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Two 3D experiments, (H)CCH,-TOCSY and H(C)CH,-
TOCSY, are proposed for resonance assignment of methyl-con-
taining amino acid side chains. After the initial proton—carbon
INEPT step, during which either carbon or proton chemical shift
labeling is achieved (t,), the magnetization is spread along the
amino acid side chains by a carbon spin lock. The chemical shifts
of methyl carbons are labeled (t,) during the following constant
time interval. Finally the magnetization is transferred, in a re-
versed INEPT step, to methyl protons for detection (t;). The
proposed experiments are characterized by high digital resolution
in the methyl carbon dimension (t,n.. = 28.6 ms), optimum sen-
sitivity due to the use of proton decoupling during the long con-
stant time interval, and an optional removal of CH,, or CH, and
CH, resonances from the F,F; planes. The building blocks used in
these experiments can be implemented in a range of heteronuclear
experiments focusing on methyl resonances in proteins. The tech-
niques are illustrated using a *N, “C-labeled E93D mutant of
Schizosacharomyces pombe phosphoglycerate mutase (23.7
kDa). © 2000 Academic Press

Key Words: 3D NMR; HCCH-TOCSY; protein side chains;
methyl-containing amino acids.

We present here two 3D experiments, (H)ICEHOCSY
and H(C)CH-TOCSY, designed specifically for side chain
resonance assignment of methyl-containing residues and sc
matically diagrammed in Fig. 1. The initial parts of the pulse
sequences (Figs. 2A and 2B) are formally identical to those
the (H)C(CO)NH-TOCSY 11) and H(C)(CO)NH-TOCSY
(10) experiments. The methyl-selected experiments differ onl
after the carbon spin-lock period when the carbon magnetiz
tion is not directed to NH protons but instead ends up on Ck
protons {s;). The chemical shift-labeling of methyl carbons
(t,) is achieved during the constant time periddpreceded by
chemical shift-labeling of side chain proton or carbon resc
nances ;). When we first applied these experimerit&)(we
employed a shorfl interval (9.6 ms); the methyl carbon
chemical shift modulation was achieved by incrementing a pa
of 180° pulses within this interval and no attempt was made 1
select only methyl resonances. We report here several mod
cations which greatly improve the performance of the origine
technique: (i) longer constant time interval for chemical shift
labeling of methyl carbons (Fig. 2C) resulting in a superio
resolution of resonances in this dimension; (ii) proton spin-flip

Methyl-containing amino acids occur frequently in proteifluring most of this interval are eliminated (Fig. 2D), reducin

interiors and are abundant at molecular interfad®s\Mapping the detrimental effects of relaxation; (iii) an optional remova
of the inter residue NOEs arising from methyl-containing sidef CH, (Fig. 2E), or CH and CHl(Fig. 2F), resonances from
chains plays an important role in the determination of thHeFs planes is presented. In the following, these modification
structures of proteins by NMR. In recognition of this factare described and illustrated using“dl, **C-labeled E93D
several recent papers have suggested customizing®@D mutant of Schizosacharomyces pompiosphoglycerate mu-
edited NOE experiments so as to focus on the methyl grouigse (3) (E93D-PGAM, 23.7 kDa).

(2-4). A prerequisite for the effective use of such NOE data is In order to take full advantage of the inherently good sepz
a complete or a near complete resonance assignment of metfgtion of methyl cross peaks in proton—carbon correlated spe
containing residues. The usual route for the side chain re¢t of proteins, it is desirable to lengthen thi€ chemical
nance assignment 61N, **C proteins is via°’C—°C TOCSY- shift-labeling of methyl groups while not compromising the
based experiments5{10. Among these, two NH-detectedsensitivity of the experiments. The transfer function for CH
experiments, (H)C(CO)NH-TOCSY and H(C)(CO)NH-groups during the constant time periad, of the experiment
TOCSY @, 10, are the most widely used. Here the magnetshown in Fig. 2C is given by, where

zation transfer is directed from H-C moieties to NH protons.
Such methods are general and work for all amino acids except
for instances where an amino acid is preceded by a proline.

| =3 Sir(ﬂ'l‘JCHAl)COSz(Wl\]CHAl)

The relaxation timeT,, includes contributions from spin-flips
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B setting was used in an original experimed®)( during the
resonance assignment of the protgdractoglobuline (18.4
Y kDa). The last is the global maximum corresponding to th
©A z » < 9 time interval of 10.c (14, 19. As a consequence of the slow
O «F ’f"‘ relaxation of methyl carbon4.§), it is often possible to use the
O LF) If_%_([f_ global maximum and to lengthen tAeinterval without losing
> 4F) i [H] O too much signal4).

Replacement of a pair of 180° proton and carbon pulses |
heteronuclear decoupling (Fig. 2D) eliminates the proton spi
flips (17) and results in a significant gain in sensitivity (com-

pare Figs. 3a and 3b), especially when a long§gueriod is
of methyl protons and from transverse relaxation of in-phasenployed. This modification is straightforward, since the cai
methyl carbon magnetization. When delayis optimized for bon magnetization is in-phase after the carbon spin-lock p
CH, groups (\; = 1.6 ms,"Jcy = 123 Hz,'J.c = 35 Hz) and riod. The optimum value oT is obtained by balancing sensi-
relaxation is neglected, takes on values of 0.570.57, and tivity and resolution in the methyl carbon dimension. The
—1.15 forT of 9.6, 19.0, and 28.6 ms, respectively. The firgensitivity can be checked experimentally by recording the fir

FIG. 1. Schematic representation of the flow of magnetization in (A
(H)CCH,-TOCSY and (B) H(C)CHTOCSY.
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FIG. 2. Pulse sequences of (H)ICGHOCSY [A + C, or D, E, F] and H(C)CHTOCSY [B + C, or D, E, F] experiments. Narrow and wide bars represen
90° and 180% axis pulses unless indicated otherwise. THe **N, and **C, carriers are, at the beginning of the pulse sequences, centered at 2.5, 120, an
ppm, respectively. Th&H and**C frequencies were changed to 1.1 and 20 ppm, respectively, after the FLOPSY-8 segdpmdedradient pulses are applied
along thez direction with the exception of WATERGATE2R) gradient pulses which are applied along thendy axes. The carbonyl decoupling is achieved
using a 134-ppm cosine-modulate2BY WALTZ-16 (24) field with 3204us 90° pulses having SEDUCRS) shapes. The delays employed are as followys:

1.8 ms,7, = 0.9 ms,7. = 2.0 ms,A, = 1.6 ms,A, = 4.0 ms. Recommended values bare 28.6, 19.0, or 9.6 ms, preference in the order given Aanis
the duration of the ggradient. In the experiment (A) the additional delays dre= t,/2, t? = t,/2 + 8, andt{ = 7, + §; 8 = Ags + 2pw — n7,/(N —
1), whereAg; is the duration of the gradient,gpw is the'H 90° pulseN is the number of complex points in tH&C dimensionn = 0, 1, 2... N — 1).

In experiment (B) the additional delays afe= t,/2 + 7, t} = t,/2 + §, andt{ = 7, + §; 8 = 2pwc — n(r. — Ags)/(N — 1), where pwc is thé’C
90° pulse. Quadrature detection in&hd F; is achieved via States—TPHIg, 27 of ¢, and¢; or ¢, and ;. The phase cycling i®, = X; ¢, = X, —X; ¢35 =

X; @4 = 2X, 2(=X); @5 = 30% @5 = 2(0°), 2(6C°), 2(120), 2(180C), 2(240), 2(300); ¢; = X, —X; ¢s = X, 2(=X), X; ¢, = 0°, 18C, 12C°, 30C,
240, 60°. The duration and the strength of the gradients ayez @ ms, 10 G/cm, g= 0.5 ms, 7 G/cm, g= 0.2 ms, 15 G/cm, g= 0.29 ms, 22 G/cm, g=
0.5 ms, 22 G/cm, g= 0.5 ms, 26.4 G/cm,g= 0.5 ms, 18 G/cm, g= 0.8 ms, 10 G/cmgs = 0.8 ms,—10 G/cm, g = 0.5 ms, 40 G/cm. The use of the 90°
proton pulse after the gradient pllowed by the gradient gimproves water suppression.
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FIG. 4. 1D spectra of E93D-PGAM acquired using the pulse sequenee B of Fig. 2 without the SEDUCE decoupling and FLOPSY spin-lock. The
constant time intervall, was set to 9.6 and 28.6 ms, respectively. Number of scans wds 64f, = 0.

1D trace of a 3D spectrum using several valueJ oSuch a 2F). This prevents sensitivity losses due to the coheren
comparison for E93D-PGAM at 37°C shows (Fig. 4) that theelection by gradients; however, it results in a longer pha:
signals for most of the methyl groups are more intense wheycling. The minimum number of scans per increment in thi
the longerT period is used. The resolution can be assessed &Y experiment is 12. This is still acceptable, given the sma
acquiring the first B-; plane of a 3D experiment (Fig. 3).  spectral width in the methyl carbon dimension. While remove
The third class of modifications concerns removal of thef the CH, signals had minimal effect on the sensitivity of the
signals due to Ck or CH and CH, resonances from the experiments, the use of the HQQ filter is accompanied by a lo
methyl proton—carbon planes. In instances where, @46 of approximately one-half of the signal compared to the nor
nances overlap with CHor CH resonances, the original-ex edited experiments. This is mostly a consequence of prepari
periments may fail to yield the resonance assignment. The CtHe HQQ coherence from in-phase carbon magnetizafiéh (
resonances are more likely to overlap with some of the meth(8, — —8S,1,,1,,15,). The theoreticab/N ratio achievable in
resonances than are the CH resonances, the latter belongmgarrangement is 65% of that obtained in the reverse INEP
mostly to C, of Leu. Considering this, two modifications weréWe note that thes/N ratio of a phase-cycled HQQC experi-
designed. The first modification (Fig. 2E), which eliminatesient 0) which utilizes the &1, — —8Sl 1,15, pathway
only the CH resonances, exploits the different behavior dé 75% of the regular HSQC experiment; however, only th
coherences due to the odd or even number of carbon-bodadner scheme can be efficiently implemented into our puls
protons (8). Zero or 180° proton pulses are applied on altesequences. Despite the use of phase cycling, and therefi
nate scans whe§,|,,, S,l1,,, |, andS/ ,l,,l 5, states of CH, reliance on signal cancellation, rather than gradient selectio
CH,, and CH groups, respectively, were created. The resultingery clean spectra were obtained (Fig. 3D).
changes in the sign of th®,1,, and Sl ,,I,,l;, coherences are  Out of 211 residues in E93D-PGAM, 78 contain a total o
followed by the receiver, thus eliminating the signal from th&27 methyl groups. Due to the high resolution in the carbo
CH, groups. Only a minor decrease in signal intensitiemethyl dimension, 110 methyl cross peaks were resolved in tl
(<10%) compared with the nonedited experiment occurred 8B spectra. CH strips from such 3D spectra can be easily
a result of the editing (compare Figs. 3B and 3C). Artifactsxtracted even for closely spaced resonances belonging
arising from imperfect 0°/180° editing proton pulses wergesidues of the same kind. Methyl cross peaks of six threonil
eliminated by surrounding them by a pair of equally strongnd five valine residues resonating in a small frequency spa
gradients applied with different polarity. It was thereby poss{F, X F; = 1.0 X 0.3 ppm) are shown in the inset of Fig. 3c.
ble to keep the minimum number of scans per increment at fdDorresponding B~ strips from two HCCH-TOCSY spectra
in this pulse sequence. are shown in Fig. 5. Even overlapping cross peaks of residu
Elimination of both CH and Ckresonances was achieved2 and T178 were sufficiently unique that it was possible t
by a heteronuclear quadruple-quantum (HQQ) filter usiragsign signals of their Cand G carbons (Fig. 5A). Such digital
phase cycling 19) rather than pulsed field gradient®) (Fig. resolution is obtained in a very short time. When using 0.4-1.

FIG. 3. Proton—carbon Ckiplanes of the (H)CCHTOCSY acquired on E93-PGAM (1 mM, 3Q4., 5-mm Shigemi tube, 37°C) using the pulse sequence
of Fig. 2. The (A-D) spectra were recorded using the &£, D, E, F pulse sequences, respectively. The €ighals are shown using dashed lines. The following
acquisition parameters were used=128.6 ms, spectral width injf/and & were 3400 and 5000 Hz, acquisition tirne= 63 ms,t,., = 28.24 ms, 8 transients
were acquired per each of 96 increments except for (D), where 12 scans were accumulated; relaxation delay was 1.2 s. The total acquisition time we
(50 in (D)). Relative numbers for the signal-to-noise ratio obtained from the analysis of 1D traces of 20 cross peaks, corrected for the largdrscamber
in (D), are given for each spectrum. The inset of (C) shows cross peaks for whichRhstifips were extracted (Fig. 5) from two 3D HCGHIOCSY spectra.
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FIG.5. ®C methyl strips from (A) (H)CCHTOCSY and (B) H(C)CHTOCSY spectra acquired on a E93D-PGAM (1 mM, 300 5-mm Shigemi tube,
37°C) using the pulse sequences of Figs.2&E and 2B+ 2E, respectively. Strips through cross peaks shown in the inset of the Fig. 3c are presented.
following parameters were used to acquire the spectra: spectral widthand~ were 3400 and 5000 Hz, acquisition time= 63 ms,t,,. = 28.24 ms, 4
transients were acquired per increment, relaxation time was 1.2 s. The carbon spin-lock time was 19 ms. Spectral w{tithg wdfe 4200 Hz (10.5 ms)
and 10,560 Hz (6.5 ms) for proton and carbon chemical shift recorded experiments, respectively. The total acquisition times were 25 and 38@efy.resp

mM protein concentrations, 24 and 36 h are usually sufficientin conclusion, two sensitive experiments have been pre
to acquire high-quality 3D H(C)CHTOCSY and (H)CCH- posed for side chain resonance assignment of methyl-conta
TOCSY spectra, respectively. ing residues. High digital resolution in the methyl carbor

The experiments proposed here offer several advantagémension, optimized sensitivity due to the elimination of
over methods based on NH detection. The intensities of crggeton spin-flips during the long constant time interval, and
peaks in the methyl-detected experiments are higher thanpimssibility of removal of the CH or CH, and CH, signals
NH-detected methods, an observation which can be attributashstitute significant improvements of our original experi:
to the shorter and more efficient polarization transfer pathwayents (2). The proposed modifications can be implemente
in the former experiments. Because the magnetization framo a range of heteronuclear experiments which focus ¢
side chains in HC(CO)NH-TOCSY-type experiments is danethyl resonances in proteins.
tected on NH protons of the subsequent residue, side chain
resonances of residues preceding prolines are not accessible in
such experiments. Overlaps fH—"N HSQC spectra cause
amt?'_gu'“es when only NH-detected experiments arg used. Ar1‘his project was supported by the Wellcome Trust and the Edinburgh Cent
additional advantage of the methyl-detected experiments @§-protein Technology. We thank Dr. Tibor Liptaj for useful discussions
crues from the fact that there is, inherently, proton—carbanring the course of this project and Doris Duncan for help with the prepar:
correlation information for Cklgroups which is not present intion of the protein.
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