized here are identical to those for Fig. 3A. These sections were
arallel to the F1 axis and perpendicular to the F2 axis. Proton chemical
re referenced from internal d4-TSP.
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132 XU, ZHANG, AND EVANS
etween Peaks 1 and 2. This gives theJc value. (C) Measur
he linewidth of Peak 1 or Peak 2, which yields the value ofd
n Eq. [2] or s in Eq. [3]. (D) Depending on the crosspe
ineshape, calculateDJ by using Eq. [2] or [3]. The crossta
corrected”J-coupling is thus equal toJc 1 DJ.

CONCLUSIONS

In summary, we have designed a suite of one- and
imensional PFG-enhancedv1-filtered TOCSY experimen
or the determination of heteronuclear (LRJXH) and homo
uclear (LRJHH) long-range scalar coupling constants in labe
eptides and proteins. Both experiments utilize the IN
oherence transfer pulse sequence forv1-filtering. The one
nd two-dimensional experiments presented herein shou
traightforward to implement on mostz-axis PFG NMR instru

FIG. 5. One- and two-dimensional PFG-v1 filtered JHH-TOCSY experi
ents. The sample is 10 mM N-a-acetyl-Asp-Val-Asp-C-a-amide, in 90% v/v

2O/10% D2O, 10°C, pH 7.0. The Val residue is15N-labeled at thea-N
osition. (A) 2-Dv1-filtered TOCSY spectra; (B) 1-D “in-phase–antipha
OCSY spectra, with (a) “in-phase” experiment, (b) “antiphase” experim
oth spectra are expanded to show thea-CH fingerprint region; transmitte
ffset was applied on-resonance with the solvent signal. Processing para
re identical to those given in Fig. 3.
o-

d
T

be

ents. Using “clean” isotropic mixing pulse sequences
ote that crosstalk artifacts in the 1-Dv1-filtered JHH- and
XH-TOCSY spectra and the 2-Dv1-filteredJXH-TOCSY spec
ra are suppressed. In addition to the pulse sequence
resent an approach for determining theJ-coupling correction

or v1-filtered E. COSY-style crosspeaks in the presenc
rosstalk. This correction is applicable to both Lorentzian
aussian 2-D crosspeak lineshapes.
The suite ofv1-filtered TOCSY experiments offers reas

ble resolution and proton filtering capabilities with mod
ulse sequence length, which should make them useful

or determining backbone and sidechain torsion angle pr
nces for15N- and/or13C-labeled peptides and small protein
olution. The 1-D versions of each TOCSY experiment ca
sed in situations where smallJ-coupling determinations a
equired. Selective excitation versions of each experimen
e created by the substitution of selective bandwidth excit
ulses (e.g., “soft” rectangular, Gaussian, sinc, hyperse

or the nonselective excitation pulses given in Fig. 1.

EXPERIMENTAL

The pulse sequences were tested on two tripeptidesa-
cetyl-Asp-Val-Asp-Ca-amide and Na-acetyl-Asp-Ala-Asp
a-amide (15N-Val, 15N-Ala, both 98%15N), both 10 mM in
0% H2O/10% D2O, pH 7.0, at 10°C. Both peptides repres

riplet Ca (II) binding domains within “acidic” biomineraliz
ion mineral recognition proteins (23, 24). Experiments wer
erformed on a Varian UNITY-500 spectrometer equip
ith a z-gradient driver, using a 5 mmz-axis PFG 3-chann
robehead.

APPENDIX

Estimation of Crosstalk and Correction of Observed
J Coupling Values

For two “true” crosspeaks (denoted as Peaks 1 and 2)
-D v1-filtered TOCSY spectra, the frequency shift of o
rosspeak toward the other arises from the presenc
rosstalk during theJ-coupling experiment. We assume t
eaks 1 and 2 are identical and possess Lorentzian lines
owever, we will demonstrate later one that our method ca
pplied to Gaussian lineshapes as well. We can expres
riginal peak intensities as a function of the frequency

g1~ f ! 5
2T2

1 1 4p 2T2
2~ f 2 f1!

2 [5]

g2~ f ! 5
2T2

1 1 4p 2T2
2~ f 2 f2!

2 , [6]

hereg1 and g2 are the intensities of Peaks 1 and 2 in
bsence of crosstalk,T2 is the transverse spin relaxation tim

t.

ters
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nd f 1 and f 2 are the Larmor frequencies of Peaks 1 an
espectively. The Lorentzian linewidth is given as the quan
pT2)

21. Let d be the inverse of the linewidth, i.e.,d 5 pT2.
e can rewrite [5] and [6] as

g1~ f ! 5
1

1 1 4d 2~ f 2 f1!
2 [7]

g2~ f ! 5
1

1 1 4d 2~ f 2 f2!
2 . [8]

ere, the constant 2*T2 has been dropped since only
elative intensity is important.

Now, we consider the presence of crosstalk. Peaks 1 a
ill each receive an overlapping contribution from the mi

crosstalk” Peaks 19 and 29. Let us use Peak 1 as an exam
nd letCt be the crosstalk probability. Thus, in the presenc
rosstalk, the intensity of Peak 1 is

g1
c~ f ! 5

1

1 1 4d 2~ f 2 f1!
2 1

Ct

1 1 4d 2~ f 2 f2!
2 , [9]

hereg1
c denotes the intensity of Peak 1 in the presenc

rosstalk. To find the peak position ofg1
c, we note that, a

aximum, the first derivative ofg1
c 5 0, i.e.,

­g1
c~ f 1

c!

­f
5 0. [10]

pplying Eq. [10] to Eq. [9], we find that

~ f 1
c 2 f1!

@1 1 4d 2~ f 1
c 2 f1!

2# 2 1
Ct~ f 1

c 2 f2!

@1 1 4d 2~ f 1
c 2 f2!#

2 5 0, [11]

here f 1
c is the Larmor frequency of Peak 1 with crosst

ontributions. Note that

f 1
c 2 f1 5

1

2
DJ [12]

nd

f 1
c 2 f2 5 2

1

2
DJ 2 J c, [13]

hereJc is the reducedJ-coupling constant due to crosst
ndDJ 5 J 2 Jc. By substituting Eq. [13] into Eq. [11], w
btain

DJ

@1 1 d 2DJ2# 2 2
Ct~DJ 2 2J c!

@1 1 d 2~DJ 1 2J c! 2# 2 5 0. [14]
,
,

2
r
,
f

f
similar solution can be derived for the Gaussian linesh

ituation. Given the linewidth (i.e., 1/d), Jc, andCt, DJ can be
olved numerically from Eq. [14] using a root-searching r
ine such as a Newton–Raphson approach. However, a
cribed below, we will demonstrate that a simplified form
an be derived to calculateDJ.
To arrive at a simplified expression, consider the first ter

q. [14]. SinceDJ is small compared to the linewidth, then
easonable approximation would be thatdDJ 5 0. Thus, the
enominator of the first term in Eq. [14] becomes unity. For
econd term in Eq. [14], sinceDJ ! 2Jc, we can approximat
he (DJ 1 2Jc) term as 2Jc. With these approximations
ind, rearrangement of Eq. [14] yields Eq. [2].
Figure 6 shows calculated corrections (numeric versus
ula) for theJ-coupling due to the crosstalk effect. In t

ormula solution, using Eq. [14],Jc was chosen to be 5 Hz, a
he crosstalk intensity was assumed to be 10%. These r
re plotted against the numeric solution (Newton–Raphson
earching routine) of Eq. [14]. As shown in Fig. 6, the sim
ed formula gives an acceptable approximation. Note in F
hat theJ-adjustment for Lorentzian and Gaussian linesh
an differ by approximately 0.2 Hz for linewidths greater t
0 Hz (i.e., arising from large macromolecules such as pro
nd nucleic acids) and may vary withJ andCt. However, for
mall and moderate linewidths (i.e.,,15 Hz), the difference i
maller than 0.1 Hz, which can be considered negligible s
ore significantJ measurement errors can arise from o

ources.
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FIG. 6. Calculated corrections (numeric versus formula; Lorentzian
us Gaussian) for theJ-coupling due to the crosstalk effect. Solid line, num
ewton–Raphson solution; Dashed line, formula solution, using valuesJc 5 5
z, Ct 5 10%.
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