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Amino acid type-selective experiments help to remove ambigu-
ities in either manual or automated assignment procedures. Here
we present modified triple-resonance experiments that yield amino
acid type-selective "H-"N correlations. They are based on the
MUSIC coherence transfer scheme which replaces the initial
INEPT transfer and is selective for XH, or XH; (where X is either
N or ®C). Signals of the desired amino acid types are thus
selected based on the topology of the side chain. MUSIC is com-
bined with selective pulses and carefully tuned delays to create

pulse sequence building blocRg, 39, which accomplishes a
coherence transfer to or from the heteronucleus, selective
XH, or XH, (where X is either N or **C). It selects multi-

plicity via multiple-quantum filters and offers superior suppre:
sion of unwanted signals compared to sequences which w
solely by the appropriate tuning of delays to select for tt
number of coupling partners or the use of selective pulse
When MUSIC is implemented in the appropriate triple-resc

experiments for Ser (S-HSQC); Val, lle, and Ala (VIA-HSQC);
Leu and Ala (LA-HSQC); Asp, Asn, and Gly (DNG-HSQC), as
well as Glu, GIn, and Gly (EQG-HSQC). The new experiments are
recorded as two-dimensional spectra and their performance is

nance experiment, the signals of the desired amino acid tyj
are selected based on the topology of the side chain. MUS
does not lengthen the sequence compared to the stanc
triple-resonance experiments, therefore no loss of intens

demonstrated by their application to two protein domains of 83
and 115 residues.  © 2001 Academic Press

Key Words: triple-resonance; proteins; editing; HSQC; assign-
ment; MUSIC.

occurs due to relaxation.

Here we extend the set of these pulse sequences by ano
10 amino acid type-selectived,”N correlations based on the
same principle, selective for Ser (S—-HSQC); Val, lle, and A
(VIA-HSQCQC); Leu and Ala (LA-HSQC); Asp, Asn, and Gly
(DNG-HSQC), as well as Glu, GIn, and Gly (EQG-HSQC
As in the previous set, 5 of the 10 experiments represent |

In the past decade triple-resonance experimehtg)(have (I + 1) version and the other 5 the, ( + 1) version of an
been routinely used for the assignment of protein spectra. TA§INO acid type-selectivéi—"N correlation. The latter exper-
is mainly due to their high sensitivity, their intrinsically goodMents are somewhat less sensitive and can potentially con
resolution, and their independence from the three-dimensiof4P Signals per residue, of which the £ 1) will usually be
structure of the molecule under investigation. Moreover, tf¢eaker. Coherence selection with the MUSIC step is nc
ease of interpretation makes these spectra ideally suited $9fPined with the use of selective pulses. Thus the chemi
automated or semi-automated assignment procedieg. ( Shifts of the carbon atoms in the side chain are used
Many variations and extensions of the original triple-resonanggditional criteria for the selection of an amino acid. Th
schemes have been present®di4), among them amino acid resulting spectra exh!b|t the clgan selection of _the MUSIC st
type-selective experiment$§-3§ that yield specific informa- €nhanced by exploiting the high degree of dispersion of t
tion which is helpful in manual or automated assignmeside chain carbon resonances. They are applied to two differ
procedures. Most assignment protocols usaHSQC spec- Protein domains, the SAM domain from EphB20( 4) and
trum as a starting point and correlate tHel,(°N) frequency the EVH1 domain from VASPAZ, 43, the structures of which
pairs with carbon or proton frequencies in a third dimension V€ been determined using NMR spectroscopy. The first i
achieve a sequence-specific assignment. smaII,a-_hellcaI d0n_1a|n_ of 83 reS|dues and the second a larg

We have recently presented a set of 12 amino acid typeLS-residue domain with a higé-sheet content.
selective'H," N correlations 87) that were designed to support
this assignment strategy. These experiments are based on the

MUSIC (multiplicity selective in-phase coherence transfer) ) )
To create the new experiments, the MUSIC step was imp|

1 To whom correspondence should be addressed. F42:30-94793-230. mented in standard triple-resonance pulse sequences. The r
E-mail: schmieder@fmp-berlin.de. netization transfer pathways selected by the resulting pu
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chemical shift or the number of coupling partners of certa
side chain carbons.

Ser

The implementation of a MUSIC-CHeselection into the
beginning of the CBCA(CO)NNH44) or CBCANNH (45)
experiment would select all amino acids with a methyler
group as € (all except Thr, lle, and Val) and Gly. Serine,
however, is the only one of those amino acids that had a
with a unique chemical shift between 60 and 70 pg®).(This
fact can be exploited by the use of selective pulses to cre
serine-selective experiments. The pulse sequences are sh
in Figs. 2a and 2b. Both carbon 180° pulses in the beginning
the sequence are replaced by REBURP pulgd’d (ith a
length of 2048us centered at 60.5 ppm. They cover a range
18 ppm and affect both the sering* @nd the ¢. The C
magnetization of the other amino acids selected by MUSIC
however, unperturbed by the REBURP pulses while thesC
inverted. Since no coupling between® @nd C* will thus
evolve, no magnetization can be transferred to tifea@d
hence to the NH. The Gly Gnagnetization is also unperturbec
by the REBURP pulses. This prevents the evolution of co
pling between the Cand the Cin the ( + 1) version of the
experiment and hence the magnetization transfer to the N
The same is true for the,(i + 1) version of the experiment,
where the evolution of coupling between thé &hd the N is
prevented. The resulting two-dimensional spectra are showr
Figs. 3a and 3b.

Asp, Asn, Gly (DNG)

_ _ o The C of Asp and Asn, the Cof Glu and GIn, and the C
FIG. 1. Schematic representation of the magnetization pathway selec

by the new experiments. First a particular group (@HCHj, indicated by the TSF Gly are the onIy CH groups that show a coupllng to an

hatched rectangle) is selected with the MUSIC sequence. From there ﬁ’@acent C_arbO”Y' carbon. Th_ls fact C_an be used to cre
magnetization is transferred along the side chain to theaEbon and finally further amino acid type-selective experiments. The MUSIC

to the amide proton, as indicated by the arrows. The two types of pul&H, selection is therefore combined with an HMQC typ
sequences differ in the transfer from the tG the nitrogen. In the left column sequence4s8, 49 and both are implemented in the CBCA.

the flow of magnetization in the (+ 1)-HSQCs is depicted, from the“Go :
the carbonyl and then to the nitrogen and amide proton. The right colur%(n:o)NNH (44) and the CBCANNH 45) experiment. The

represents thei (i + 1)-HSQCs, where the magnetization flows from tte Cresumng pulse sequences are shown in Figs. 2¢ and 2d. -
to either the nitrogen of the same amino acid or that of the () neighbor. flow of magnetization is best described using product opel
In the case of Asp/Asn and Glu/GIn a HMQC-type filter for the side chaitors: During A, antiphase magnetization 2C’Z is created
carbonyls is implemented at the beginning. (point a). A selective 90° pulse affecting only the carbony
region converts it into multiple-quantum coherence’@¢C
sequences are depicted in Fig. 1. At the beginning of theéhich is selected by alternating the phase of the consecuti
sequence a particular group (€lr CH;) is selected with selective 90° carbonyl pulse. This pulse converts the multipl
MUSIC. Subsequently, the magnetization is transferred aloggantum coherence back to 2T, magnetization which is
the side chain to the T From the C, the magnetization is refocused during the secod delay. Self-refocusing L0OS2-0
relayed either via the carbonyl carbon to thet 1) nitrogen pulses $0, 51 with a duration of 512us (covering a range of
or directly to both nitrogens coupled to thé @ ori + 1). 72 ppm) centered at 185 ppm were used. Duridg #he
Finally, the amide proton signal is detected. During the transeupling between €and C' can evolve and antiphase mag
fer, signal selection is enhanced by selective pulses and appretization 2¢C; is created (point b). The next 90° carbor
priately tuned delays. Both help to discriminate between amipalse converts it into 2£C; which is refocused during, (or
acid side chains that exhibit a similar topology but differ in thA,). The magnetization is then transferred from tHet€the
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amide proton. The resulting transfer functions for the expeffer N) will evolve during 2\; (or 2A,) and magnetization is
ments in Figs. 2c and 2d are transferred to the amide proton. The resulting spectra will th
contain signals originating from Asp, Asn, and Gly and at

SiN?(Jecod 1) SIN(mIcc2A ;) SiN(TIec2A5) Sin( I ee2A 5) shown in Figs. 4a and 4b.

(1]
Slnz( 7T\JccoA 1) Sln( WJCCZA l) Sln( WJCC2A4) Sln( WJCN2A4) .

Glu, GIn, Gly (EQG)

An extension of the DNG pulse sequences by an additior
[2] COSY step on carbon leads to a selection of Glu and GIn
addition to Asp, Asn, and Gly (Figs. 2c and 2d).

Neglecting relaxation effects, the nominal valuesferA., In analogy to the DNG experiments, antiphase magnetiz
andA, are 8.2, 5.3, and 9 ms, respectively. An experimentabn 2C/C; is created, selected, and refocused durirdyg, 2
optimization resulted in a value of 4.5 ms fids. Since there is while coupling between the’Gand C is active and antiphase
only one COSY transfer step, magnetization from theo€ magnetization 2(XC¥ is created (point b). It is converted into
Glu and GIn cannot be transferred to the amino proton and2€]C! by the next 90° carbon pulse. During\2 antiphase
suppressed. Magnetization from thé & Gly is not affected magnetization 2¢C! is refocused and coupling to*@eads to
by the 90° pulse after point b. Coupling between tf{ea@d C  antiphase magnetization 2C; (point c). The next 90° carbon

FIG. 2. Pulse sequences of the new amino acid type-selettiv&N correlations. The pulse sequences yield spectra for Ser (a and b), Asp/Asn/Gl
Glu/GIn/Gly (c and d), and lle/Val/Ala or Leu/Ala (e and f). The 90 and 180° pulses are represented by thin black filled and thick unfilled barsehgspe
The water-selective 90°H flip-back pulse is represented by a striped thick bar; a hatched thin bar stands for a 90° fliiHbpalse at the end of the
'H-decoupling sequence. Magnetic field gradients as well as shaped8D°pulses are represented by sine shapes. Pulses applied &€ ther *CO
resonance frequencies were adjusted to provide a null at the correspoi@iingr *°*C* frequencies. The squatéC*# 90° and 180° pulses were set to 49 anc
44 us, respectively. The squai&CO 90° and 180° pulses were set to 54 and A88respectively. The shaped 1880 were applied as a G3 Gaussian cascac
(54) with a duration of 256us. The striped thick bars stands for band-selective 180° REBURP pudlgesThe offsets and pulse lengths are given in th
description of the particular experiments. Self-refocusing selective L0S2-0 excitation falsé&d) (with a duration of 512us at 185 ppm are represented by
filled sine shapes. The second L0S2-0 pulse has a time-inverted shape. Unless indicated otherwise, pulses are appliedxwRngbbiaseard pulses were
applied with 25-kHz field strength; WALTZ-1656) of "H spins was achieved using a field strength of 3.1 kHz. The same field strength was used fc
subsequent 90° flip-backd pulse. The water-selective 90° square pulse had a duration of 1 ms. GARP-1 deco&f)ing '{N was achieved using a field
strength of 830 Hz. Water suppression was obtained using WATERGATE implemented with a 3-9-1%pulSbd gradients were applied as a sinusoide
function from 0 tow. The carrier frequencies were centeredrat= 4.8 ppm,”®N = 119.6 ppm,”*C*# = 45 ppm, and*CO = 175 ppm. The following delays
were usedr; = 3.5 ms,7; = 4 ms, 7, = 5.5 ms,r; = 2.25 ms,§, = 4.5 ms,8, = 6.9 ms,8, = 11.4 ms,8; = 9 ms, Ty = 11 ms,Tg = 4 ms (7.1 ms for
the LA-HSQCs)Tr = 3.6 ms,Tc = 4.5 ms,A; = 8 ms (9 ms for the EQGH+ 1)-HSQC, 7.1 ms for the EQG;(i + 1)-HSQC),A, = 4.5 ms,A; = 4.5
ms, andA, = 9 ms (7.1 ms for the EQG-(i + 1)-HSQC). To achieve quadrature detection in the indirect dimension the States—TPP|-States @®toc
was used in all experiments. All spectra were processed using XWINNMR (Bruker AG). {a} S-)-HSQC. The phase cycling wag; = 16 (x), 16 (—x);
¢, = 2 (45), 2 (135), 2 (225), 2 (315); ¢s = X, =X, ¢ps = 50°; ds = X; ¢ps = 8 (X), 8 (¥), 8 (=%), 8 (=Y); b7 =4 (=Y), 4 (¥); s = —X;
Grec =2 (X, 2 (—X), X), 4 (=%, 2%, —X), 2 (X, 2 (—X), x). States—TPPI phase cycling was appliedtoGradients had the following duration and strength
G, = 800 us (7 G/cm), G = 800 us (28 G/cm), G = 1 ms (21 G/cm). Two selective REBURB pulses with a duration of 2@d&t 60.5 ppm were used.
(b) S-(, i + 1)-HSQC. The phase cycling wag; = 16 (x), 16 (—x); ¢, = 2 (45°), 2 (135), 2 (225), 2 (315); ¢5 = X, —X; ¢, = 8 (X), 8 (y),
8(=X),8 (V) Pps=4(-Y),4 () ¢s6 = (—X); brec = 2 (X, 2 (—X), X), 4 (—X%, 2 X, —X), 2 (X, 2 (—X), X). States—TPPI phase cycling was appliec
to phasegs. The gradients had the following duration and strength:=G800 us (7 G/cm), G = 800 us (28 G/cm), G = 1 ms (21 G/cm). Two selective
REBURB pulses with a duration of 2048 at 60.5 ppm were used. (c) DNG-¢ 1)-HSQC (omitting the part in the parenthesis) and EQG-(1)-HSQC
(including the part in the parenthesis). The phase cycling was as foltbws: 16 (x), 16 (—x); ¢, = 2 (45°), 2 (135), 2 (225), 2 (315); ¢z = X, —X,

s =50% ds = X, ¢s = 8(X), 8 (¥), 8 (=%), 8 (=y)i ¢7 =4 (=¥), 4 (V); s = =X drec = 2 (X, 2 (=X), X), 4 (=%, 2 (X), =X), 2 (X, 2 (=X),
X). States—TPPI phase cycling was applied to pkias& he gradients had the following duration and strength=GL ms (7 G/cm), G = 800 us (28 G/cm),
G; = 1 ms (21 G/cm). (d) DNGi( i + 1)-HSQC (omitting the part in the parenthesis) and EQG-¢ 1)-HSQC (including the part in the parenthesis). Th
phase cycling wasb, = 16 (x), 16 (—Xx); ¢, = 2 (45°), 2 (135), 2 (225), 2 (315); ¢35 = X, =X; ¢4 = 32 (X), 32 (—X); s = 8 (X), 8 (y), 8 (—X),

8 (=Y ds=4(=Y), 4 (V) b7 = =X dee =2 (X, 2 (=%), %), 4 (=%, 2 (X), =%), 2 (X, 2 (=%), X), 2 (=%, 2 (X), =%), 4 (X, 2 (—X), X), 2 (=X,

2 (x), —x). States—TPPI phase cycling was applied to phliasdhe gradients had the following duration and strength=GL ms (7 G/cm), G = 800 us (28
Glcm), G = 1 ms (21 G/cm). (e) VIA4 + 1)-HSQC (omitting the part in the parenthesis), LA+ 1)-HSQC (including the part in the parenthesis). Th
phase cycling wasp, = 24 (x), 24 (—X); ¢, = 2 (37°), 2 (9C°), 2 (150), 2 (210), 2 (270), 2 (330); ¢35 = X, =X; ¢, = 50°; ¢ps = X; Ppg = 12
(X), 12 (y), 12 (—x), 12 (—=Y); 7= —Y; dg = =X Prec = 3 (X, 2 (—X), X), 6 (—X%, 2 (X), —X), 3 (X, 2 (—X), x). States—TPPI phase cycling was applie
to phaseps. The gradients had the following duration and strength=G800 us (7 G/cm), G = 800 us (28 G/cm), G = 1 ms (21 G/cm). In the VIA4( +
1)-HSQC the pulsé, is a selective REBURB pulse with a duration of 768 at 26.7 ppms; is a rectangular pulse with a duration of 44. In the LA-( +
1)-HSQC three REBURB pulses are appli8d= 1024 s at 18.5 ppm$, = 768 us at 35 ppmS, = 1024 us at 48 ppm. (f) VIA-(, i + 1)-HSQC (omitting
the part in the parenthesis), VIA;(i + 1)-HSQC (including the part in the parenthesis). The phase cyclingduas: 24 (x), 24 (—x); ¢, = 2 (30°), 2
(90%), 2 (150), 2 (210), 2 (270), 2 (330); ¢s = X, =X by = 12 (X), 12 (y), 12 (=X), 12 (=Y); b5 = —Y; s = =X drec = 3 (X, 2 (—X), X),

6 (—x, 2 (x), —X), 3 (X, 2 (—X), X). States—TPPI phase cycling was applied to phi&eThe gradients had the following duration and strength=G300
us (7 Glem), G = 800 us (28 G/cm), G = 1 ms (21 G/cm). The same selective pulses as in the VIA-(1)-HSQC and LA + 1)-HSQC were used.
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FIG. 2—Continued

pulse creates antiphase magnetizatiof @Cwhich is refe signal to noise for Glu and GIn. With these delays the signz
cused during & (or 2A,). From the C the magnetization is of Gly, Glu, and GIn have opposite sign to those of Asn ar

transferred to the amino proton in the usual manner. Asp. This can result in cancellation of signals if peaks froi

The resulting transfer functions for the experiment EQUsoth types of amino acids overlap. To avoid this, the delays

(i +1)inFig. 2c is and A; can be tuned such that signals from Asp and Asn a
suppressed. The two pathways [4] and [5] cancalift A; =

sin?(mJeco 1) Sin(mIec2A ) sin?(mIcc2A ) 1/2J.c. = 14.2 ms. Neglecting relaxation and the length of th

two selective Gpulses, optimal delays for Glu and GIn are
thenA, = 8.7 ms,A3 = 5.5 ms. In an experimental optimi
zat|on with the EVH1 domain the suppression of signals for

Sp and Asn worked best with, = 9 ms,A, = 4.5 ms, and
A; = 45 ms.

The transfer functions for the EQG;(i + 1) pulse se-
guence in Fig. 2d are similar to [3], [4], and [5], onhs and
Jco are replaced by, andJqy, leading to the nominal values
for Ay, A,, andA, of 8.2, 7.1, and 9 ms, respectively. As in the
. (i + 1) sequence, these delays will lead to opposite sign f
sin(mJccol 1) coS mIec2Ay) signals from Gly, Glu, and GIn relative to those from Asn an

X sin(mJec2A,)sin(mdcc2A5) sin(mlcc2A3) [4] Asp. Cancellation will then occur not only if peaks from botl
- . types of amino acids overlap but also if amino acids of bo
SIN(mJccols) SIN(mJec24,) types are adjacent in the sequence. Using the condition
X sin(mJcc2A,)cod mIc2A5)SiN(mIcc2As).  [B] A, = 1/2)cc = 14.2 ms for the suppression of signals fror
Asn and Asp, optimal delays ate, = 7.1 ms,A, = 7.1 ms.

Analyzing transfer function [3] nominal delays fdr,, A,, The result of an experimental optimization was= 7.1 ms,

andA; are 8.2, 7.1, and 5.3 ms, respectively, to obtain optimaAlL, = 4.5 ms, and\, = 7.1 ms.

In addition, there are two possible magnetization pathways
for Asn and Asp in this experiment:’Gemains in-phase with
respect to Cduring 2\, and is converted into Cmagnetiza
tion during 2\, and 2\, or C; is already formed at the end of
2A, and remains in-phase with respect to thedliring 2A..
The resulting transfer functions are
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FIG. 3. Amino acid type-selectivéH—""N correlations of the SAM domain from EphB2. (a) TheiS# 1)-HSQC was acquirechil h 30 minusing 32
scans per complex point. The SAM domain contains six serines which results in six strong signals from sequential neighbors of Ser.i(h) FHe-S4SQC
was acquiredri 1 h 30 minusing 32 scans per complex point. In addition to the six signals of the Ser residues five of the sequential neighbors are also
with weak intensity. They are marked with small rectangles.

Asp and Asn cannot always be totally suppressed, howevieie magnetization is transferred along the side chain to t
sinceJ.c can vary and some small negative signals appearhbackbone C. This could be achieved by several COSY steps

the spectra, which are shown in Figs. 4c and 4d. by a TOCSY transfer. We choose the first option since it offe
the possibility of further differentiating between desired ar
val, lle, Ala (VIA) undesired magnetization transfer pathways by selective pul

and by appropriate tuning of delays. The recently publish
The implementation of a MUSIC—-CHsequence in the TAVI experiments were used as a starting point and an ad
CBCA(CO)NNH and CBCANNH sequences that have bedimnal COSY step was implemented (Figs. 2e and 2f). Th
extended by a relay step results in a selection of Val, lle, Trallows the magnetization from Leu’@o reach the backbone
and Ala, the TAVI-HSQC37). A further selection is possible NH. Without an additional selection, however, the resultin
by the implementation of selective pulses into the pulse sgpectra (not shown) contain signals originating from Leu, Ve
guences, which are shown in Figs. 2e and 2f. One option islte, Thr, and Ala. A combination of selective pulses an
replace the 180° puls8; by a 1024ps REBURP pulse (cov appropriately tuned delays was used to suppress Thr, Val,
ering a range of 36 ppm) centered at 68.5 ppm, which resulls and thus further simplify the spectra. Three selecti
in a spectrum containing Thr and Al&8%). A Val/llle/Ala REBURP pulses were implemented in the pulse sequer
(VIA) selective experiment can be obtained in a similar mannés,, S,, andS; in Figs. 2c and 2d). Their excitation profile is
by replacing the 180° pulsg, by a REBURP pulse of 768s shown in Fig. 6 together with the statistical chemical shifts ¢
(covering a range of 48 ppm) which is centered at 26.7 ppm tite amino acids involveddg). The REBURP pulsé&, had a
will affect the magnetization of the Gind C of both Val and length of 1024us and was centered at 18.5 ppm. The pul:
lle but not the ¢ magnetization of Thr. The transfer ofaffects both the Cand the C of Leu during 2. Antiphase
magnetization from Cto C* in Thr and thus the transfer to themagnetization 2¢C} is created and converted by a 90° puls
C® in the next COSY step will not be effective anymore, hende 2C;C; (point a). The second REBURP pulSg at 35 ppm
Thr is suppressed. Spectra are shown in Figs. 5a and 5b. (with a length of 768us) affects the ¢ C”, and C of Leu.
Antiphase magnetization 2C; is refocused with respect to
Leu, Ala (LA) the C and evolves into antiphase magnetizatiorj @Cduring
2T% (point b). During the same time the magnetization c
To create an experiment which is selective for Leu, the twinterest stays in-phase with respect to the othér This
8-CH, groups are selected with a MUSIC—gsElection. Then antiphase magnetization 2C! is converted to 2¢C! and
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FIG. 4. Amino acid type-selectiveH-""N correlations of the EVH1 domain from VASP. The EVH1 domain contains 4 Glu, 9 GIn, 5 Asp, 7 A:
and 9 Gly. (a) The DNGi(+ 1)-HSQC was acquirechil h 30 minusing 32 scans per complex point. All expected signals (sixi N-(1), five
D (i + 1)) are visible. N41 is followed by P42 and gives no signal. The glycine neighbors (marked with thin rectangles) can be identified usi
G-(i + 1)-HSQC and the asparagine neighbors using the M-(1)-HSQC. (b) The DNGi( i + 1)-HSQC was acquirechi3 h using 64 scans
per complex point and contains all Asp, six of seven Asn, and all Gly residues. iThel() peaks are marked with thick rectangles (c) The EQC
(i + 1)-HSQC was acquirechi3 h using 64 scans per complex point. It contains all four B~(1) and seven of eight Q-(+ 1) signals. Q55 is followed
by P56 and cannot give a signal. The suppression of D/M-(L) peaks is achieved by appropriate tuningAdf andA4. However, some breakthrough
peaks of Asn/Asp (marked with an asterisk) and weak signals from side chain NDH groups show up. (d) The, EQGE)—-HSQC was acquired in
4 h 30 min using 96 scans per complex point and contains all four Glu and six of nine GIn signals. Signals from Asp/Asn are suppressed exct
which appears as a negative signal (marked with an asterisk).

refocused during Px while coupling to then-carbon leads to sin(mJcc27)sin?(mIec2TR)
2CPC¢ (point c). This is converted into 2C; and is refocused N _
during T, (or §,) because the third REBURP pul§s at 48 X cogmIcc2TR)SIN(mIcc2Tr)SINTIc2Te)  [6]

ppm (with a length of 1024s) allows coupling between Leu
C*and C. Taken together, this results in the following transfer
functions for Leu: X €09 2T R)SiNA(mlec2TR)SIN(Icc283).  [7]

SII’]( WJcczT/l) SII’]Z( WJCCZT;Q)
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FIG. 5. Amino acid type-selectivéH—"°N correlations of the SAM domain from EphB2. (a) The VIA+ 1)-HSQC was acquiredi2 h 15 minusing
48 scans per complex point. (b) The VIA{ + 1)-HSQC was acquired 4 h 30 minusing 96 scans per complex point. The SAM domain contains 7 threonin
6 isoleucines, 6 valines, and 5 alanines. In the ViIA+(1)-HSQC (a) all expected signals of Val/lle neighbors appear (only five He {) can appear since
lle-4 has a proline as a sequential neighbor). In the IA-(+ 1)-HSQC (b) all signals from Val and lle are visible. Thr signals are well suppressed in b
experiments. Alanine signals are marked with thin rectangles. The Ala signals can be identified easily using thé&)\afd A-{, i + 1) experiments37).

(c) The LA-(i + 1)-HSQC was acquireci2 h 15 minusing 48 scans per complex point. (d) The LiAi(+ 1)-HSQC was acquiredhi4 h 30 minusing 96
scans per complex point. The SAM domain contains 5 leucines. In the IA{)-HSQC (c) signals from sequential neighbors of 4 Leu are present toget
with the sequential neighbors of Ala (marked with rectangles); D18 (L17) is absent. Since the suppression of Val/lle/Thr is only based on dppiogridte
Tk together with selective pulses, the suppression is not perfect. Weak negative or positive signals of Val/lle/Thr could appear (marked withLA:(In the
i + 1)-HSQC (d) four Leu signals are visible; L17 is absent. All signals of Ala-residues (marked with thin rectangles) and their sequential neighésestare
The ( + 1) peaks are marked with thick rectangles. They can be identified by comparison with thett A)-HSQC. Again the suppression of Thr/Ala/Val
is not perfect and the signal of T3 is visible.

The Thr-C is not affected by any of the three selectivéization is therefore transferred to*@nd Thr is suppressed.
pulses. The magnetization;@an therefore not evolve into From similar consideration it is clear that signals from Ala wil
antiphase magnetization with respect to tHfed@ring 2r; and not be suppressed.
2Tk. During 2T, the antiphase magnetization 2T/ is created ~ Starting from they-CH, of Val and lle there are three
and converted into 2IC! by the next 90° pulse. This antiphasepossible magnetization pathways. There are three relay step
magnetization is not refocused durifig (or 6;). No magne the beginning of pulse sequence while it takes only two ste
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s . are used, all three pathways lead to detectable magnetizat
“ The selective puls&, refocuses the coupling between 1lé-C
and C” and partially also between Val?@nd C during 2r; so
that the last two pathways [9] and [10] are almost complete
suppressed. Whil&; = 1/2J. (14.2 ms) is optimal for Leu,
; the first pathway [8] for lle/Val is suppressed becau:s
[lo2apsat18.5ppm  COS@@Ioc2Tr) becomes zero. The reason is thdt iGagneti
/ zation of Val and lle evolves into antiphase magnetization wi
respect to the second”Quring T and the next 90° pulse
converts it into multiple-quantum coherence that is not co
verted back into detectable magnetization during the rest of 1

1024ps at 48ppm

f' 786us at 35ppm

Leu pulse sequence.
T Starting from thes-CH; of lle magnetization can also be
transferred to the € This pathway is suppressed in the sam
Ala manner described for magnetization starting from theiG/al
T and lle by settingl'y = 1/2J.c. During this delay magnetiza
tion originating form the € of lle has reached the "C
Thr Antiphase magnetization with respect to theand the second
P C” of lle is created and subsequently converted into undete
val able multiple-quantum coherence.
. Because of the variation al.c between the side chain
carbons of Val, lle, and Thr the suppression of the signals frc
Ile those amino acids will not be perfect. The correspondir
‘ spectra are shown in Figs. 5c and 5d.
60 40 20 51C [ppm]
FIG. 6. Forthe LA-HSQCs three pulses with a REBURP profile are used. CONCLUSION

The pulsesS,, S,, andS; (Figs. 2e and 2f) have a length of 1024, 768, and

1024 s and are centered at 18.5, 35, and 48 ppm, respectively. The simulated

inversion profiles (for 600-MHZ'H frequency) of the selective pulses are We have presented a set of new pulse sequences that y

shown at the top. The inversion profiles were simulated with the shape toolgino acid type-selectivid—|—l5N correlations. Together with

XWINNMR2.6. The refocusing profiles show similar plateaus in the samg,a recently published selectiVel=*N correlations. we now

range. At the bottom statisticalC chemical shift data from the BioMagRes h t of 22 . t hich all t ,'d tify th

Bank databasedg) are given for Leu, Ala, Thr, Val, and lle (reproduced withlav?5 aselo experiments which allow us 1o iden |fy

kind permission from BMRB). H—"N resonances of Gly, Ala, Thr, lle/Val, Asn, GIn, Ser
Leu, Asp, and Glu residues and their sequential neighbors il

N-HSQC spectrum. Some of the pulse sequences yield sp

to transfer the magnetization from the’ @ the C'. Conse @ that contain signals of only one type of amino acid (G, /
quently, the magnetization may stay in-phase during any of tRe N)- The other amino acids can then be identified fro
steps and still result in a detectable signal. Depending on fffembinations of these spectra with others containing more tf
delay during which no antiphase magnetization is created, tRi€ type of amino acid: Thr from A and TA spectra, Val an
results in the three possible transfer functions for the- (1) € from A and VIA spectra, Leu from A and LA spectra, Q

sequence: from N and NQ spectra, D from G, N, and DNG spectra, ar
finally E from N, NQ, G, and EQG spectra. The signals fror
cod mIe27))SiN(mIec2TR) Val and lle cannot be distinguished, although the signals frc

Val tend to be stronger since two Glgroups contribute to the
X sin*(mJec2Tr) €O mIc2TR)SIN(mIcc2Te) [8] resulting peak.

The implementation of MUSIC into triple-resonance expe
iments does not lengthen the sequence, therefore no los:s
X coS(mIc2TR)SINTIcc2Tr)SIN(mIc2Te)  [9]  intensity due to relaxation is observed. While the Gillection
reduced the intensity of the peaks by 25%, no reduction occt
with the CH, selection. Consequently, the sensitivity of thi

X CoYmIcc2TR)SIN(mIcc2Tr)COLmIc2Tc). [10]  selective experiments is comparable to that of the stand:
triple-resonance experiments from which the new sequen

The transfer functions for thei,(i + 1) experiment are have been derived: The sequences transferring the magne
identical, except thal . is replaced by,. If no selective pulses tion to the amide proton via the “Gexhibit lower sensitivity

S|n( 77\]0027:’[) S|n( WJCCZT;;)

SII’]( WJCCZTD S|n2( WJCCZTKQ)
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FIG. 7. "N-HSQC of the two protein domains used for the new experiments. The spectra are given as a comparison for the spectra from the new
experiments (Figs. 3-5). (a) HSQC of the SAM domain from EphB2 41, a protein of 83 residues, (b) HSQC of the EVH1 domain from VASP, 43,
a protein of 115 residues.

than those that transfer via the carbonyl carbon; the sequences EXPERIMENTAL

with multiple relay steps are less sensitive than those with just

one transfer-step. The most sensitive experiment is thereford he spectra were recorded on a DRX600 in standard cc
the G—{ + 1)-HSQC while the LA- and the NQi(i + figuration using an inverse triple-resonance probe equipr
1)-HSQC are the least sensitive experiments. When the pm'th three-axis self-shielded gradient coils. Two different prc
teins become too large for standard triple-resonance, the sef§#) domains were used for the experiments. The DNG a

tive experiments will fail as well. Most of the sequences wilFQG experiments were recorded with a 1.35 mM sampilse of t
not work with deuterated proteins, since the selection wif¥H1 domain from VASP uniformly labeled wittiN and*C.

MUSIC assumes fully protonated side chains. Exceptions 4ra" &ll other experiments a 1.5 mM sample of the SAM doma

. H H 13
the N and the NQ experiments that select for Njfoups. We from EphB2 (PDB: 1SGG) uniformly labeled witfN and*C

also applied the LA— and the VIA-HSQCs to a protein sampY&as used. For both samples 5-mm ultraprecision sample tul

. . were used. The HSQC spectra of both domains are showr
with methyl protonation §2, 53. Here the sequences work". . -
y'p 42,53 q Fig. 7 as a comparison for the spectra shown in Figs. 3, 4, &

well (data nqt ShOYVﬂ) and can provide useful information. “The HSQC of the SAM domain (Fig. 7a) was recorded wil
The two-dimensional spectra presented here may be use ) . . . g .
complex points in each dimension, a spectral width

addition to the conventional three-dimensional spectra to a5 1z EN) X 10,000 Hz H), and 8 transients. All other

either manual or automated assignment. These spectra t Ectra were recoréed in an idéntical way but wiih 63 K

only a small amount of spectrometer time and provide valuahlg ,, (t,) complex points. The data were processed using
2 .

additional information. A problem accompanying the use %fquared sinebell shifted by 90° as a window function in bo

these experiments in automated assignment procedures is {\€ansions. The*N t, interferograms were quadrupled in

presence Qf spurious sig.nal‘ls frqm nonselected residues. Té}?gth by linear prediction using XWINNMR, except for the
type of amino acid that will give rise to breakthrc_)ugh.peaks §pectrum of the SAM domain. The final spectra had a size
known beforehand, however, and they can be identified frof3 2 ,) x 1024 ¢,) real points. The pulse programs and th

comparison with other spectra. Breakthrough peaks of AJns2-0 shape in Bruker format are available upon request.
Asp in the EQG spectra can be identified with the DNG spectra

and breakthrough peaks of Val/lle/Thr in the LA experiments
with the VIA and TA spectra. Different combinations of spec-

tra will be evaluated with our automated assignment programspport from the Forschungsinstittit Molekulare Pharmakologie is grate-
catch23 {) and results will be presented elsewhere. fully acknowledged. Mario Schubert is supported by the DFG Graduiertenk
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