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Side-chain carbon resonance assignments are difficult to obtain
for larger proteins. While standard methods require protons for
excitation and detection of magnetization, their presence is often
unacceptable and often leads to unacceptable relaxation losses at
the directly bound carbon sites. In this paper, pulse sequences
are presented which provide connectivities between aliphatic side-
chain ¥C and amide 'H and "N chemical shifts in fully deuter-
ated, 3C/"®*N-enriched proteins. Magnetization either starts off
from carbons or from both nitrogens and protons and is passed
along the side-chain via '*C-13C isotropic mixing. Direct rather
than 3CO-relayed >N — 3C® or ¥C* — N transfer steps allow
the detection of intraresidual as well as sequential correlations. To
avoid ambiguities between these two types in the three-dimensional
version of the experiments, a fourth dimension can be introduced
to achieve their separation along a 3C* frequency axis. The
novel methods are demonstrated with the uniformly 2H/'3C/SN
labeled 35-kDa protein diisopropylfluorophosphatase from Loligo
vulgar IS.  © 2002 Elsevier Science (USA)

Key Words: CC-TOCSY; DFPase; isotopic labeling; triple reso-
nance NMR; TROSY.

INTRODUCTION

Deuteration leads to substantial improvements in NMR spec-
tra of larger proteins in terms of both sensitivity and resolution
(see Refs. (/-3) for recent reviews). In particular, amide-proton
detected triple resonance experiments applied to 2H/'3C/'SN
labeled proteins benefit from the elimination of the efficient
'H, 'H, and 'H, '3C dipolar (DD) spin relaxation pathways
(4, 5). Advantages of deuteration are even more pronounced
when triple resonance spectroscopy is combined with [°N,
'H]-TROSY (6), which relies on the destructive interference
of the remaining dominant contributions to relaxation, TN 15N
DD, and 'HN or >N chemical shift anisotropy (CSA). TROSY-
based triple resonance methods therefore enabled assignments of
proteins with molecular weights of up to 110 kDa to be obtained
(7—12). Such assignments are almost invariably limited to back-
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bone and '*CP resonances, although further side-chain reso-
nance assignments would be of interest, too, as they are pre-
requisites for the evaluation of NOESY spectra, the analysis
of side-chain dynamics from '3C and H relaxation, or simply
allow an identification of amino acid types.

For obvious reasons standard HCC(CO)NH-TOCSY pulse
sequences (/3-16) are inappropriate to achieve side-chain res-
onance assignments of perdeuterated proteins, while they have
been successfully applied to 50% (/7) and 65% (I8) random
fractionally deuterated proteins. However, very high molecu-
lar weight proteins will require higher levels of deuteration. It
should be mentioned that methyl resonances can be assigned
very efficiently (19, 20) using >H/'3C/'>N ('H-methyl)-labeled
samples (2/-23). In a more general approach, suitable for fully
deuterated proteins, the (H)CC(CO)NH-TOCSY sequence has
been adapted by allowing the magnetization to originate from
aliphatic carbons (24). Despite the absence of any polarization
transferred from protons the sensitivity was sufficient to obtain
almost complete aliphatic side-chain '*C assignments for a 96%
deuterated 29-kDa protein with an estimated rotational corre-
lation time 7, of 10.4 ns. With decreasing molecular tumbling
rates and increasing magnetic field strengths these carbonyl-
relayed backbone-amide—side-chain correlation experiments are
expected to suffer from efficient '*CO CSA relaxation dur-
ing the critical 3C% — 3CO/'3CO — N polarization transfer
period.

Here we propose alternative methods, not affected by trans-
verse carbonyl relaxation, to link aliphatic side-chain '*C chemi-
cal shifts to those of backbone '*N and 'HN nuclei in '*C/'>N en-
riched, highly deuterated proteins. One obvious way to achieve
this goal is to replace the relayed polarization transfer of the
CC(CO)NH-TOCSY (24) by a direct '*C* — !N transfer step.
Of potentially higher utility for larger proteins is an “out-and-
back” variant which contains two C—C isotropic mixing periods
and exploits amide proton polarization at the outset of the se-
quence. This strategy lends itself to sensitivity and resolution
enhancement via [N, "H]-TROSY (6, 7), which becomes most
efficient at high magnetic fields, where fast 13CO CSA relaxation

would deteriorate CC(CO)NH-type experiments.



SIDE-CHAIN CARBON RESONANCES 11

RESULTS AND DISCUSSION bined with gradient coherence selection (38). Optional decou-
pling of carbon spins during acquisition is recommended as it
The magnetization transfer pathway of conventional side-  results in slightly narrower 'HN lineshapes. Deuterium decou-
chain-to-backbone correlation NMR pulse sequences starts at  pling must be applied during all periods of transverse '*C mag-
aliphatic carbon bound protons. At the expense of sensitivity  netization in order to eliminate the effect of the >H quadrupolar
the initial INEPT (25) step inevitably has to be omitted for ap-  interaction (4), otherwise causing faster relaxation.
plication to perdeuterated proteins, which carry protons only at Identical correlations can be obtained using the novel
exchangeable sites. One example is the CC(CA)NH-TOCSY se-  (HNCAC)C(C)CANH-TOCSY pulse sequence which is de-
quence, outlined in Fig. 1, which is derived from HCC(CA)NH-  picted in Fig. 2. The flow of magnetization in the 3D and 4D
TOCSY type experiments (/4, 18, 26) and may be viewed as the  versions of the experiment can be described as
intraresidual counterpart of the CC(CO)NH-TOCSY (24).
Briefly, after excitation of aliphatic carbons and chemical shift HY — BN; — Bey,_ — Ber () — By,
labeling (¢;) magnetization is passed along the aliphatic carbon '
skeleton via CC isotropic mixing. In the subsequent *C — N
polarization transfer, magnetization is relayed to amide nitro- apd
gens of the same and the sequentially following residue through
' Ine, and 2Jnc, couplings, respectively. To avoid a loss of co- 'HY - PN; - Pcy_ — BCzﬁfs(h) — B¢y (t3)
herence due to passive llcac 5 interactions, the duration A is
tuned to 1/'Jc,c 5 Nitrogen-15 chemical shifts evolve in time in
a semiconstant manner (/4, 36) as a function of #,. Finally, mag-  respectively. Conceptually the sequence is related to HNCACB
netization is transferred to amide protons for detection, using a  (42) or HNCACBCG (43, 44) sequences where a magnetiza-
standard sensitivity enhanced reverse INEPT element (37) com- tion transfer between backbone amide and side-chain Bl
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FIG. 1. Pulse sequence of the CC(CA)NH-TOCSY experiment. Narrow and wide filled rectangles denote 90° and 180° pulses, respectively. Carrier offsets are
4.75 (*H), 118.0 (\*N), 41.6 (3C), and 3.0 ppm (3H). Off-resonance carbon pulses use phase-modulation of the carrier (27). Hard 'H and N pulses are applied
with RF fields strengths of 28 and 7.8 kHz, respectively, while power levels are reduced to 5 kHz for 'H DIPSI-2 (28) and 0.8 kHz for >N GARP-1 (29) composite
pulse decoupling. Aliphatic carbon 90° pulses are rectangular (17.5 kHz RF field) and 180° pulses are G> Gaussian cascades (30) with durations of 220 and 350 s,
respectively, for the first and second one, where the latter pulse is centered in the '>C% region (56 ppm). Isotropic mixing of '>C magnetization is achieved with
the FLOPSY-8 sequence (37) at an RF field strength of 7.8 kHz. Carbonyl 180° pulses are applied at 176 ppm and have the shape of the center lobe of a sin(x)/x
function with a duration of 120 us. '*C decoupling during acquisition is accomplished by a sequence of adiabatic frequency-swept WURST (32) pulses (50 kHz
sweep, 3-ms duration) centered at 108 ppm and employing a five-step supercycle (33). Deuterium composite pulse decoupling employs the WALTZ-16 sequence
(34) applied along the x-axis at an RF field of 0.8 kHz. Delays A, «, t, and 7’ are adjusted to 27, 5.4, 4.5, and 0.8 ms, respectively. Evolution of nitrogen chemical
shifts is implemented in time in a semiconstant manner, where 5 = (Tn — x12)/4, t‘z’ == x)1/2,t5 = (In+ xt2)/4, tg = (In+Q2— y)t2)/4, and Ty = 24 ms.
The factor x can vary between 0 and 1, depending on the desired N acquisition time. Unless specified, pulses are applied along the x-axis. Phases are cycled
according to ¢ = 4(x), 4(—x); 2 = x,y, —x, —=y;$3 = 2(x), 2(—x); Pa = ¥; Preceiver = X, 2(—x), X, —x, 2(x), —x. Sign discrimination in the F| dimension
is accomplished by States—TPPI (35) of phase ¢;. Gradients are sine-bell shaped and have the following durations, peak amplitudes, and directions: Gp, 0.5 ms,
5 G/em, y; Gp, 0.5 ms, 5 G/em, z; Gz, 0.5 ms, 5 G/cm, x; G4, 1.6 ms, —19.73 G/cm, xyz; Gs, 0.3 ms, 4 G/cm, xy; Gg, 0.3 ms, 5.5 G/cm, xy; G7, 0.2 ms, 16 G/cm,
xyz. Echo- and antiecho coherence transfer pathways are selected alternately by inversion of the polarity of G4 along with the pulse phase ¢4. For each successive
1y value, ¢3 and the receiver phase are incremented by 180°.
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FIG.2. Combined schemes for recording 3D (HNCAC)C(CCA)NH-TOCSY and 4D (HNCAC)C(C)CANH-TOCSY spectra. Narrow and wide bars denote RF
pulses with flip angles of 90° and 180°, respectively, applied along the x-axis unless indicated otherwise. Pulses drawn in the box are only applied in the 4D version,
where the acquisition time corresponds to #4. In the 3D version, the pulse of phase ¢4 immediately follows gradient Gs, and 13 is the ' H acquisition rather than a 13C%
evolution period. The 'H, 1SN, 13C, and 2H carrier positions are 4.75 (water), 118.0, 41.6, and 3.0 ppm, respectively, except for the 73 period and the flanking 90°
pulses in the 4D sequence, where the '3C carrier is moved to 57.5 ppm. Rectangular proton pulses are applied with a 28-kHz RF field, while selective water flip-back
pulses have a Gaussian shape, truncated at 10%, and a duration of 3 ms. Field strengths are 7.8 and 0.8 kHz for pulses on >N and ?H (WALTZ-16 decoupling),
respectively. Rectangular 13C 90° pulses applied on aliphatic and a-carbons employ RF fields of 17.5 kHz and A /,/15, respectively, where A is the difference in
Hz between the centers of the '3C% and '3C’ regions (39). For the FLOPSY-8 mixing sequences, the field strength is adjusted to 7.8 kHz. Shaped 180° '3C¥ pulses,
applied at 56 ppm, are 350-us G® Gaussian cascades, while '>C’ inversion pulses, applied at 176 ppm, are sinc-shaped and have a duration of 120 us. Carbon
decoupling during acquisition is implemented as a sequence of 3-ms WURST-20 pulses, applied at 108 ppm. Fixed delays are t = 4.6 ms, ¢ = 24 ms, v/ = 4.3 ms,
t” = 5.4ms,and ¢ = 0.4 ms. The initial duration of each of the periods t;, t;, and tg isTn/4 (T = e—1'), while t;’ is zero. Nitrogen chemical shifts evolve in time in
asemiconstant manner according to 5 = (Tn — x12)/4, té’ =(1-))n/2,t5 = (In+xt0)/4, tg = (Tn+(2—x)12)/4, where the factor y is given by TN/ max (2 max
being the desired N acquisition time), if -y max > TN, otherwise x = 1. Phases are cycled as follows: ¢ = 2(y), 2(—y); 2 = x, —x;¢4 = 4(y), 4(—Yy); 5 =
Yi96 = X} Preceiver = X, 2(—x), x, —x, 2(x), —x in the 3D version and ¢1 = y;¢2 = x, —x3¢3 = 2(x), 2(=X); ¢4 = y;¢5 = ¥:6 = X; Preceiver = X, 2(—X), X
in the 4D version. The phases of the first selective (—y) and the second rectangular 90° (y) 'H pulses are valid for applications on Bruker spectrometers,
whereas they have to be inverted on Varian spectrometers (40) in order to constructively add components originating from 'H and 13N steady-state magnetization
(6, 41). The sine-bell shaped gradients have the following durations, peak amplitudes, and directions: Gy, 0.5 ms, 5 G/cm, x; G, 0.5 ms, 5 G/cm, z; G3, 0.5 ms,
5 G/cm, y; G4, 0.5 ms, 6 G/cm, z; Gs, 0.5 ms, 7.5 G/cm, x; Gg, 1.6 ms, 19.73 G/cm, xyz; G7, 0.3 ms, 4 G/cm, xy; Gg, 0.3 ms, 5.5 G/cm, xy; Gg, 0.2 ms, 16 G/cm,
xyz. For each r, increment, N- and P-type transients are collected alternately by inverting the polarity of G along with pulse phases ¢s and ¢s. The two transients
are stored separately and then added and subtracted to form the real and imaginary parts of a complex FID with a 90° zero-order phase shift being added to one of
the components. Axial peaks in the '>N dimension are shifted to the edge of the spectrum by incrementing ¢, and the receiver phase by 180° for each value of 7.
Quadrature detection in #; (#; and #3 in the 4D version) is accomplished by altering ¢, (¢> and ¢3) in the States—TPPI manner.

or 3C” resonances is accomplished in an out-and-back man-
ner, making them readily applicable to perdeuterated proteins.
However, complete aliphatic side-chain assignments can only
be achieved with the (HNCAC)C(C)CANH-TOCSY method.
Carbon—carbon isotropic mixing employed here for the trans-
fer from '3C? into the side-chain and—after chemical shift
labeling—back to '3C is preferable over a multiple step carbon—
carbon COSY scheme because it is faster and less prone to
transverse relaxation. The (HNCAC)C(C)CANH-TOCSY takes
advantage of the sensitivity enhanced [°N, 'H]-TROSY detec-
tion scheme (40, 45-50) to attenuate nitrogen and proton
R, relaxation. In the present implementation gradient echo—
antiecho coherence selection is employed and the number of
'H 180° pulses is minimized in a manner described previ-
ously (57). The final '3C* inversion pulse serves to concate-
nate the 7’ period of the TROSY scheme with the *C* — SN

back transfer in order to reduce the length of the sequence (52,
53). Water-selective pulses are applied in the usual manner to
ensure minimal saturation of fast-exchanging amide protons
(54-56).

Compared to the CC(CA)NH-TOCSY scheme, the
(HNCAC)C(C)CANH-TOCSY is favored in terms of sen-
sitivity, as it utilizes steady state magnetization of both 'H
and "N rather than the considerably smaller polarization of
carbons. With respect to potential losses due to relaxation,
the overall duration of the (HNCAC)C(C)CANH-TOCSY
sequence is obviously longer due to the second CC isotropic
mixing period. Note that during this period '*C magnetization
decays with an average of R; and R, relaxation rates rather
than pure transverse relaxation as in the case of free precession
periods in CC COSY steps. The additional >N — 3C¢ transfer
delay € is more than counterbalanced by the omission of the
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A interval for 13C® — 5N transfer in the CC(CA)NH-TOCSY
since transverse relaxation of the '’N TROSY component is
commonly slower than that of 13Ce | even for perdeuterated
proteins. It should be mentioned that the CC(CA)NH-TOCSY
can be modified to include a ['°N, !H]-TROSY element.
However, in the present application at a moderate magnetic
field strength (600-MHz proton frequency), this resulted in
a slightly decreased sensitivity compared to the non-TROSY
pulse scheme of Fig. 1, which can be attributed to the “out-
and-stay” type magnetization transfer pathway which does not
allow inclusion of the native !N magnetization and involves
only half the duration of transverse >N magnetization as the
(HNCAC)C(C)CANH-TOCSY.

The utility of the novel methods has been tested with a com-
pletely deuterated, '*C/!*N-labeled sample of diisopropylfluo-
rophosphatase (DFPase) from Loligo vulgaris, a 35-kDa pro-
tein consisting of a single polypeptide chain of 314 amino
acid residues. Figure 3 compares spectra obtained under
identical conditions using the 3D CC(CA)NH-TOCSY and
(HNCAC)C(CCA)NH-TOCSY pulse sequences at 600-MHz
proton Larmor frequency. As can be seen for almost all residue
types, a number of backbone amide to side-chain carbon corre-
lations are already obtained in the CC(CA)NH-TOCSY experi-
ment. However, some of the expected, in particular the usually
weaker interresidual cross peaks are missing due to sensitiv-
ity reasons. More complete correlation maps are observed in
the corresponding strips from the 3D (HNCAC)C(CCA)NH-
TOCSY spectrum. The examples chosen include residues from
well-ordered and more dynamic regions of the protein structure,
although it should be mentioned that DFPase has a markedly
high content of B-sheet secondary structure, lacking any un-
structured regions, and only moderate variations in linewidths
are observed in the spectra. As is the case for other pulse se-
quences, the experiments proposed here do not perform equally
well for residues with narrow and broad lines. In this respect
no systematic differences were found between the CC(CA)NH-
TOCSY and the (HNCAC)C(CCA)NH-TOCSY methods. Typ-
ically, the signal-to-noise is 1.5 to 2 times higher in the latter
experiment, in accordance with expectations based on the dif-
ferent magnetization transfer pathways.

A drawback of the (HNCAC)C(C)CANH-TOCSY sequence
is that the effect of a nonuniform transfer efficiency, inherent
to commonly used CC-TOCSY mixing schemes, is exacerbated
because such periods are employed twice. As a consequence,
relatively large intensity differences within the same side-chain
are encountered and, depending on the mixing time chosen, some
positions tend to give very weak signals. In rare cases, cross
peaks (e.g., Lys58 C® and GIn98 C” in Fig. 3) were even absent
in the (HNCAC)C(CCA)NH-TOCSY whereas they could be
observed in the CC(CA)NH-TOCSY spectrum.

In contrast to (H)CC(CO)NH-TOCSY based sequences the
experiments proposed here are able to provide side-chain reso-
nance assignments for residues sequentially preceding prolines,
such as Ile3 in Fig. 3. Furthermore, it is possible to link argi-

nine e-nitrogen and -proton to intraresidual carbon resonances,
allowing for their sequence-specific assignment by comparison
with cross-peak patterns obtained for arginine backbone sites.
As pointed out previously (57, 58) such assignments are crucial
for the determination of global folds of perdeuterated proteins
owing to their low proton densities and concomitant limited
number of available NOEs.

Similar to other NH-detected three-dimensional experiments,
problems arise whenever chemical shifts of two or more amino
acids are degenerate in both the '"HN and the >N dimensions.
Likewise, distinctions between intra- and interresidual corre-
lations in 3D (HNCAC)C(CCA)NH-TOCSY or CC(CA)NH-
TOCSY spectra cannot always be made based on cross-peak in-
tensities even though the intraresidual transfer is favored owing
to the usually larger ! Jnc, coupling constant. This is a conse-
quence of the nonuniform transfer efficiency brought about by
13C isotropic mixing, as mentioned above. As a remedy, the
dispersion of '3C% chemical shifts may be exploited to sepa-
rate intra- and interresidual correlations or to resolve overlap-
ping amides. To this end the 3D (HNCAC)C(CCA)NH-TOCSY
sequence has been extended to a 4D (HNCAC)C(C)CANH-
TOCSY pulse scheme simply by inserting a '3C¥ (#3) evolution
time before the *C* — SN back transfer, as indicated in Fig. 2.

The utility of a 4D (HNCAC)C(C)CANH-TOCSY spec-
trum is demonstrated in Fig. 4, showing typical cases of am-
biguous assignments in the 3D version of the experiment.
For instance, for residue pair Leu9/Pro8 it was not obvious
from cross-peak intensities in the 3D (HNCAC)C(CCA)NH-
TOCSY which correlations are intraresidual and which are in-
terresidual. A distinction can, however, be readily made in the
4D (HNCAC)C(C)CANH-TOCSY, where the two types are
separated along the '*C* (ws3) dimension. The 4D spectrum
furthermore revealed the near-degeneracy of Leu9 '3C” and
Pro8 '*C# chemical shifts, giving rise to overlap in the 3D
(HNCAC)C(CCA)NH-TOCSY. Similarly, partial overlap be-
tween the Val66 *C#/Glu65 '*C” and Met164 '3C”/GIn163
13CY cross peaks present in the 3D (HNCAC)C(CCA)NH-
TOCSY is resolved in the 4D variant, at the same time allowing
their unambiguous assignment to residues i or i — 1. In the case
of Lys214/Asn213, additional complications arise from the fact
that the amide 'H and 'SN chemical shifts of Lys214 almost co-
incide with those of Leu309, such that the corresponding cross
section along the '*C dimension in the 3D spectrum potentially
contains correlations from four different side-chains. These
are spread along the ws-axis in the 4D (HNCAC)C(C)CANH-
TOCSY according to the respective '*C* resonance frequen-
cies, and the identification of cross peaks belonging to Lys214
and Asn213 becomes straightforward. On the other hand, a
disadvantage of the 4D method is its inherently lower sensi-
tivity, which, ignoring relaxation effects, is reduced by a factor
of 2!/2 compared to the 3D version. Some weak cross peaks in
the 3D (HNCAC)C(CCA)NH-TOCSY spectrum, e.g., Met164
and GIn163 3C# or Leu309 13C?, were therefore not detected
in the 4D spectrum.
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FIG. 3. Sections of 3C/'HN(w) /w3) slices from 3D CC(CA)NH-TOCSY (A) and 3D (HNCAC)C(CCA)NH-TOCSY (B) spectra of 2H/!3C/'>N-labeled
DFPase, taken at the backbone "N (w,) chemical shifts of residues i, the pairs i,i — 1 given at the top of each panel. As an exception the strip from the
(HNCAC)C(CCA)NH-TOCSY, containing correlations within the Arg264 side-chain, is extracted at the position of the e-nitrogen resonance. The corresponding
cross peaks in the CC(CA)NH-TOCSY (not shown) are severely broadened along the proton dimension due to incomplete nitrogen decoupling as a result of their
large offset from the N carrier. Each strip has a width of 0.15 ppm along w3 and is centered around the chemical shift indicated at the bottom. To assess the
relative signal-to-noise ratios, contour levels are drawn on an exponential scale using a factor of 2'/2, the lowest being just above the noise level in both spectra.
Carbon-13 resonance assignments are indicated by the respective positions in the side-chains of residues i and i — 1, drawn in the (HNCAC)C(CCA)NH-TOCSY
slices unless cross peaks appeared in the CC(CA)NH-TOCSY only. Stereospecific assignments of valine methyl groups (denoted y and y’) are not available.
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FIG. 4. Four examples showing the resolution of overlap in (HNCAC)C(C)CANH-TOCSY spectra of 2H/'3C/15N-labeled DFPase. For each residue pair
i/i —1aBC/"HN (w; /w3) strip (0.15 ppm width) from the 3D (HNCAC)C(CCA)NH-TOCSY, taken at the >N (w;) chemical shift of residue i, is plotted at
the left side and the corresponding '3C/'3C%(w; /w3) plane at the N/'HN (w, /w4) chemical shifts of the same residue in the 4D (HNCAC)C(C)CANH-TOCSY
is shown at the right. Dashed lines connect equivalent cross peaks present in both spectra. Cross peaks belonging to other residues which have their maximal
intensity in neighboring slices are marked by asterisks. In the lower right panel (Lys214/Asn213), cross peaks labeled 8, y;j—1, ;, and 8} have been assigned to

Leu309/Thr308.

CONCLUSIONS

Pulse sequences have been introduced allowing side-chain
13C resonance assignments to be obtained in larger, perdeuter-
ated proteins. Employing aliphatic carbons as the initial source
of magnetization, the CC(CA)NH-TOCSY scheme represents
the intraresidual analogue of the CC(CO)NH-TOCSY (24). In

cases where fast transverse '*CO relaxation degrades the effi-
ciency of the carbonyl-relayed '*C* — >N transfer in the latter
experiment, the CC(CA)NH-TOCSY might be an alternative to
link side-chain '*C to backbone amide chemical shifts. A consid-
erably higher sensitivity is, however, achieved with the out-and-
back type (HNCAC)C(CCA)NH-TOCSY pulse scheme which
exploits the sum of 'H and '°N rather than '*C polarization
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and takes advantage of TROSY enhancement. Owing to the

branched magnetization transfer pathway the new methods com-
plement the HNCACB experiment (42), at the same time pro-
viding sequential connectivities and side-chain chemical shift
information.

EXPERIMENTAL

Triply labeled DFPase was expressed in E.coli grown on a di-
luted 2H/'3C/"N-enriched (>96%), algal lysate based medium
(Cambridge Isotope Laboratories, Inc., Andover, MA), sup-
plemented with 1 g/l 2H,/B3Cq glucose (>97%) (Martek Bio-
sciences Corp., Columbia, MD) and 1g/1 "NH4Cl (>98%)
(Martek). The sample concentration was 0.9 mM in 10-mM
Bis-Tris—propane (1,3-bis][tris-(hydroxymethyl-)methylamino]-
propane) buffer (95% H,0/5% D,0) at pH 6.3. All data sets were
recorded at a temperature of 28°C on a four-channel 600-MHz
Bruker Avance spectrometer, equipped with a 5-mm three-axis
gradient "H{!3C, >N}-triple resonance probe.

Three-dimensional CC(CA)NH-TOCSY and (HNCAC)C
(CCA)NH-TOCSY spectra were acquired with spectral widths
of 64.3 ppm along F; ('3C), 20.0 ppm along F> (**N), and
10.3 ppm along F3 (‘H). Time domain data consisted of
70 x 48 x 512 (1, t, t3) complex points, corresponding to ac-
quisition times of 7.3, 39.5, and 82.8 ms, respectively, the
values of the semiconstant time factors x being 0.62 in the
CC(CA)NH-TOCSY and 0.51 in the (HNCAC)C(CCA)NH-
TOCSY. Accumulation of eight scans per FID resulted in
recording times of 69 h for each data set. In the four-
dimensional (HNCAC)C(C)CANH-TOCSY experiment spec-
tral widths comprised 59.7 (Fy, 13C), 10.0 (F», °N), 15.4 (F3,
13C), and 10.3 ppm (F4, "H). Acquisition times (number of
complex data points) were 4.7 (42), 16.4 (10), 6.9 (16), and
82.8 ms (512) in 11, 15, 13, and t4, respectively, such that it could
be recorded as a constant-time (i.e., x = 1) version with respect
to the >N domain. The spectrum was acquired within 132 h,
using four scans per FID. In all experiments, the length of the
TOCSY mixing period was adjusted to 18.1 ms, corresponding
to six cycles of FLOPSY-8.

Processing and spectra analysis was carried out using the
NMRPipe/NMRDraw (59) software. Linear prediction was em-
ployed to extend acquisition data in all indirect dimensions
by approximately 1/3 of their original length. Prior to Fourier
transformation, time domain data were apodized with squared-
cosine functions in all dimensions. Zero-filling was applied to
obtain final 3D and 4D data set sizes of 256 x 128 x 512 and
128 x 32 x 64 x 512 points, respectively, retaining only the
low-field half in the 'H dimension.
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