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A method for the measurement of 1JNC* and 2JHN C* coupling and 2JHN C9 couplings from [15N, 1H] correlation spectra i
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onstants from a simplified two-dimensional [15N, 1H] correlation
pectrum is presented. The multiplet components of the 1JNC*

oublet in the indirect dimension and 2JHN C* in the direct dimen-
ion are separated into two subspectra by spin-state-selective fil-
ers. Thus each subspectrum contains no more peaks than the
onventional [15N, 1H]-HSQC spectrum. Furthermore, the method
or the measurement of 1JNC* and 2JHN C* is designed to exploit
estructive relaxation interference (TROSY). The results are ver-

fied against the measurements of 1JNC* from spin-state-selective
13C*, 1H] correlation spectra recorded with additional sequence
escribed here. © 1999 Academic Press

Key Words: coupling; spin-state-selective filters; TROSY;
biquitin.

INTRODUCTION

Measurement of coupling constants for protein struc
etermination has remained of interest for several y
.COSY (1–5), quantitativeJ-correlation (6–10), and tradi-

ional J-coupled (11–13) experiments have been employed
easure primarily3J scalar coupling constants related to
edrals via Karplus relations. The traditionalJ-coupled meth
ds provide an easy and accurate measurement of cou
ut suffer from spectral crowding owing to the simultane
resence of many multiplet components. To alleviate this o

ap problem, editing with respect to a third dimension has b
sed (4). Also, recently spin-state-selectivea/b-filters have
een devised to separate doublet components into two diff
ubspectra (14–24). These methods have been implemen
lso in measurements of large heteronuclear one-bond
lings from proteins dissolved in weakly oriented liquid cry
hases to determine1JHN N, 1JNC9, and 2JHN C9 with dipolar con-

ributions using a15N spin-state edited spectrum (25). The eas
f extracting orientational information from one- and two-b
ouplings, preferably from simplified two-dimensional spec
s of an obvious importance.

In this paper, we show a straightforward but practical
ension of the use of spin-state-selective filters to measure1JNC9
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15N/13C-labeled proteins. We refer to this experiment as HNa/
-NC9-J). In addition, we provide the selection for the [15N,

1H] multiplet component with the most favorable relaxat
roperties (TROSY) (18–22). This method, referred as HN(a/
-NC9-J)-TROSY, is particularly amenable to perdeutera
roteins studied at high magnetic fields. We also introd
nother method which allows the determination of1JNC9 from a

wo-dimensional spin-state-selective [13C9, 1H] correlation
pectrum as an attractive alternative for measurements
ermediate field strengths. We denote this experiment wit
bbreviation H(a/b-NC9-J)CO. The originala/b-filters (14–
4) are modified for the present purpose to select carb
arbon or nitrogen spin-states. In the HN(a/b-NC9-J) correla-
ion experiment in- and antiphase15N–13C9 magnetization ar
elected prior to thet 1 evolution period by thea/b-filters with
espect to1JNC9, whereas in the H(a/b-NC9-J)CO correlation
xperiment the in- and antiphase magnetization are edited
espect to1JHN N. Similar to the S3E -filter element, the unde
ired components of transverse magnetization are pu
14, 15). This allows the determination of two different co
lings from a simplified spectrum with pure absorptive li
hapes.

DESCRIPTION OF THE PULSE SEQUENCES

The HN(a/b-NC9-J) pulse sequence to measure1JNC9 and
2JHN C9 (Fig. 1A) from a [15N, 1H] correlation spectrum is bas
n the conventional [15N, 1H]-HSQC experiment. Proton ma
etization is first transferred into an antiphase heteronu
ingle-quantum coherence between the amide proton an
itrogen with the usual INEPT-step tuned to 1/(2JHN N), fol-

owed by thea/b-filter before thet 1 evolution period. In th
rst experiment, referred to as the antiphase experiment (
80° pulse on13C9 and 90° pulse on15N are applied), th
eteronuclear coupling between the amide nitrogen an
djacent carbonyl carbon evolves during the filter of len
/(2JNC9) into an antiphase magnetization with respect to1JNC9.

n the second experiment, referred to as the in-phase ex
ent (unfilled 180° pulses are applied on13C9), 15N is effec-

ively decoupled from13C9. During thet 1 evolution period, th
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33COUPLING CONSTANT MEASUREMENT FOR PROTEIN STRUCTURE DETERMINATION
FIG. 1. Pulse sequences of thea/b-filtered HN(a/b-NC9-J) experiment for the measurement of1JNC9 and2JHNC9 couplings from [15N, 1H] correlation spectra
he sequences generate anti- and in-phase spectra. Hard 90° and 180° pulses are marked by (un)filled narrow and wide bars, respectively, with the px, unless

ndicated otherwise. Selective 90° pulses of the WATERGATE solvent suppression scheme (31) are shown as gray half ellipses. If only1JNC9 is desired, a
ptional 90° purge pulse (indicated with an unfilled narrow bar) on the carbonyl carbon after thet 1 evolution period can be applied. Aliphatic carbons
electively decoupled duringt 1 with SEDUCE-1 (32) and nitrogens during acquisition with WALTZ-16 (33). Delay durations:D 5 1/(4JHNN), t 5 1/(4JNC9).
A) phase cycling for the antiphase spectrum:f1 5 2(x, 2x); f2 5 4(x); f3 5 2(x), 2(2x); frec 5 2(x, 2x), andc 5 4(y). The phasesf1, f2, andff 3 are
ncremented in States–TPPI manner (34). Phase cycling for the in-phase spectrum:f1 5 2(x, 2x); f2 5 4(x); frec 5 2(x, 2x) andc 5 4(x). The phasesf1

nd f2 are incremented in States–TPPI manner. (B) Pulse sequence of thea/b-filtered HN(a/b-NC9-J) experiment for the measurement of1JNC9 and 2JHNC9

ouplings from [15N, 1H] correlation spectra with the generalized TROSY. Phase cycling for the antiphase spectrum:f1 5 2(, 2x); f2 5 x; f3 5 2(x), 2(2x)
ndfrec 5 2(x, 2x). Phase cycling for the in-phase spectrum:f1 5 2(y, 2y); f2 5 y; frec 5 2(x, 2x). The phasesf1, f2, andf3 are incremented in States–TP
anner (34). The addition and subtraction of these two spectra result in up- and downfield15N–13C9 multiplet components. For15N–1H multiplet selection, fou
ifferent data sets are recorded (I):f4 5 y; f5 5 x, (II): f4 5 2y; f5 5 2x, (III): f4 5 2y; f5 5 x, and (IV):f4 5 y; f5 5 2x. The addition and subtractio
f data sets (I) and (II) result in two intermediate data sets (I1 II) and (I 2 II). Finally, a single multiplet component is selected by addition or subtractio

he intermediate data set (I1 II) with the data set (I2 II) shifted by 90° in both dimensions. The data sets (III) and (IV) are handled in a completely ana
ay. For detailed instructions see Ref. (20).
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34 PERMI ET AL.
15N chemical shift and1JNC9 are active. Aliphatic carbons a
ecoupled in the course oft 1 incrementation. During the a
uisition amide nitrogens are decoupled but the2JHN C9 cou-
lings remain active. The signal of interest described by
roduct operator formalism (26) neglecting relaxation is, prio

o acquisition, proportional to

Hxsin~2pJNC9t)sin(vNt1)sin~pJNC9t1!

1 2HxC9zsin(2pJNC9t)cos(vNt1!cos(pJNC9t1)

or the antiphase experiment, and to

Hxcos~vNt1!cos~pJNC9t1! 1 2HxC9zsin~vNt1!sin~pJNC9t1!

or the in-phase experiment. Thus, the antiphase exper
esults in antiphase and the in-phase experiment yield
hase cross peaks with respect to1JNC9 in the F 1 domain and

2JHN C9 in theF 2 domain. The cross peaks for thea- andb-states
f 13C9 are readily processed to two subspectra by the add
nd subtraction of the antiphase and in-phase spectra eit

he time or the frequency domain.
The 90° pulse on nitrogen before thet 1 evolution in the

ntiphase experiment serves to purge the component of
etization which originates from theJ-mismatch of the filter

FIG. 2. Pulse scheme of the spin-state-selective H(a/b-NC9-J)CO exper
n optional 90° pulse (indicated with an unfilled narrow bar) on the car
liphatic carbons are selectively decoupled duringt 1 with SEDUCE-1 (32) a
pplied selectively with strength ofd/=3, whered is the frequency between
/(4JNC9). The phasef2 is incremented in States–TPPI manner to give fre
odulated data:f1 5 2(y, y, 2y, 2y); f2 5 4(x, 2x); f3 5 4(x), 4(2x); (f4

odulated datac 5 8(y). The addition and subtraction of the in- and ant
e

nt
n-

n
r in

g-

he preferred sine-modulated magnetization is not affecte
he aforementioned pulse whereas the undesirable cosine
lated term is converted into a longitudinal two-spin or
hich is not transformed into an observable proton mag
ation by the subsequent events. In the in-phase experi
he heteronuclear coupling is not active during thea/b-filter
lement and purging is not essential. Thus, the antiphas

n-phase experiments will yield antiphase and in-ph
.COSY-like tilted cross peak patterns, respectively, f
hich 1JNC9 and 2JHN C9 can be measured in theF 1 and F 2

imensions, respectively. Obviously, either one of the ex
ents would provide the two heteronuclear coupling cons

n much the same way as a13C9-coupled [15N, 1H]-HSQC
pectrum (13) but the addition and the subtraction of
ntiphase and in-phase spectra will result in two simpl
ubspectra edited with respect to the13C9 spin-state. Eac
ubspectrum has no more cross peaks than a conventiona15N,

1H]-HSQC spectrum. Optionally, only the1JNC9 coupling could
e recorded by applying a 90° pulse on the13C9 spins after th

1 evolution to remove any13C9 z-magnetization. Alternatively
he carbonyl carbons could be decoupled during the acqui
o remove the2JHN C9 couplings. Furthermore, the spin-st
election could be applied with respect to1JHN N along F 2 as
escribed by Anderssonet al. (16, 17). Thus, three coupling

1JNC9,
2JHN C9, and 1JHN N could be measured from the spec

nt for the measurement of1JNC9 couplings from [13C9, 1H] correlation spectra
yl carbon after the second 2t period can be used to purge undesired compon
nitrogens during acquisition with WALTZ-16 (33). Pulses (180°) on13C9 are
center of the13C9 and13Ca spectral region. Delay durations:D 5 1/(4JHNN), t 5
ncy discrimination inF 1-dimension (34). Phase cycling for sin(vC9t 1)sin(pJNC9t 1)
(x), 8(2x)); c 5 8(x) andfrec 5 2(x, 2x, 2x, x). For cos(vC9t 1)cos(pJNC9t 1)

ase spectra result in up- and downfield multiplet components.
ime
bon
nd
the
que
5 8
iph
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35COUPLING CONSTANT MEASUREMENT FOR PROTEIN STRUCTURE DETERMINATION
ithout introducing additional crowding compared with
SQC spectrum.
For large proteins at high magnetic fields transverse r

tion optimized spectroscopy (TROSY) improves sensit
nd resolution (18–22). Implementation of the generaliz
ROSY scheme (20–22) into the HN(a/b-NC9-J) sequence i
hown in Fig. 1B. The generalized HN(a/b-NC9-J)-TROSY, if
esired, provides, in addition to improved sensitivity and
lution, an option to measure1JHN N couplings from the sam
ata set.
At intermediate field strengths an alternative to the HNa/

-NC9-J) is the H(a/b-NC9-J)CO experiment (Fig. 2), whic
s a modification of the HNCO pulse scheme (26). In this case
he 1JNC9 values are measured from the13C9-dimension in the
13C9, 1H] correlation spectrum. The H(a/b-NC9-J)CO exper
ment begins with the usual1H, 15N INEPT transfer step, whic
s followed by a heteronuclear spin-echo period during w
he 15N coherence dephases with respect to the preceding13C9
pin. In the course of the subsequent filter period, the cou

FIG. 3. Intensity (%) of the minor component relative to the principle
or 1JNC9. In the interval from 11.6 to 18.4 Hz the ratio of the principle to
x-
y

-

h

g

etween1HN and 15N is active in the antiphase experim
filled 180° pulse on15N is applied), while it is effectivel
ecoupled in the in-phase experiment (unfilled 180° pulse

15N are applied). Thus, a13C9 coherence described by
perator 2Hz

NC9y is created before thet 1 evolution period in th
ntiphase filter while the coherence proportional to a
Hz

NNzC9y is created in the in-phase filter. Chemical shift of13C9
volves simultaneously with1JNC9 during t 1 and the signal o

nterest at the end of thet 1 period is proportional t
Hz

NNzC9ysin(2pJHNND)sin(vC9t1)sin(pJNC9t1) and 4Hz
NNzC9ycos-

vC9t 1)cos(pJNC9t 1) for the antiphase and the in-phase sp
rum, respectively. Postacquisitional addition and subtra
f these two experiments and their corresponding quadr
ounterparts result in upfield and downfield doublet com
ents. Obviously,1JNC9 can be extracted directly from t
ifference of the13C9 chemical shifts of corresponding res
ances in the two subspectra. After labeling of the13C9 fre-
uencies, magnetization is transferred back to nitrogen
nally to amide proton by a reverse INEPT step. For

ponent as a function ofJ. The plot was calculated using 15 Hz as a nominal v
minor component is at least 30 which guarantees good filtering.
com
the
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36 PERMI ET AL.
ntiphase spectrum, the phase of thec pulse is shifted by 90
ith respect to the in-phase experiment. Thef4-pulse on
arbonyl carbon serves to purge undesired magnetization
onents.

RESULTS AND DISCUSSION

Cross-correlation between dipole–dipole (DD) and chem
hift anisotropy (CSA) relaxation mechanisms usually ca
ifferent relaxation rates for the two15N doublet componen
28). The a/b-filters used in the presented experiments
nsensitive to this as the carbonyl carbon spin-state is inv
uring the filter element. Therefore, thea- andb-component
f the 15N–13C9 doublet relax at the same rate with respec
SA and dipolar contributions. Nevertheless, due to the

erent relaxation properties of the antiphase (4HzNxC9z) and
n-phase (2HzNy) magnetizations in the HN(a/b-NC9-J) exper-
ments, the amplitude of the sine-modulated antiphase ma
ization is slightly smaller than the cosine-modulated in-ph
agnetization. Ignoring other relaxation mechanisms du

he a/b-filter, the antiphase and in-phase operators rela
ates given by Eq. [1].

R2~Hz
NNxC9z! 5 R2~

15N! 1 R1~
1HN! 1 R1~

13C9!;

R2~Hz
NNy! 5 R2~

15N! 1 R1~
1HN!. [1]

FIG. 4. Expansions of thea/b-filtered spectra of ubiquitin recorded w
omponents result in downfield (A) and upfield (B) components. As a re
.0 mM uniformly 15N/13C-labeled human ubiquitin from VLI Research (76
.8, 50 mM phosphate buffer. Spectra were acquired at 30°°C with a V
esonance probe head with an actively shieldedz-axis gradient. Experiment
.0 (0.7);G2 5 10.0 (0.7);G3 5 8.0 (0.7);G4 5 15.6 G/cm (0.7 ms). Gradie
0° proton pulse was a 1.18-ms rectangular pulse applied to the water re

he Pandora’s Box software package (35). Spectral widths inF 1 (F 2) dimensio
s, number of scans5 64. Data were zero-filled to 2 K (8 K) in F 1(F 2) dimen
ata were processed with the Felix97.0 software package (36).
m-

al
es

e
ed

o
f-

e-
e
g
at

nalogously, corresponding relaxation rates for the H(a/b-
C9-J)CO experiment are

R2~Hz
NNzC9y! 5 R2~

13C9! 1 R1~
1HN! 1 R1~

15N!;

R2~Hz
NC9y! 5 R2~

13C9! 1 R1~
1HN!. [2]

n principle, these differences in the relaxation rates could
o an imperfecta/b-filtering as a fraction of the doublet com
onent in thea-state would be present in theb-state selectiv
ubspectrum and vice versa. In the case of large protein
ismatch in the relaxation rates at high magnetic fields c
e corrected for by scaling the antiphase and in-phase sp
efore the construction of the subspectra as suggeste
ttiger et al. and Sørensenet al. (23, 29).
In addition, HN(a/b-NC9-J) experiments, as all E.COS

type experiments, are prone toJ crosstalk due to passive sp
ips. If the passive spin,13C9 in this case, changes its spin-st
etween the evolution and acquisition periods, the values
ured from the2JHN C9 splitting will be slightly inaccurate. Th
henomenon and methods for its compensation have
ecently discussed by Sørensenet al. and Meissneret al.
29, 30). In this particular case, the spin flip rate of13C9 is
elatively slow and subspectral editing is only slightly affec

pulse sequences in Fig. 1. Addition and subtraction of the anti- and
nce,3C9-coupled [15N, 1H]-HSQC spectrum (C) was recorded. Sample conditi
idues, 8.6 kDa), dissolved in 90/10% H2O/D2O in Wilmad 535PP NMR tube, p

ian Unity 500 spectrometer equipped with a pulsed field gradient unit
arameters for thea/b-filtered experiments: gradient strengths (durations):G1 5
covery time5 200ms. Delay durations:D 5 2.7 ms,t 5 16.6 ms. The selectiv

nance. Selective decoupling of aliphatic carbons with SEDUCE-1 was ged with
1700 (8000) Hz, number oft 1 increments5 256, acquisition time (t 2) 5 128

n; squared cosine window functions were applied in theF 1 andF 2 dimensions
ith
fere1

res
ar

al p
nt re
so
n5
sio
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37COUPLING CONSTANT MEASUREMENT FOR PROTEIN STRUCTURE DETERMINATION
y 13C9 spin flips between thet 1 and t 2 periods, and errors
he measured2JHN C9 coupling constants will remain small.

The sensitivity of the employeda/b-filters to the J-mis-
atch in the HN(a/b-NC9-J) experiment is the same as in
riginal version (17), except for the minute signal loss due

he chemical shift evolution during the 90° purge pulse in
ntiphase filter element. Figure 3 shows the intensity o
inor component relative to the principle component a

unction ofJ when the filter delay is tuned to a nominal va
f 1JNC9, i.e., 15 Hz. A clean separation of multiplet com
ents into subspectra can be obtained whenJ values fal
etween 11.6 and 18.4 Hz. Within this interval the intensit

he minor component, arising from theJ mismatch, is at lea
0 times smaller than the intensity of the principle compon
his is superfluous for scalar1JNC9 couplings which usuall
eviate no more than61.5 Hz from 15 Hz. Larger deviation

rom the tuned coupling are expected in anisotropic phase
o residual dipolar contributions. However, owing to the
yromagnetic ratios of nitrogen and carbon, these contribu
emain quite small, e.g.,#2 Hz, when the maximal dipola
ontribution to1JHN N coupling is approximately 15 Hz. Larg
alues of residual dipolar couplings will limit the polarizat
ransfers as well. Considering an extreme case, where
oupling is 13 Hz and dipolar contribution to the splitting is22
z resulting in1J 1 D 5 11 Hz, the crosstalk is likely to b
ubstantial. The artifact can be corrected by the approp
caling of the in- and antiphase data in the constructio
ubspectra (23, 29, 30). Especially with larger proteins, th
egree ofJ crosstalk may not be easily estimated due
verlapping doublet components. Therefore, besides the
itivity reasons, the HN(a/b-NC9-J)-TROSY spectra allow

Residue

HN(a/b-NC9-J) 13C9-coupled HSQC

1JNC9 [Hz] 2JHNC9 [Hz] 1JNC9 [Hz] 2JHNC9 [Hz]

Gln2 16.5 4.5 16.4 4.4
Leu15 15.0 4.8 14.9 4.8
Asp21 14.6 4.2 14.4 4.2
Ala28 15.8 4.0 15.7 4.1
Gln31 14.3 4.4 14.2 4.5
Arg42 14.7 5.0 14.5 4.9
Leu43 14.4 4.9 14.3 4.9
Phe45 14.0 4.2 13.8 4.2
Gln49 13.7 4.2 13.6 4.1
Glu51 14.7 4.3 14.5 4.3
Asp58 15.0 4.1 14.9 4.0
Leu69 14.7 4.4 — —
Leu71 14.7 4.4 14.6 4.3
Arg72 14.3 3.9 14.2 4.0
Leu73 14.8 5.2 — —

Note.Measured1JNC9 and 2JHNC9 coupling constants for the residues sho
n Fig. 4, recorded with the HN(a/b-NC9-J) pulse sequence and with t
3C9-coupled [15N, 1H]-HSQC as the reference. Due to resonance ove
oupling constants could not be measured for Leu69 and Leu73 from the
3C9-coupled [15N, 1H]-HSQC spectrum of ubiquitin.
e
e
a

f
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ue

ns

lar

te
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o
n-

he antiphase and in-phase spectra. Thus, in practice wJ
ismatch is considered, the presented filter scheme is

ient for subspectral editing in both isotropic and anisotr
edia.
As is commonly known, a measurement of coupling fro

artially resolved in-phase doublet will give an underestim
f the coupling constant. In the case ofa/b-filtered experi
ents, the estimation of1JNC9 coupling constants will also b

naccurate if the subspectral editing is incomplete. This ra
rom the fact that the undesired minor component will shift
pparent position of the desired principle component leadi

ncorrect separation of peaks in different subspectra. In
ase, the apparent peak placements deviate less from the
ositions due to the residual crosstalk artifact possibly rem

ng after the scaling operation than the overlapping in-p
ultiplet components in the conventional13C9-coupled HSQC
xperiment.
The variation of the1JNC9 couplings is percentually larg

han that of the1JHN N couplings. Consequently theJ crosstalk
ay arise from aJ mismatch in the presence of residual dipo

ouplings (vide supra). In this respect the main advantage
he H(a/b-NC9-J)CO experiment over HN(a/b-NC9-J) is the
ery robust filter element. The editing is based on a large1JHN N

oupling, which is quite uniform through all residues in
rotein backbone. Consequently, the editing in the H(a/b-NC9-
)CO experiment is insensitive to theJ mismatch even in th
resence of large residual dipolar contributions and exce
ltering can be expected also for those residues where1JNC9

oupling deviates excessively (.61.5 Hz) from the nomina
5 Hz, which might compromise the subspectral editing in
N(a/b-NC9-J) experiment.
The method for the determination of1JNC9 and 2JHN C9 from

he spin-state-selective subspectra was demonstrated fo
Da (76 residues) uniformly15N/13C-labeled human ubiquit
VLI Research, Southeastern, PA). Representative expan
f the a/b-filtered 1JNC9 and 2JHN C9 subspectra of ubiquitin a
hown in Figs. 4A and 4B, recorded with the pulse seque
n Fig. 1A together with the13C9-coupled [15N, 1H]-HSQC (13)
pectrum (C) as reference.
The spectrum in Fig. 4A presents downfield componen

he 15N–13C9 doublet, whereas upfield components are in
pectrum in Fig. 4B. There are no signs of significant artif
esulting from the addition and subtraction in these subspe
he good quality of the aforementioned suppression a

rom the insensitivity of the filter to theJ-mismatch and from
he similar relaxation rates of the anti- and in-phase com
ents, implying thatR1(

13C9) is small, as expected. For ref
nce, both15N–13C9 doublet components are in-phase in
pectrum in Fig. 4C, split by the1JNC9 coupling in the F1
imension and by2JHN C9 in the F2 dimension. Measured1JNC9

nd 2JHN C9 values for residues shown in Fig. 4 are listed
able 1.
Measured coupling constants agree well (deviation#0.2

z) with those obtained using the13C9-coupled [15N, 1H]-

,
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SQC. Nevertheless, there seems to be a tendency for sl
arger coupling constants measured from thea/b-filtered sub
pectra than from the13C9-coupled [15N, 1H]-HSQC spectrum
his can be understood by the principles discussed earlie

he two doublet components overlap in the13C9-coupled [15N,
1H]-HSQC spectrum and measured coupling constants ar
erestimations of the true coupling constants. In the case
N(a/b-NC9-J) experiment, each subspectrum contains
ne of the doublet components and cross peak placemen
ot shifted toward each other as in the13C9-coupled [15N,

1H]-HSQC, resulting in larger coupling constants.
Figure 5 shows four expansions of the downfield (red)

pfield (blue) components of the15N–13C9 doublet of Ile36 in
he generalized HN(a/b-NC9-J)-TROSY spectrum. The com
onent in the lower right corner represents the slowest rela

1HN–15N multiplet component. At the field of 600 MHz lin

FIG. 5. Expansions of four1HN–15N multiplets of Ile36 15N–13C9 doub
HN–15N cross peak at the bottom right corner represents the most slowly
blue contours)15N–13C9 doublet components of the subspectra are overlai
nity 600 spectrometer equipped with a pulsed field gradient unit and
arameters are as in Fig. 4 except for gradient strengths (durations):G5 5
cquisition time (t 2) 5 256 ms, and number of scans5 8. Data were zero-fille

n the F 1 andF 2 dimensions.
tly

e.,

n-
he
y
are

d

g

arrowing due to destructive relaxation interference of DD
SA interactions in the15N dimension is quite small.
A representative expansion of the downfield (A) and up

B) components of the15N–13C9 doublet, obtained using th
(a/b-NC9-J)CO experiment, shown in Fig. 6, exemplifies
xcellent separation of thea- andb-states into different sub
pectra. There is no sign ofJ crosstalk in either subspectru
Coupling constants determined from the H(a/b-NC9-J)CO

pectrum were compared with those obtained from the Ha/
-NC9-J)-TROSY experiment at 600 MHz. A good correlat
etween1JNC9 coupling constants measured from these
xperiments was found (Fig. 7). The pairwise root-me
quared deviation is 0.13 Hz for the 69 residues conside
Favorable relaxation properties of carbonyl carbon sp

ow magnetic fields (,600 MHz) make the H(a/b-NC9-J)CO
cheme a convenient alternative to the HN(a/b-NC9-J) exper-

recorded with the generalized HN(a/b-NC9-J)-TROSY pulse sequence. T
axing component. For each1HN–15N cross peak downfield (red contours) and upfi
ample conditions are as in Fig. 4. The spectrum was acquired at 25°C w
iple resonance probe head with an actively shieldedz-axis gradient. Experiment
7 G/cm (0.7 ms), spectral widths inF 1 (F 2) dimension5 1800 (8000) Hz

K (4 K) in F 1 (F 2) dimension, squared cosine window functions were app
let
rel

d. S
a tr
17.
d to 4
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ments due to its robust editing properties. However, sinc
hemical shift anisotropy of the13C9 spin is quite large, th
inewidth increases rapidly with magnetic field, resulting i

ore insensitive experiment relative to the HN(a/b-NC9-J)-
ROSY at the highest magnetic fields. In addition, since
hemical shift dispersion is usually smaller in the [13C9, 1H]
han in the [15N, 1H] correlation spectrum, the H(a/b-NC9-
)CO experiment is not as suitable for large proteins as
N(a/b-NC9-J) experiments.
In summary, in this paper we illustrate that filters selectiv

arbonyl carbon spin-states can be applied for the measur
f 1JNC9 and 2JHN C9 couplings from an [15N, 1H] correlation
pectrum processed to yield two simplified subspectra,
ith no more cross peaks than a conventional decoupled15N,

1H]-HSQC spectrum. The HN(a/b-NC9-J) experiment imple
ented with the generalized TROSY scheme provides
roved sensitivity and resolution at high magnetic fields.

ernatively, at intermediate field strengths, the spin-s
elective two-dimensional [13C9, 1H] correlation spectrum is a

FIG. 6. Expansion of the [13C9–{ 15N}, 1H] correlation spectrum obtained
omponents of the15N–13C9 doublet were obtained by postacquisitional a
he dashed line indicates the corresponding cross-section shown above
durations):G1 5 4.0 (0.7);G2 5 10.0 (0.7);G3 5 7.0 (0.7);G4 5 12.5ms (0
00ms. Delay durations:D 5 2.75 ms,t 5 16.6 ms. Selective decoupling o
ackage (35). Spectral widths inF 1 (F 2) dimension5 1800 (8000) Hz, numb
ata were zero-filled to 4 K (4 K) in F 1 (F 2) dimension, squared cosine win

he Felix97.0 software package (36).
with H(a/b-NC9-J)CO pulse sequence (Fig. 2). The downfield (A) and upfield
ddition and subtraction of antiphase and in-phase data sets in the frequen
. Spectra were acquired with a Varian Unity 600 spectrometer at 25°C. Gradstrengths
.7ms), G5 5 9.0 ms (0.7ms); G6 5 16 G/cm (0.7 ms). Gradient recovery time5
f aliphatic carbons with SEDUCE-1 was generated with the Pandora’s Box
er oft 1 increments5 256, acquisition time (t 2) 5 256 ms, number of scans5 16.
dow functions were applied in theF 1 andF 2 dimensions. Data were processed w
e

e

e

o
ent

ch

-
-
e-

FIG. 7. Correlation plot of1JNC9 coupling constants measured with Ha/
-NC9-J)CO vs HN(a/b-NC9-J)-TROSY experiments for 69 residues in ub
itin at 600 MHz, 25°C. The pairwise root-mean-squared deviation is 0.1
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rally, spin-state-selective spectral editing in two dimensio
ost advantageous for larger proteins to provide orientat

nformation with good resolution and sensitivity. These m
ds are also applicable to perdeuterated proteins.
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