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Amino acid type-selective triple-resonance experiments can be (9), CBCANNH (or HNCACB) (10, 11), and CC(CO)NNH
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f great help for the assignment of protein spectra, since they help
o remove ambiguities in either manual or automated assignment
rocedures. Here, modified triple-resonance experiments that
ield amino acid type-selective 1H–15N correlations are presented.
hey are based on novel coherence transfer schemes, the MUSIC
ulse sequence elements, that replace the initial INEPT transfer
nd are selective for XH2 or XH3 (X can be 15N or 13C). The desired
mino acid type is thereby selected based on the topology of the
ide chain. Experiments for Gly (G-HSQC); Ala (A-HSQC); Thr,
al, Ile, and Ala (TAVI-HSQC); Thr and Ala (TA-HSQC), as well
s Asn and Gln (N-HSQC and QN-HSQC), are described. The new
xperiments are recorded as two-dimensional experiments and
herefore need only small amounts of spectrometer time. The
erformance of the experiments is demonstrated with the appli-
ation to two protein domains. © 1999 Academic Press

Key Words: triple resonance; proteins; editing; HSQC;
ssignment.

INTRODUCTION

For the investigation of structure and dynamics of prot
y NMR a sequence-specific assignment of the resonanc
ll NMR-active nuclei is a prerequisite. This crucial step
een facilitated by the introduction of triple-resonance ex

ments (1, 2) that allow for an assignment of resonances f
roteins with a molecular weight of less than 20 kDa i
traightforward manner. These techniques yield spectra
igh sensitivity and good intrinsic resolution and use ma

ization pathways that are independent of the three-dimens
tructure of the protein. Therefore, the corresponding sp
re supposed to be ideally suited for an automation o
ssignment procedure (3–8). Independent of whether the a
ignment is done manually or in an automated fashion
tarting point will usually be a15N-HSQC spectrum, whic
ontains a “fingerprint” of the protein, i.e., a pair of (1H, 15N)
requencies for each residue. These frequencies also oc
hose three-dimensional triple-resonance spectra that are
only used for backbone assignment, i.e., CBCA(CO)N
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OCSY (12, 13). Based on these spectra, spin system
mino acids are linked together to subsequences and
atched to the protein sequence to obtain the sequence-s
ssignment. Usually this is done by identifying amino a
sing their Ca/Cb chemical shifts. In addition, the amino a

ypes can be distinguished via the topology of the side c
his is the strategy presented here and amino acids type
onveniently detected by creating selective “fingerprints”,
y recording amino acid type-selective1H–15N correlations.
Schemes for obtaining amino acid type-selective sp

ave already been proposed. They achieve the selection
y using a selective pulses (14–18) or by exploiting the num
er of coupling partners with an appropriate tuning of de
19–33). Here, a set of 12 new pulse sequences is pres
hat result in amino acid type-selective1H–15N correlations
he new sequences are based on the selection of cohe
rder via multiple quantum filters and offer a superior supp
ion of unwanted signals. Sequences are designed to id
he residue type itself as well as residues in the (i 1 1)
osition.

RESULTS

The new experiments all select the signals of the de
mino acid types based on the topology of the side chain
ow of magnetization that is required to detect certain am
cid types with the new sequences is depicted in Fig. 1.

nitial step is the selection of a particular group (NH2, CH2, or
H3) with MUSIC (multiplicity selective in-phase coheren

ransfer) (34, 35). After the selection the magnetization
ransferred along the side chain to the Ca. From there it is
elayed either via the carbonyl carbon to the (i 1 1) nitrogen
r directly to both nitrogens coupled to the Ca (i or i 1 1). The
ignal is finally detected on the amide proton.
The MUSIC pulse sequence elements have recently

roposed (34, 35): they are based on the phase-shifted DE
36) and the POMMIE sequence (37, 38) and accomplish a
n-phase transfer of magnetization for eitherXH2 or XH3 (X
an be15N or 13C). The sequences used here are shown in
together with the relevant coherence transfer pathway
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35MUSIC IN TRIPLE-RESONANCE EXPERIMENTS
rotons; the coherence pathway for carbon is trivial and
een omitted for the sake of clarity. The suppression of
anted multiplicities is based on the creation of mult
uantum coherence and their selection by phase cycling
y using a multiple quantum filter. Two types of phase c
ay be employed, selecting eitherXH2 or XH3 via a double o
triple quantum filter, respectively. Alternatively pulsed fi

radients could be used for coherence selection but w
reate longer pulse sequences with reduced sensitivity. P
hree gradients of equal length and sign in the three dela
he MUSIC sequence, however, results in an increased p
ance. Spurious signals from “wrong” amino acids are c

FIG. 1. Schematic representation of the magnetization pathway se
y the new experiments. First a particular group (NH2, CH2, or CH3, indicated
y the hatched rectangle) is selected with the MUSIC sequence. From th
agnetization is transferred along the side chain to the Ca carbon and finally

o the amide proton, as indicated by the thick lines. The two types of
equences differ in the transfer from the Ca to the nitrogen. In the left colum
he flow of magnetization in the (i 1 1)-HSQCs is depicted from the Ca to the
arbonyl and then to the nitrogen and amide proton. The right column r
ents the (i , i 1 1)-HSQCs, where the magnetization flows from the Ca to
ither the nitrogen of the same amino acid or that of the (i 1 1) neighbor.
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acts.
Since all triple-resonance experiments begin and end w

oherence transfer from and to protons, MUSIC can be im
ented in a variety of techniques replacing the INEPT ste

he beginning or at the end. An advantage of the new sequ
s the superior selection that can be obtained by separ
oherence orders, rather than adjusting delays to the s
oupling constants. The latter approach will lead to sig
rom other amino acids if the coupling constants differ in
arious amino acids. The multiple quantum filters used her
lso combined with the use of selective pulses that can fu
elp to differentiate between types of amino acids base
haracteristic carbon chemical shifts. Another advantage

FIG. 2. Pulse sequence and coherence pathway diagram for the M
tep used here. The coherence pathway for carbon is trivial and is omitt
he sake of clarity. The phase cycle for the selection ofXH2 is: f1 5 0°, f2 5
5°, 135°, 225°, 315°,frec 5 0°, 180°; for the selection ofXH3 it is: f1 50°,

2 5 30°, 90°, 150°, 210°, 270°, 330°,frec 5 0°, 180°. This phase cycle c
e combined with the conventional phase cycling used in the standard
esonance experiments. The delays areD 5 5.5 ms for NH2 andD 5 3.6 ms
or CH2/3. To further improve the performance of sequences three gradie
qual sign and strength are implemented in each of the three delays.
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37MUSIC IN TRIPLE-RESONANCE EXPERIMENTS
FIG. 3. Pulse sequences of the new amino acid type-selective1H–15N correlations. The pulse sequences yield spectra for Gly (a and c), Ala, Thr, Il
al (b and d), and Asn and Gln (e and f). Pulses of 90° and 180° are represented by thin black filled and thick unfilled bars, respectively. The wative
0° 1H flip-back pulse is represented by a striped thick bar; a hatched thin bar stands for a 90° flip-back1H pulse at the end of the1H-decoupling sequenc
agnetic field gradients as well as shaped 180°13CO pulses are represented by sine shapes. Pulses applied at the13Ca, 13Ca/b, or 13CO resonance frequenc
ere adjusted to provide a null at the corresponding13CO or 13Ca frequencies. The square13Ca 90° and 180° pulses were set to 54 and 48ms, respectively. Th
quare13Ca/b 90° and 180° pulses were set to 49 and 44ms, respectively. The square13CO 90° and 180° pulses were set to 54 and 108ms, respectively. Th
haped 180°13CO were applied as G3 Gaussian cascade (50) with a duration of 256ms. In the Thr/Ala experiments (b) and (d) the striped thick bar wit
sterix stands for a band-selective 180° REBURP pulse (51) at 68.5 ppm with a duration of 1024ms, while this pulse was applied as a normal square
ulse in all the other experiments. Unless indicated otherwise, pulses are applied with phasex. Proton hard pulses were applied with 25 kHz field stren
ALTZ-16 (52) of 1H spins was achieved using a field strength of 3.1 kHz. The same field strength was used for the subsequent 90° flip-back1H pulse. The
ater-selective 90° square pulse had a duration of 1 ms. GARP-1 decoupling (53) of 15N was achieved using a field strength of 830 Hz. Water suppressio
btained using WATERGATE implemented with a 3–9–19 pulse (54). The gradients were applied as a sinusoidal function from 0 top. The carrier frequencie
ere centered at1H 5 4.8 ppm,15N 5 119.6 ppm,13Ca 5 55 ppm,13Ca/b 5 45 ppm, and13CO 5 175 ppm. The following delays were used:D1 5 3.5 ms,D2 5
.5 ms,D3 5 7.0 ms,D4 5 13.5 ms,D5 5 8.0 ms,d0 5 4.5 ms,d1 5 6.9 ms,d2 5 11.4 ms,d3 5 9.3 ms,TN 5 11 ms,t9 5 2.25 ms,TR 5 4.5 ms (excep

or the TAVI-experiments whereTR 5 3.7 ms),TC 5 4.5 ms. To achieve quadrature detection in the indirect dimension the States-TPPI-States prot55)
as used in all experiments. All spectra were processed using XWINNMR (Bruker AG). (a) G-(i 1 1)-HSQC. The phase cycling was:f 1 5 16 (x), 16 (2x);

2 5 2 (458), 2 (1358), 2 (2258), 2 (3158); f 3 5 x, 2x; f 4 5 508; f 5 5 x; f 6 5 8 (x), 8 (y), 8 (2x), 8 (2y); f 7 5 2y; f 8 5 2x; f rec 5 2 (x,
(2x), x), 4 (2x, 2 x, 2x), 2 (x, 2 (2x), x). States-TPPI phase cycling was applied tof5. Gradients had the following duration and strength: G1 5 800
s (7 G/cm), G2 5 900 ms (28 G/cm), G3 5 1 ms (21 G/cm). (b) A-(i 1 1)-HSQC (omitting the part in parentheses), TAVI-(i 1 1)-HSQC (including th
art in parentheses and using a normal13Ca/b 180° pulse (*)), and TA-(i 1 1)-HSQC (including the part in parentheses and using a Thr-Cb-selective 180
EBURP pulse (*) at 68.5 ppm).The phase cycling was:f 1 5 24 (x), 24 (2x); f 2 5 2 (308), 2 (908), 2 (1508), 2 (2108), 2 (2708), 2 (3308); f 3 5
, 2x; f 4 5 508; f 5 5 x; f 6 5 12 (x), 12 (y), 12 (2x), 12 (2y); f 7 5 2y; f 8 5 2x; f rec 5 3 (x, 2 (2x), x), 6 (2x, 2 (x), 2x), 3 (x, 2 (2x),
). States-TPPI phase cycling was applied to phasef5. The gradients had the following duration and strength: G1 5 800 mms (7 G/cm), G2 5 800 mms (28
/cm), G3 5 1 ms (21 G/cm). (c) G-(i , i 1 1)-HSQC. The phase cycling was:f 1 5 x, 2x; f 2 5 2 (458), 2 (1358), 2 (2258), 2 (3158); f 3 5 8 (x), 8

2x); f 4 5 4 (x), 4 (y), 4 (2x), 4 (2y); f 5 5 4 (2y), 4 (y); f 6 5 (2x); f rec 5 x, 2 (2x), x, 2 (2x, 2 (x), 2x), x, 2 (2x), x. States-TPPI phas
ycling was applied to phasef3. The gradients had the following duration and strength: G1 5 1 ms (7 G/cm), G2 5 800ms (28 G/cm), G3 5 1 ms (21 G/cm)
d) A-(i , i 1 1)-HSQC (omitting the part in parentheses), TAVI-(i , i 1 1) (including the part in parentheses and using a normal13Ca/b 180° pulse (*)), and
A-( i , i 1 1)-HSQC (with the part in parentheses and a Thr-Cb-selective 180° REBURP pulse (*) at 68.5 ppm). The phase cycling was:f 1 5 24 (x), 24 (2x);

2 5 2 (308), 2 (908), 2 (1508), 2 (2108), 2 (2708), 2 (3308); f 3 5 x, 2x; f 4 5 12 (x), 12 (y), 12 (2x), 12 (2y); f 5 5 2y; f 6 5 2x; f rec 5
(x, 2 (2x), x), 6 (2x, 2 (x), 2x), 3 (x, 2 (2x), x). States-TPPI phase cycling was applied to phasef3. The gradients had the following duration a

trength: G1 5 800 ms (7 G/cm), G2 5 800 ms (28 G/cm), G3 5 1 ms (21 G/cm). (e) N-(i 1 1)-HSQC (omitting the part in parentheses) and QN-(i 1
)-HSQC (including the part in parentheses). The phase cycling was as follows:f 1 5 16 (x), 16 (2x); f 2 5 2 (458), 2 (1358), 2(2258), 2(3158); f 3 5
108, f 4 5 32 (x), 32 (2x); f 5 5 508; f 6 5 x, 2x; f 7 5 8 (x), 8 (y), 8 (2x), 8 (2y); f 8 5 4 (2y), 4 (y); f 9 5 2x; f rec 5 2 (x, 2 (2x), x),
(2x, 2 (x), 2x), 2 (x, 2 (2x), x), 2 (2x, 2 (x), 2x), 4 (x, 2 (2x), x), 2 (2x, 2 (x), 2x). States-TPPI phase cycling was applied to phasef6. The
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38 SCHUBERT ET AL.
hat the implementation of MUSIC does not lengthen
equence compared to the standard triple-resonance e
ents. Therefore no loss of intensity due to relaxatio
bserved. The creation of proton double quantum coheren

he selection ofXH2 is 100% effective and no reduction
ntensity is visible in those spectra compared to the stan
riple-resonance experiments. The creation of proton t
uantum coherence is only 50% effective and the intens
educed by a factor of 2 compared to the standard tr
esonance experiments. This has been confirmed exper
ally (data not shown). The time required to record the am
cid-selective correlations with sufficient intensity is there
nly in the range of some hours. It should be noted that a
issing in a less sensitive experiment is a minor problem i

ontext of automated assignment, compared to the proble
he occurrence of spurious peaks from residues that hav
een properly suppressed.
We present here 12 different pulse sequences. Six of

epresent the (i 1 1) version and the other 6 the (i , i 1 1)
ersion of an amino acid type-selective1H–15N correlation. In
nalogy to the conventional triple-resonance experiment

atter experiments will be somewhat less sensitive and
otentially contain two signals per residue of which the (i 1 1)
ill be weaker. They are applied to two different prot
omains, the SH3 domain from spectra (39) and the SAM
omain from EphB2 (40, 41).

ly

Glycine is the only amino acid that has a methylene grou
he Ca position. The implementation of a CH2 selection into th
A(CO)NNH (42) and the CANNH (43) therefore leads to
election of the Gly side chain (Fig. 2). The pulse sequenc
he G-(i 1 1)-HSQC and the G-(i , i 1 1)-HSQC are given i
igs. 3a and 3c, respectively. The corresponding two-dim
ional spectra are shown in Figs. 5a and 5b. A similar pa
s that of Gly may be found in the Asn and Gln side chain
espect to the CA(CO)NNH experiment and in Arg with
pect to the CANNH experiment. Since the delay for ma
ization transfer from the nitrogen to the amino proton
hosen to be (2JNH)21, the signals involving side chain nitr
ens of Asn and Gln should not show up. The spectra
ecorded in 90% H2O/10% D2O, however, and some sign
rom the NHD groups in their side chains will be visible. Sin
ide chain amide groups are easily distinguished or iden
ith a separate experiment (44), this will not affect the infor
ation content of the spectra. The same is true for the Arg

radients had the following duration and strength: G1 5 800 ms (28 G/cm),
nd QN-(i , i 1 1)-HSQC (including the part in parentheses). The phase

3 5 3108, f 4 5 32 (x), 32 (2x); f 5 5 x, 2x; f 6 5 8 (x), 8 (y), 8 (2
(x), 2x), 2 (x, 2 (2x), x), 2 (2x, 2 (x), 2x), 4 (x, 2 (2x), x), 2 (2x

ad the following duration and strength: G1 5 800 ms (7 G/cm), G2 5 800 m
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hain signals that will show up in the (i , i 1 1) experiment
hey can easily be identified in a conventional HSQC base

heir chemical shift.

la

Alanine-selective experiments are created by impleme
selection of CH3 groups in the CBCA(CO)NNH (9) and the
BCANNH (10). Since alanine is the only amino acid with
ethyl group in theb-position (Fig. 1), it is the only type o
mino acid whose coherences can pass through the exper
he pulse sequence of the A-(i 1 1)-HSQC and the A-(i , i 1
)-HSQC are shown in Figs. 3b and 3d and the spectra in
c and 5d.

hr, Ala, Val, Ile (TAVI)

The Ala experiment may be extended by a RELAY step
his case the amino acids that have a methyl group in
-position are selected. Those are Thr, Val, and Ile (Fig
ignals from alanine will also be present in the spectrum s

he RELAY sequence does not suppress magnetization t
ot transferred in the final step before the transfer to carb
r nitrogen. These signals can, however, easily be d
uished with the experiment mentioned before. The p
equence of the TAVI-(i 1 1)-HSQC and the TAVI-(i , i 1
)-HSQC are shown in Figs. 3b and 3d and the spectra in
a and 6b. An experiment to select Thr, Val, and Ile has
roposed before, utilizing the fact that theb-position is a CH

FIG. 4. 15N-HSQC of the two protein domains used for the new exp
ents. The spectra are given as a comparison for the spectra from th

elective experiments (Figs. 5 to 7). (a) HSQC of the SAM domain
phB2, a protein of 83 residues; (b) HSQC of the SH3 domain from spe
protein of 62 residues.

1 ms (21 G/cm). (f) N-(i , i 1 1)-HSQC (omitting the part in parenthes
cling was:f 1 5 16 (x), 16 (2x); f 2 5 2 (458), 2 (1358), 2 (2258), 2 (3158);
8 (2y); f 7 5 4 (2y), 4 (y); f 8 5 2x; f rec 5 2 (x, 2 (2x), x), 4 (2x,
(x), 2x). States-TPPI phase cycling was applied to phasef5. The gradient
28 G/cm), G3 5 1 ms (21 G/cm).
G2 5
cy
x),

, 2
s (



( ne
s ve
v

T

uls
t re-
p er

m in
t he
b Ile
h h
r to
t this
r n for
V

ans
p om th
a dition
t N
a ulses.
( s five
a es
s gles.

39MUSIC IN TRIPLE-RESONANCE EXPERIMENTS
27). As already pointed out, the new experiment is clea
ince the selection via coherence order is less sensiti
ariations in the size of the coupling constant.

hr, Ala (TA)

The TAVI sequence can be modified using a selective p
o distinguish Thr and Ala from Val and Ile. This pulse
laces the semiselective pulse in the delay for the transf

FIG. 5. Amino acid type-selective1H–15N correlations of the SAM dom
er complex point. The SAM domain contains three glycines which resu
nd Gln are present, which are due to NDH groups (see text). (b) The Gi , i 1

o the three signals of the Gly residues the sequential neighbors are als
lso appear in the spectrum (see text). These peaks are weaker and dis
c)/(d) The A-(i 1 1)-HSQC and the A(i , i 1 1)-HSQC were acquired in 2
lanines. In the (i 1 1) experiment (c) the expected five signals from sequ
how strong signals while two weak signals result from amino acids ini
r,
to

e

of

agnetization from the Ca to the carbonyl or the nitrogen
he (i 1 1) and (i , i 1 1) sequence, respectively. At t
eginning of that delay, the magnetization of Thr, Val, and
as just been transferred to Ca and the Cb is anti-phase wit
espect to the Ca. The Thr-Cb chemical shifts are similar
hose of thea-carbons and a selective pulse affecting only
egion will prevent the creation of detectable magnetizatio
al and Ile since the coupling from the Cb to the Ca cannot be

from EphB2. (a) The G-(i 1 1)-HSQC was acquired in 25 min using 8 sc
n three strong signals from sequential neighbors of Gly. Weak signals fre Asn
-HSQC was acquired in 50 min using 16 scans per complex point. In ad
resent with weak intensity. They are marked with small rectangles. ArgeHe peaks
ed since Arg Cd is not in the chemical shift range covered by the semiselective p

mineach using 48 scans per complex point. The SAM domain contain
al neighbors of Ala are present. In the (i , i 1 1) experiment (d) all five Ala residu
(1) position of the alanine residues. They are marked with small rectan
ain
lts i
-(1)
o p
tort
h 15
enti
the1
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40 SCHUBERT ET AL.
efocused. In alanine the magnetization is already transf
o the Ca and the coupling already refocused at the begin
f that delay. Thus the selective pulse will only prevents los

ntensity due to the evolution of coupling to the Cb. The pulse
equences of the TA-(i 1 1)-HSQC and the TA-(i , i 1
)-HSQC are also shown in Figs. 3b and 3d and the resu
pectra in Figs. 6c and 6d.

FIG. 6. Amino acid type-selective1H–15N correlations of the SAM dom
8 scans per complex point. (b) The TAVI-(i , i 1 1)-HSQC was acquiredn
cquired in 2 h 15 minusing 48 scans per complex point. (d) The TA-(i , i 1 1
omain contains 7 threonines, 6 isoleucines, and 6 valines. In the TAVI-i 1 1
proline as a sequential neighbor). The 7 sequential neighbors of Thr a
ith thin rectangles) but can easily be identified using the A-(i 1 1)-HSQC (F

hick dark rectangles; all signals from Val and Ile except that of I66 are a
an easily be identified (Fig. 5d). In the TA-(i 1 1)-HSQC (c) signals from s
hile signals from Ile and Val are suppressed. Finally, in the TA-(i , i 1 1)-
re visible. The rest of the signals are signals from sequential neighbor
i 1 1) peaks are marked with thin rectangles.
ed
g
f

g

sn, Gln

MUSIC can also be used to select NH2 groups. In combi
ation with a transfer to the carbonyl carbon this yield
election of Asn and Gln (34). From the carbonyl carbon th
agnetization can then be transferred to the Ca and then

urther as described above to yield (i 1 1) or (i , i 1 1) spectra

from EphB2. (a) The TAVI-(i 1 1)-HSQC was acquired in 2 h 15 minusing
h 30 minusing 96 scans per complex point. (c) The TA-(i 1 1)-HSQC was
SQC was acquired in 4 h 30 minusing 96 scans per complex point. The SA
SQC (a) all 18 expected signals appear (only 5 Ile can appear since Ile
marked with thick rectangles. Five sequential neighbors of Ala also appmarked
5c). In the TAVI-(i , i 1 1)-HSQC (b) signals from all 7 Thr are marked w
visible. Again signals from alanine appear (marked with thick light rectangles) tha

uential neighbors of all 7 Thr and all 5 Ala (marked with rectangles) are
QC (d) again all Thr and all Ala signals (marked with thick light rectang
f Ala or Thr and can be identified by comparison with the TA-(i 1 1)-HSQC. The
ain
i4
)-H
()-H
re
ig.

lso
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41MUSIC IN TRIPLE-RESONANCE EXPERIMENTS
Fig. 2). In the case of Asn this takes a simple COSY ste
he case of the Gln an additional RELAY step is necess
ignals from Asn will also show up in the Gln experiment,
ince the experiment is optimized for Gln their intensity ca
lose to zero (see Fig. 7d). The pulse sequences of the Ni 1
)-HSQC, the N-(i , i 1 1)-HSQC, the NQ-(i 1 1)-HSQC,
nd the NQ-(i , i 1 1)-HSQC are shown in Figs. 3e and
hey are in part similar to the HN(COCA)CB (45) and the
N(COCACB)CG (46) sequences. The spectra are show
igs. 7a to 7d. Note that sequences which select NH2 groups
ill also be applicable in situations where the protein has

FIG. 7. Amino acid type-selective1H–15N correlations of the SH3 dom
a) The N-(i 1 1)-HSQC was acquired in 3 h using 64 scans per complex p
n 4 h 30 minusing 96 scans per complex point and contains all three As
rom a sequential neighbor. (c) The QN-(i 1 1)-HSQC was acquired in 4 h 3
hree signals from Asn are marked with rectangles. (d) The QN-(i , i 1 1)-HS
wo signals from Gln. Signals from Asn are too weak to be detectable.
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euterated. In that case the delays to transfer the magneti
long the side chain can be extended to the full lengt
2JCC)

21 since almost no loss of intensity due to relaxation
ccur and a more efficient transfer via the carbon–ca
ouplings is possible.
The delays used for the transfer of magnetization in all o

ew sequences were optimized using the delays from
tandard experiments as a starting point. The situation i
elective experiments is, however, different from that in
tandard experiments. The signal that is finally detected
ot result from all protons of the amino acid. Only magn

from spectrin. The SH3 domain contains three asparagines and two glu
t. All three expected signals are visible. (b) The N-(i , i 1 1)-HSQC was acquire
esidues. The other peak marked with a rectangle is a signal from K39,
inusing 96 scans per complex point. It contains the five possible signa
was acquired in 6 h using 128 scans per complex point and contains onl
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erred along the side chain. In the standard sequences d
re often tuned to (4JCC)

21 to account for the fact that an
hase magnetization has to be refocused while in-phase
etization should not be defocused during the same delay
estriction does not apply for most of the delays in the
ulse sequences presented here and delays can usua
hosen to be longer than (4JCC)

21. Only the delayTR in the
AVI experiment has the standard value, since otherwise
assive coupling of the Cb to the other Cg in Val and Ile would
educe the intensity. In the other sequences a longerTR reduces
he intensities of those peaks already identified in other sp
Ala in the TA-HSQCs and Asn in NQ-HSQCs).

If the delays are chosen to be longer, however, loss d
elaxation can occur. The delays given in Fig. 3 were optim
xperimentally using two protein domains of 62 (SH3) and
SAM) amino acids and are longer than in the standard
uences. For larger proteins is might be necessary to redu

ength of the delays back to the original values.

CONCLUSION

We have presented a set of new pulse sequences tha
mino acid type-selective1H–15N correlations. The resultin
ovel two-dimensional spectra may be used in addition to
onventional three-dimensional spectra and will take on
mall amount of spectrometer time. The clean selection p
le with these sequences should make an automated a
ent easier, especially if the conventional three-dimens

pectra are crowded and less than perfect. The concep
ere to create amino acid type-selective1H–15N correlations
an be transferred to the family of the HCACO-COSY
uences (47–49) to yield amino acid type-selective1H–13C
orrelations. Those spectra can then supplement the side
ssignment based on HCCH-type sequences. Furthe
uences that select other types of amino acids will be pres
lsewhere; in particular a more refined use of selective p
ill permit more experiments.

EXPERIMENTAL

The spectra were recorded on a DRX600 in standard
guration using an inverse triple-resonance probe equi
ith three-axis self-shielded gradient coils. Two different p

ein domains were used for the experiments. The Asn
xperiments were recorded with a 0.8-mM sample of the
omain labeled with15N and 13C. For all other experiments
.5-mM sample of the SAM domain from EphB2 labeled w

15N and 13C was used. For both samples 5-mm ultrapreci
ample tubes were used. The HSQC spectra of both dom
re shown in Fig. 4 as a comparison for the spectra show
igs. 5, 6, and 7. The HSQC of the SAM domain (Fig. 4a)
ecorded with 512 complex points in each dimension, a s
ral width of 3012 Hz (15N) 3 10000 Hz (1H), and 8 transient
ays

ag-
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t 1) 3 512 (t 2) complex points. The data were processed u
squared sine bell shifted by 90° as a window function in
imensions. The15N t 1 interferograms were quadrupled

ength by linear prediction using XWINNMR, except for t
pectrum of the SAM domain. The final spectrum had a siz
12 (t 1) 3 1024 (t 2) real points.
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9. V. Dötsch, H. Matsuo, and G. Wagner, J. Magn. Reson. B 112, 95
(1996).
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4. J. M. Schmidt and H. Rüterjans, J. Am. Chem. Soc. 112, 760
(1990).

5. T. Yamazaki, W. Lee, C. H. Arrowsmith, D. R. Muhandiram, and
L. E. Kay, J. Am. Chem. Soc. 116, 11655 (1994).

6. S. A. McCallum, T. K. Hitchen, and G. S. Rule, J. Magn. Reson. 134,
350 (1998).

7. L. E. Kay, M. Ikura, A. A. Grey, and D. R. Muhandiram, J. Magn.
Reson. 99, 652 (1992).

8. L. E. Kay, J. Magn. Reson. B 101, 110 (1993).

9. L. E. Kay, J. Am. Chem. Soc. 115, 2055 (1993).

0. L. Emsley and G. Bodenhausen, Chem. Phys. Lett. 165, 469 (1990).

1. H. Geen and R. Freeman, J. Magn. Reson. 93, 93 (1991).

2. A. J. Shaka, J. Keeler, T. Frenkiel, and R. Freeman, J. Magn. Reson.
53, 334 (1983).

3. A. J. Shaka, P. B. Barker, and R. Freeman, J. Magn. Reson. 53, 547
(1985).

4. V. Sklenar, M. Piotto, R. Leppik, and V. Saudek, J. Magn. Reson. A
102, 241 (1993).

5. D. Marion, M. Ikura, R. Tschudin, and A. Bax, J. Magn. Reson. 85,
393 (1989).


	INTRODUCTION
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7

	CONCLUSION
	EXPERIMENTAL
	ACKNOWLEDGMENTS
	REFERENCES

