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Abstract

Novel a/p-half-filter elements are proposed for the separation of the high-field and low-field comporém of

andYu splittings into different subspectra. Thgs-half-filter elements are of the same duration as #@Tpulse

sequence element and, like this, are less sensitive to cross talk between different subspectra than the original shorter
o/B-half-filters. The filter elements are demonstrated with the measureménitoupling constants of @4

groups in 2D and 3D experiments and the subspectral editing of the four different multiplet components observed
in two-dimensionad/3-HSQC+«/f spectra recorded without heteronuclear decoupling in either dimension.

The separation of two doublet components into dif- in-phase and antiphase magnetizations become avail-
ferent subspectra provides a convenient way of mea- able individually, allowing the separation of the two
suring the coupling constant and can be achieved doublet components into different subspectra. Figure 1
by spin-state selective experiments using exclusively shows a selection of filter elements by which this
non-selective pulses (Nielsen et al., 1996a,b; Ross etediting can be achieved.
al., 1996; Sattler et al., 1996; Meissner et al., 1997a,b;  All filter elements of Figure 1 can be used with
Sgrensenetal., 1997; Andersson etal., 1998). Further-21, S, as starting magnetization. Evolution under the
more, spin-state selective experiments allow the selec-scalar coupling/;s leads to 2,5, cos(J;st/2) - I«
tion of the most slowly relaxing multiplet component sin(nJ;st/2). Fort=1/(2J;s), both terms are of iden-
in heteronuclear correlation experiments (Pervushin et tical magnitude. In a vector description, tliespins
al., 1997). This communication presents a new variant bound to S spins in the statex or g, respectively,
of spin-state selective filter elements, a brief compar- have precessed in opposite directions by 4%ach.
ison with existing filters, and experimental examples At this point, the SE pulse sequence uses two°90
for the measurement of the scalar one-bond coupling pulses of either the same or opposite phase to invert
constant/yc of C*H groups int3C-enriched proteins.  or not invert the sign of one of the doublet compo-
The two doublet lines of a spin with a single cou- nents. If stored separately, the two data sets obtained
pling partner correspond to theandp state of the in this way can be additively or subtractively combined
coupling partner, respectively. For a two-spin system to yield the different doublet components (Meissner
with the proton spirt and the heteronuclear spgithe et al., 1997a,b). The/p-half-filter element of Fig-
two doublet components can be described as the sumure 1B works in an analogous way, except that the
or difference of in-phase and antiphase magnetization,two data sets differ by the presence or absence of
I, +21I,§;. Using spin-state selective experiments, the the editing 188(S) pulse inverting the sign of the an-
tiphase magnetization term. ThéBpulse sequence
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holm, Sweden, Tel:+46-8-728 6804. Fax: +46-8-335296. E-mail: ' PUIS€ IMPEriections can be negiected, exceptthat the

gottfried.otting@mbb.ki.se. a/B-half-filter can start from? spin magnetization of
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Figure 1. Pulse sequence elements for spin-state selection. Start-
ing from transverse antiphase magnetizatialyS2, these pulse
sequences are sufficient to edit the two doublet components &f the
spin in anl — S two-spin system into two different one-dimensional
subspectra. The filter elements (A) to (D) can equally well be used
starting from in-phase magnetizatidy. Narrow (wide) bars repre-
sent pulses with flip angles of 9Q18C°). Dashed lines indicate edit-
ing pulses applied only every second scar= 1/(2J;s). (A) S3E
pulse sequence element. The’@) pulses are phase shifted by
45° with respect to the starting magnetization. Two data sets are
recorded with different phase cycles, yielding the two subspectra
by addition and subtraction (Meissner et al., 1997a,b). (B) Short
a/B-half-filter. Two data sets are recorded with and without the
editing 180 (S) pulse. The two subspectra are obtained by addition
and subtraction, followed by phase shifting of one of the resulting
data sets by 90 and addition and subtraction of these new data sets
(Andersson et al., 1998). (C) Longp-half-filter. Two data sets are
recorded with and without the editing 183) pulse. In addition,

the 90 (S) pulse is applied only in the scans selecting in-phase
spin magnetization. The two subspectra are obtained by addition
and subtraction of the recorded data sets. (D) Loygrhalf-filter

with averaging of the relaxation rates of both doublet components
in the presence of cross-correlation between dipole-dipole and CSA
relaxation. Two data sets are recorded with the’{8Ppulse shown

by dashed lines or with the 18() pulses indicated by dotted lines.

In (C) and (D) the 90(S) pulse is applied only in the scans selecting
in-phase magnetization. (E)?‘ST pulse sequence element for the
editing of doublet components starting from antiphase magnetiza-
tion 21, S; or 21, S,. Two data sets are recorded with different phase
¢, yielding the two subspectra by addition and subtraction (Sgrensen
etal., 1997).

arbitrary phase, as encountered, for example, in phase
encoded experiments using pulsed field gradients for
coherence selection (Andersson et al., 1998).dl/ite
half-filter element can lead to imperfect subspectral
editing, if inversion by the editing 180pulse is in-
complete. In the ¥ pulse sequence element, signal
is lost by chemical shift evolution during the pair of
90°(1) pulses (Zerbe et al., 1992).

If the total filter delayt/2 does not exactly match
1/(4J;s), some residual signal from one subspectrum
also appears in the other subspectrum. The mgv
half-filter elements shown in Figures 1C and D are
less sensitive to variations in scalar coupling constants.
Two data sets with and without effective decoupling of
the J;s coupling are recorded. The total filter detay
corresponds to 1/(gs). Starting from antiphase mag-
netization 2, S, the filter element of Figure 1C yields
unmodified antiphase magnetization in the absence of
the 180(S) pulse. With this editing pulse, in-phase
magnetizationy, is obtained. Any residual antiphase
magnetization is purged by the @) pulse which
is applied only in the scans selecting in-phase mag-
netization. Two different data sets are thus obtained,
containing pure in-phase and antiphase magnetization,
respectively. After phase shifting one of the data sets
by 9°, for example by swapping the real and imag-
inary parts of each complex data point, the two data
sets can be added or subtracted to yield the subspectra
containing one or the other doublet component. The
sensitivity of thea/p-half-filter element of Figure 1B
towardsJ mismatch is the same as that of théeS
pulse sequence element (Figure 1A). The sensitivity
of the newa/B-half-filter elements of Figures 1C and
D towards/ mismatch is the same as that of ti€S
pulse sequence element (Figure 1E). Plots of the in-
tensities of the desired and undesired components as a
function of AJ/Jo (t = (2Jo) 1) in subspectra of &
and SCT experiments have been shown previously
(Figure 6 in Sgrensen et al., 1997). Tdy-half-filter
element of Figure 1D differs from that of Figure 1C
by the presence of two 18() pulses in the middle
of the delayst/2, when the data set witl; s decou-
pling is recorded. This averages the relaxation rates
of the two doublet components of thespin, when
they relax with different rates due to cross-correlation
between dipole-dipole and CSA relaxation (Goldman,
1984). A direct comparison of the/-half-filters with
the SCT element is complicated by the fact that the
latter was designed to achieve coherence transfer at
the same time as spin-state selection. Thus, 8@TS
element requires antiphase magnetization at the start.
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Figure 2. Pulse sequences for the subspectral editing of the multiplet componentjs:”O#lH cross peaks of @ groups.

T = 1/(21/Hc) = 3.45 ms. Hatched bars denote rectangular°(BtC) pulses applied at 55 ppm with a duration of 4g to avoid
excitation of the carbonyl resonances. All pulses, except where noted, are applied withxpl#dseulsed field gradients were applied

with a sine-bell shape and a duration of 508 and followed by a recovery delay of at least 308 Carbonyl resonances were decoupled
either by a 1.0 kHz SEDUCE sequence (McCoy and Mueller, 1992) or bysA780 (13C) pulses applied at 176 ppm. (&)yB-HSQC.

For subspectral editing, two data sets are recorded with and without the editih(jLHi;%@ulse drawn with dashed lines, and recombined as
described in Figure 1C. The ®(3H) pulse drawn with a dashed line is applied in the scans with the editing(i8ppulse. Phase cycle:

1 =x; d2 = x, —x; 3 = d4 = 2(x), 2(—x); receiver= x, —x. Gradient strengthgly 3 4 = 2.5, 110, 1.5, 2.5 G/cm. (B) HSQCu/B. For
subspectral editing, two data sets are recorded as in (A). Phasegyclex; ¢ = x, —x; dp3 = 2(x), 2(—x); ¢4 = 4(x), 4(—x); receiver

= 2(x, —x), 2(—x, x). Gradient strengthsg; 3 = 3.5, 110, 2.5 G/cm. (C)a/p-HSQCw/B with short and longx/p-half-filters in thersy

andr, dimension, respectively. For subspectral editing, the following four data sets (I to 1V), are recorded: (l) with the editing pulses in both
o/B-halffilters; (1) with editing 180 (H) pulse in the firste/p-half-filter, and without editing 18q13C) and 96(}3C) pulses in the second;

(1) without editing 183 (1H) pulse in the firsty/p-half-filter, and with editing 189%(13C) and 906(13C) pulses in the second; (IV) without
editing pulses in eithew/p-half-filter. The four subspectra can be obtained by the following procedure: first, the data sets Il and IV are phase
shifted by 90 in ther, dimension to yield the data setggland Vg, €.9. by exchanging the real and imaginary parts of each complex data
point; next, four new data sets are calculated to select the high-field and low-field doublet componefpidithension: a=1 + llgg; b=1 —

llgg; c= 1l +1Vgq; d= 11l — IV gg. Each pair of data sets, a and c, and b and d, is subsequently rearranged as described in Figure 1B to achieve
the editing in theF; dimension. Phase cycléi = x; ¢2 = x, —x; d3 = 2(x), 2(—x); ¢4 = 4(x), 4(—x); receiver= 2(x, —x), 2(—x, x).
Gradient strengthg » 3 4 = 3.5, 11.0, 1.5, 2.5 G/cm. Quadrature detection in the indirect frequency dimension is achieved by simultaneously
incrementing the phasds and ¢, with the evolution timer1. (D) HACACO-u/p pulse sequence. Subspectral editing as in (A= 7 ms.

Phase cycleth) = 4(x), 4(y), 4(—x), 4(—y); d2 = 2(x), 2(—x); ¢3 = x, —x; ¢4 = x; receiver= x, —x, —x, x, —x, x, x, —x. Gradient
strengths(durations)z; o 3 = 4.0 G/cm (0.5 ms), 8.5 G/cm (1.0 ms), 3.0 G/cm (0.5 n?é"p pulses were non-selective, except for the
pulses within the dashed box which were applied with durations ofi$and 47us for 90 and 180 pulses, respectively, to minimize
mutual excitation of € and C resonancest3C/ pulses were applied immediately after or before the correspori'&ﬁ@ pulses, although
displayed as simultaneous in the figure. For optimum sensitivity, off-resonance effects of tiE3C80pulses were compensated by adding

an experimentally determined, constant phase offsét tand ¢4 (Grzesiek and Bax, 1993). THe1 spin-locking field was applied with an

RF strength of 6.25 kHz.

Furthermore, the occurence of transvefsspin co- the SCT pulse sequence element of Figure 1E, the
herences during the3ST element requires different  o/p-half-filter elements of Figures 1C and D have the
filter delays for CH, CH and CH groups { =1 H, advantage that the 18@) pulses in the middle of the

§ =13C), and causes complications in the presence filter delays exclusively serve for inversion rather than
of Yecc couplings (Ross et al., 1996), whereas the refocusing, allowing the use of simple composite or
sameaq/B-half-filter delay is optimum for all these adiabatic pulses for the optimum inversion of large
spin systems, as only spins evolve. Compared to  spectral widths. Homonucledrspin couplings evolv-
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Figure 3. Cross sections through subspectraogp-HSQC and
HSQC«/p experiments recorded with a 3 mM solution of 30%
13¢/100% 15N labelled 78 residue N-terminal domain Bf coli
arginine repressor at 28C, pH 5.5. The cross sections show the
doublet components of thHeC—1H cross peak of Leul0%H for
which Ycy = 148 Hz. (A) Cross sections through the subspec-
tra of thea/B-HSQC experiment recorded with the pulse sequence
of Figure 2A. Parameterst = 3.45 ms, t1max = 154 ms,
tomax = 170 ms, total experimental time 3 h, Bruker DMX-600
NMR spectrometer. Before Fourier transformation, the data were
multiplied by cosine and cosine squared window functions irrthe
andr, dimension, respectively. Corresponding data recorded with
the a/p-half-filters of Figure 1B and Figure 1D gave very similar

iment of Figure 2A was designed for the separation
of the doublet components dfC*—H? cross peaks

in the Fy frequency dimension. The efficiency of
this experiment for measuring/cy couplings was
compared to that of the HSQ&H experiment of
Figure 2B, where the doublets are edited in Hadre-
guency dimension. The doubly-editeB3-HSQC«/p
experiment of Figure 2C separates all four multiplet
components of thé3C*—H® cross peaks into dif-
ferent subspectra. The HACAC®4 experiment of
Figure 2D facilitates the measurementggy cou-
pling constants when the corresponding cross peaks
are overlapped in two-dimensional spectra.

Spectra using the pulse sequences of Figure 2A—
C were recorded with a 30%°C/10094°N labelled
sample of the 78 residue amino terminal domain of
the E. coli arginine repressor (Arg-N; Sunnerhagen
et al.,, 1997) dissolved in fD. Figures 3A and B
show a comparison of representative cross sections
through the subspectra af p-HSQC and HSQG/p
experiments. Although th&1(13C) relaxation times
of the C'H groups are longer than th& (*H) relax-
ation times, the sensitivity and resolution is better in
the HSQCa/B subspectra (Figure 3B). Most notably,
the high-field component of the doublet observed in
the a/B-HSQC experiment is significantly broadened
by cross-correlation between dipole-dipole relaxation
and CSA relaxation of th&C spin (Goldman, 1984).

In addition, Ycc couplings broaden the multiplet in
the cross sections of the/f-HSQC experiment. Con-
sequently/ic couplings are easier to measure in the
F> dimension of HSQGQx/p subspectra than in thig
dimension ofx/B-HSQC subspectra.

Similar to experiments with regular half-filter el-
ements (Otting and Wuthrich, 1989, 1990), the inde-
pendent application af/B-half-filters in ther; andz,
evolution periods allows the generation of four sub-
spectra. As an example, the implementation of two
a/B-half-filter elements in an HSQC pulse sequence is

spectra (data not shown). (B) Cross sections through the subspectrashown in Figure 2C. Four data sets were recorded for

of the HSQCa/p experiment recorded with the pulse sequence of
Figure 2B. Parametersimax = 50 ms, tomax = 341 ms, total

this ‘a/B-HSQC«/p’ experiment, with and without

experimental time 7.5 h. Other parameters were identical to those in €diting pulses of the:/p-half-filters. By appropriate

(A).

ing during thea/B-half-filter affect the line-shape of

the I spin resonances only little, as in conventional

half-filter experiments (Otting and Withrich, 1990).
Figure 2 shows implementations of th¢p-half-

filter schemes in HSQC-type experiments as well as

in a 3D HACACO experiment. The/B-HSQC exper-

combination of the data sets (see caption of Fig-
ure 2C), the four components of thé'-€H* cross
peak were edited into four different subspectra (Fig-
ures 4A-D). When cross-correlation effects between
the dipole-dipole and CSA relaxation significantly
narrow the low-field components in tHéC dimen-
sion, a spectrum selecting these multiplet components
can have a better signal-height-to-noise ratio than a
decoupled spectrum (Pervushin et al., 1997). For dou-
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Figure 4. Subspectra of an/B-HSQCe/p experiment recorded with the N-terminal domairEofcoli arginine repressor and comparison with

a subspectrum from the HSQ@$ experiment of Figure 3B. The experiments were recorded with the pulse sequences of Figures 2C and 2B,
respectively. The same sample was used for both experiments. ldentigakyx, f2max total experimental time, window functions and plotting
parameters were used. (A)—(D) Selected spectral region from the four subspectra/g-H8QC«/p experiment, each containing one of the

four different multiplet components of tHéC—1H cross peaks of ¥H groups separated HyCH in both dimensions. Each contour level was
plotted by a factor/2 above the preceding one. The noise bangiat 4.73 ppm is from the residual HDO signal. (E) and (F) Comparison

of subspectra from the HSQ& (E) anda/B-HSQC«/p (F) experiments. The subspectra contain the low-field component of the doublets
in the F» dimension. In addition, the subspectrum of th@-HSQC«/p experiment selects the low-field component of the doublet in the

F1 dimension. Note that the spectral region of th¢-HSQC«/B subspectrum was shifted in thg dimension by about 75 Hz to show the
multiplet components corresponding to the cross peaks in the HE®Gubspectrum.
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Figure 5. Difference between thé&/c coupling constants of €H groups measured for the N-terminal domainEbfcoli DnaB helicase
using the HACACOe/p experiment of Figure 2D, and random coil values by Vuister et al. (1993). The data were recorded with a 2 mM
sample of DnaB(24-136) in £D (20 mM sodium phosphate buffer containing 1 mM EDTA and 0.02% w/v §alpH 7.5, 32C. Spectral
widths/number of complex data points: 4464 Hz/28 pits, [L3C], 1887 Hz/38 pts f», 13C'] and 6776 Hz/1024 ptsHz, 1H]. The total
acquisition time was 48 HJCH values determined from different experiments correlated with an rms deviation of about 1 Hz. Values for glycyl

residues and overlapping cross peaks are not plotted. The regular secondary structure elements identified by chemical shift indices and short

range NOEs (Weigelt et al., 1998) are indicated at the top.

blets with Lorentzian lineshapes, the selection of the
low-field component becomes worthwhile, when it re-
laxes three times more slowly than the high-field com-
ponent. This limit was reached for several of the C

H® cross peaks in the Arg-N sample. Figures 4E and

fects affect the intensities of the individual, unresolved
IH—1H multiplet components differently for the two
13C satellite signals (Cuperlovic et al., 1996), fien
coupling constants are more accurately measured by
comparing the separations of the bottom halves of the

F compare a representative spectral region in subspecpeaks rather than by measuring peak-to-peak separa-

tra recorded with the HSQ@G/p anda/B-HSQC«/p
experiments of Figures 2B and C, respectively. Only
the subspectra containing the low-field doublet com-
ponent in the!H dimension are shown. In addition,
the low-field doublet component was selected in the
13C dimension of the doubly edited subspectrum (Fig-
ure 4F). Although the/B-HSQC« /B experiment was
recorded withoutH decoupling in theF; frequency
dimension, it is for most cross peaks comparable in
resolution and sensitivity to the HSQ®$ subspec-
trum recorded withtH decoupling. Conceivably, the
doubly editeda/B-HSQC«a/p experiment would be
attractive at higher magnetic fields.

For larger proteins, homonucleaf#H? couplings
are no longer resolved in the*€H®“ cross peaks.
Since conformation dependent cross-correlation ef-

tions. An HACACO«/p experiment recorded with a
sample of the 113 residue N-terminal domaiio€oli
DnaB helicase, using the pulse sequence of Figure 2D,
showed cross peaks with unresolved multiplet fine-
structure, where the width of the envelope comprising
each H multiplet typically was about 35 Hz. Never-
theless, thé/cy values measured for theé'8 groups
correlate well with the secondary structure elements
predicted by NOEs and chemical shift indices (Fig-
ure 5; Weigelt et al., 1998). HACACO experiments
with spin-locking of the M resonances (Figure 2D)
were found to yield lesg noise than and comparable
sensitivity to experiments using broadband decoupling
of the H* resonances (Grzesiek and Bax, 1993).

In conclusion, the new/B-half-filters are versa-
tile pulse sequence elements for spin-state selection.
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