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For very large proteins in the highest magnetic fields, the large
chemical shift anisotropy (CSA) of carbonyl carbon deteriorates co-
herence transfer efficiency in experiments designed for unambigu-
ous sequential backbone assignment. In this communication, coher-
ence throughput of several TROSY experiments is evaluated. Two
new experiments, MP-HNCA and HN(CO)CANH, are also intro-
duced as attractive alternatives for sequential assignment purposes
of large proteins with correlation time over 50 ns. Their theoretical
coherence transfer efficiencies for the interresidual 13Cα correla-
tions are significantly better than in recently introduced MP-CT-
HNCA and sequential HNCA experiments. The improvement with
the new experiments is observed already on 60.8 kDa homodimer
of protein Cel6A at 800 1H MHz. C© 2002 Elsevier Science (USA)
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selection; TROSY.
Assignment of chemical shifts to individual atoms is of course
imperative for any detailed structural study by high-resolution
NMR spectroscopy. In protein NMR spectroscopy, rapid de-
velopment during the past decade in both sample production
and methodological innovations, as well as improvement in in-
struments, has extended the size-limit of proteins amenable to
sequential assignment from 10 kDa to 100 kDa size-regime (1).
The production of 15N, 13C enriched protein samples enabled
the use of so-called triple-resonance spectroscopy for the chem-
ical shift assignment of 1H, 15N, and 13C spins from 15–25 kDa
weight proteins (2–3). It was realized, however, that the assign-
ment of larger proteins (>25 kDa) requires perdeuteration, i.e.,
substitution of aliphatic protons with deuterons in order to slow
13Cα as well as 1HN relaxation (4). The transverse relaxation
optimized spectroscopy (TROSY) (5) and its subsequent mod-
ifications and improvements have pushed the size limit over
100 kDa (6).

A number of slightly different methods for the chemical
shift assignment of protein main chain resonances have been
1 To whom correspondence should be addressed. Fax: +358-9-191-595-41.
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introduced over the past several years (2, 3, 7–12). Customa-
rily complete assignment of chemical shifts employing a set of
HN detected three-dimensional experiments, i.e., (CT)-HNCA
and (CT)-HNCACB, are used to connecting both intraresid-
ual and sequential 13Cα and 13Cβ resonances with intraresid-
ual 15N and 1HN resonances (3). However, due to the com-
parable sizes of 1 JNCα and 2 JNCα couplings it is not always
clear which of the 1HN(i), 15N(i), 13Cα cross peaks belong to
13Cα(i) and 13Cα(i − 1). In most of the cases, the 1 JNCα , i.e.,
the intraresidual cross peak is more intense compared to inter-
residual cross peak, but unfortunately contradictionary results
are also probable. To ensure unambiguous assignment of intra-
and interresidual 15N, 13Cα connectivities, the HN(CO)CA and
HN(CO)CACB experiments are usually recorded, showing only
sequential 15N, 13Cα cross peaks. In addition to interresidual se-
lectivity of the HN(CO)CA type of experiments, they usually
exhibit higher sensitivity than their corresponding counterparts
based on the HNCA building blocks due to larger 1 JNC′ and
1 JC′Cα couplings used for magnetization transfer from 1HN to
13Cα and back. Especially the 13C′ spin is excellent for the relay
of magnetization in smaller proteins owing to its favorable relax-
ation properties and its large (∼53 Hz) coupling to the preceding
13Cα spin.

However, this strategy began to fail for large proteins at high
magnetic fields (6, 12, 13). Carbonyl carbon has very large chem-
ical shift anisotropy and consequently the transverse relaxation
rate of the carbonyl carbon increases very rapidly as the polar-
izing magnetic field strength as well as protein size get larger
(13). The rate of the 13C′ transverse relaxation has quadratic de-
pendence on the magnetic field strength, and consequently the
NMR experiments utilizing 13C′ spin are best carried out at field
strength smaller than 600 MHz proton frequency (12, 13). It has
been shown that for the protein size of 110 kDa the rapid 13C′

relaxation deteriorates the HN(CO)CA experiment with respect
to HNCA already at 500 MHz (6). This is particularly unfor-
tunate as the TROSY spectroscopy works best at the highest
magnetic fields available today while the 13C′ relaxation ruins
the HN(CO)CA and HN(CO)CACB experiments.
3 1090-7807/02 $35.00
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To address this problem, we recently introduced a new ap-
proach, the MP-CT-HNCA experiment, for sequential assign-
ment, enabling main chain assignment without HN(CO)CA or
HN(CO)CACB experiments (12). The key issue, i.e., to distin-
guish between the intra- and interresidual connectivities with-
out using the HN(CO)CA experiment, was accomplished by
employing spin-state-selective filtering (14–17) in the 13Cα-
dimension with respect to interresidual 13C′(i − 1) spin. The
intraresidual cross peaks could then be separated from interresid-
ual cross peaks by the size of 1 JCα (i−1)C′(i−1) and 2 JCα (i)C′(i−1)

couplings. The 1 JCα (i−1)C′(i−1) coupling is at least an order of
magnitude larger than 2 JCα (i)C′(i−1) and consequently interresid-
ual cross peaks can be easily recognized even when the reso-
lution is not sufficient for resolving ∼50–55 Hz coupling. An
alternative method for sequential assignment, sequential HNCA,
was presented by Meissner and Sørensen (18). The method uti-
lizes large 1 JCαC′ coupling during a constant time (CT) period,
t1, in order to refocus antiphase 1 JCαC′ coupling for sequential
connectivities, whereas the intraresidual 13Cα’s remain intact or
defocus to double antiphase form. Thus, in practice only the
sequential cross peaks are converted into observable magne-
tization.

Unfortunately, both the MP-CT-HNCA and sequential HNCA
experiments have one major drawback hampering their perfor-
mance with respect to the conventional HN(CO)CA experiment.
Both experiments suffer from the constant time period during
which the 13Cα chemical shift is labeled and 1 JCαC′ coupling is
modulated (MP-CT-HNCA) or refocused (sequential HNCA).
In fact, sensitivity losses during this period can be larger than
gains from redirecting the coherence transfer to 13Cα spin, i.e.,
from avoiding coherence transfer via carbonyl carbon.

The purpose of this paper is first to evaluate relative coher-
ence transfer efficiencies for the sequential connectivities and
compare attainable sensitivity for the MP-CT-HNCA, sequen-
tial HNCA, CT-HN(CO)CA, and HN(CO)CA experiments in the
case of very large protein at 800 1H MHz. Second, we introduce
two alternative methods, namely a variant of the MP-HNCA
experiment and a novel HN(CO)CANH experiment, which is a
hybrid of the familiar HNCA and HN(CO)CA experiments. Both
experiments provide significantly improved sensitivity over the
MP-CT-HNCA, sequential HNCA, and CT-HN(CO)CA exper-
iments and prove to be attractive choices for the HN(CO)CA
experiment in high-molecular-weight systems.

Let us first focus on differences between the original MP-CT-
HNCA, sequential HNCA, CT-HN(CO)CA, and HN(CO)CA
experiments shown in Figs. 1a–1d. This can be most conve-
niently accomplished by inspecting coherence transfer pathways
for the differing parts for each experiment. It is worth mentioning
that presented pulse schemes differ somewhat from the original
versions, for instance, by the implementation of the TROSY
selection introduced by Yang and Kay (19). To make possible
straightforward evaluation of coherence transfer throughputs,

we implemented the experiments with identical coherence trans-
fer pathway selection.
CATIONS

The coherence transfer efficiencies for the interresidual cross
peaks in the original MP-CT-HNCA experiment,

sin2
(
2π2 JNCα Ta

)
cos2

(
2π1 JNCα Ta

)
sin(2π1 JNC′ Tb)

× cos
(
2π1 JCαCβ Tc

)
exp(−2(Ta + Tb)/T2N)exp

(−2Tc/T2Cα

)
,

[1]

and in the sequential HNCA experiment,

sin2
(
2π2 JNCα Ta

)
cos2

(
2π1 JNCα Ta

)
sin

(
2π1 JCαC′ Tc

)

× cos
(
2π1 JCαCβ Tc

)
exp(−4Ta/T2N) exp

(−2Tc/T2Cα

)
, [2]

are rather similar. The nominal values for the coupling constants
and delays in Eqs. [1], [2] are 1 JNCα = 10 Hz, 2 JNCα = 7 Hz,
1 JNC′ = 15 Hz, 1 JC′Cα = 53 Hz, 1 JCαCβ = 35 Hz, 2Ta ∼ 25 ms,
2Tb ∼ 33 ms, 2Tc ∼ 7 ms. In the MP-CT-HNCA experiment,
the delay 2Tb is matched to 1/(2JNC′ ), because it is employed
for the spin-state selection. In addition, the coupling between
13Cα and 13C′ spins is not refocused during t1 (12). In the case
of sequential HNCA, the coupling between 13Cα and 13C′ spins
evolves during the 2Tc period. Therefore, the 15N transverse
relaxation is effective for a longer period in the MP-CT-HNCA
experiment, whereas the 2Tc period is a compromise between
1 JCαC′ and 1 JCαCβ couplings in the sequential HNCA experi-
ment (18).

When we assume that the transverse relaxation rates for the
15N, 13C′ and 13Cα spins, in a very large system at the high-
est magnetic field currently available (900 1H MHz), are 50, 6,
and 20 ms, respectively, the corresponding coherence transfer
efficiencies for the first t1 increment (t1 = 0) in the in-phase
MP-CT-HNCA and sequential HNCA experiments are 0.022
and 0.020. When 1 JNCα and 2 JNCα are comparable in size, 10 Hz
and 9 Hz, respectively, the corresponding coherence transfer ef-
ficiencies for those residues are 0.034 and 0.031 (Fig. 2a). For the
sake of clarity, we wish to emphasize that in the MP-CT-HNCA
experiment two spectra, which are either in-phase or antiphase
with respect to the interresidual 13C′ in t1, are recorded. When
the t1,max is short, ∼7 ms, the in-phase experiment resembles
the conventional CT-HNCA experiment. Thus, it can be used
for sequential assignment in the usual way, which is also prefer-
able because the inherent sensitivity of the in-phase experiment
is ∼√

2 higher than the subspectra (12). If the intensities of
intra- and interresidual cross peaks are similar, then the addi-
tion or subtraction of these two experiments reveals whether
the cross peak originates from intra- or interresidual connectiv-
ity, because 1 JCα (i−1)C′(i−1) � 2JCα (i)C′(i−1). Likewise, if the t1,max

is longer than ∼7–9 ms, the sensitivity of the in-phase MP-
CTHNCA experiment is reduced by ∼√

2 due to resolved 1 JCαC′

coupling.

Now, let us elaborate on coherence transfer efficien-

cies in the CT-HN(CO)CA and conventional, i.e., (non-CT)
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FIG. 2. Coherence transfer efficiencies, for the first increment, as a function
of 2Ta for the MP-CT-HNCA (a) and sequential HNCA (a) experiments, and as
a function of 2TC for the CT-HN(CO)CA (b) and HN(CO)CA (b) experiments.
The transfer functions were calculated according to Eqs. [1]–[6], respectively,
using the following parameters: T2N = 50 ms, T2C′ = 6 ms, T2Cα = 20 ms, 2TN =
25 ms, 2Tb = 33 ms, 2Tc = 7 ms, 1 JNC′ = 15 Hz, 1 JNCα = 10 Hz, 2 JNCα = 9 Hz
(7 Hz for dashed line), 1 JC′Cα = 53 Hz, 1 JCαCβ = 35 Hz. The corresponding
transfer efficiencies for the proposed MP-HNCA and HN(CO)CANH experi-
ments with respect to 2Ta are shown in plot (c). Functions in Eqs. [5], [6] were
plotted using the values described above except for 2TC = 4.5 ms in the case of

HN(CO)CANH.
CATIONS

HN(CO)CA experiments. Both experiments use 1 JNC′ coupling
for transferring magnetization from the 15N spin to the preced-
ing 13C′ spin. This is followed by the INEPT-type transfer from
13C′ to the 13Cα spin, which is rather inefficient in very large
proteins as discussed more throughly in the original paper (12).
Subsequent t1 period is either implemented as a constant-time
or real-time evolution. The former is rather costly in larger pro-
teins whose 13Cα spin transverse relaxation is rapid despite of
perdeuteration (11). The coherence transfer efficiency depends
on

sin2(2π1 JNC′ TN) sin2
(
2π1 JC′Cα TC

)
cos

(
2π1 JCαCβ Tc

)

× exp
(−2Tc/T2Cα

)
exp(−4TN/T2N) exp(−4TC/T2C′ ) [3]

in the CT-HN(CO)CA experiment and

sin2(2π1 JNC′ TN) sin2
(
2π1 JC′Cα TC

)
cos

(
π1 JCαCβ t1

)

× exp(−4TN/T2N)exp(−4TC/T2C′ ) exp(−t1/T2Cα ) [4]

in the HN(CO)CA experiment. The nominal values are: 1 JNC′ =
15 Hz, 1 JC′Cα = 53 Hz, 2TN ∼ 33 ms, 2TC ∼ 9.1 ms, 2Tc ∼
7 ms. Again, using the same values for the 15N, 13C′, and
13Cα transverse relaxation rates as above, the coherence trans-
fer efficiencies can be optimized, yielding values of 0.016
and 0.033 for the first increment in the CT-HN(CO)CA and
HN(CO)CA experiments, respectively (Fig. 2b). Thus, it can
be immediately realized that the sensitivity of the non-CT
HN(CO)CA experiment is significantly better than that of its
constant-time counterpart. It should be noted that 1 JCαCβ mod-
ulation and 13Cα transverse relaxation during t1 reduce the
signal intensity in the HN(CO)CA experiment also. However,
provided that t1,max in the non-CT HN(CO)CA experiment is
<1/(3JCαCβ )−1/(2JCαCβ ), i.e., 1 JCαCβ coupling is not resolved,
the sensitivity of the non-CT HN(CO)CA is ∼2 higher than in
the CT-HN(CO)CA experiment. If we now compare theoretical
coherence transfer efficiencies between these four experiments,
we can easily assure ourselves with the fact that coherence trans-
fer is most efficient for the non-CT version of the HN(CO)CA
experiment even in the case of very rapid 13C′ transverse rela-
xation.

Fortunately, there are other possibilities to obtain sequen-
tial 13Cα correlations, namely variant of the original MP-CT-
HNCA experiment, and the novel HN(CO)CANH experiment
(Figs. 3a, 3b). Let us first concentrate on the MP-HNCA ex-
periment (Fig. 3a). It is essentially the same experiment as the
MP-CT-HNCA experiment except for the real-time 13Cα evo-
lution in t1. It is not the purpose of this paper to go through
how the MP-CT-HNCA experiment works except for the rele-
vant parts. Hence, we refer to the original paper for theoretical
and experimental details concerning the MP-CT-HNCA experi-

ment (12).
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FIG. 3. The MP-HNCA (a) and HN(CO)CANH experiments for the sequential assignment. Narrow and wide bars correspond to 90◦ and 180◦ flip angles,
respectively, applied with phase x unless otherwise indicated. All 90◦ (180◦) pulses for 13C′ and 13Cα are applied with a strength of �/

√
15 (�/

√
3), where �

is the frequency difference between the centers of the 13C′ and 13Cα regions. Half-ellipses denote water-selective 90◦ pulses to obtain water flip-back (24, 25).
The 1H, 15N, 13C′, and 13Cα carrier positions are 4.7 (water), 120 (center of 15N spectral region), 175 ppm (center of 13C′ spectral region), and 55 ppm (center
of 13Cα spectral region), respectively. All 13Cα pulses were applied on-resonance and 13C′ pulses off-resonance with phase modulation by � in the scheme (a).
In the scheme (b), the 13C transmitter is set to initially to the 13C′ region and is later shifted to 55 ppm just before the 90◦ φ4 pulse. Frequency discrimination in
F2 is obtained using the sensitivity-enhanced TROSY with gradient selection (19) by inverting the sign of the Gs gradient pulse together with the inversion of φ3.
Quadrature detection in the 13Cα dimension is accomplished by States-TPPI (26) applied to φ2. Pulsed field gradients were inserted as indicated for coherence
transfer pathway selection and residual water suppression. The nominal delay durations are 
 = 1/(4JHN); Tb = TN = 1/(4JNC′ ); Ta = 1/(8JNCα ) = ∼25 ms;
TC = 1/(4JC′Cα ); δ = gradient + field recovery delay; 0 ≤ κ ≤ Ta/t2,max. Gradient strengths (durations): Gs = 30 G/cm (1.25 ms), Gr = 29.6 G/cm (0.125 ms).

(a) Phase cycling for the in-phase MP-HNCA spectrum is φ1 = y; φ2 = x, −x ; φ3 = x ; φ4 = 2(x), 2(−x); φrec. = x, −x ; ψ = y. For the antiphase spectrum, ψ is
incremented by 90◦. (b) Phase cycling for the HN(CO)CANH experiment: φ1 = x ; φ2 = x, −x ; φ3 = x ; φ4 = 2(x), 2(−x); φrec. = x, −x .
In the proposed MP-HNCA experiment, the constant-time
period in the 13Cα dimension is replaced by the real-time evolu-
tion. This has the following consequences. The 1 JCαCβ coupling
evolves during t1, but as this period is usually kept short, sensi-
tivity loss due to the 1 JCαCβ modulation remains relatively small.
Sensitivity losses due to 1 JCαC′ modulation are also minimized
provided that t1,max ≤ 7 ms (∼1/3JCαC′ ). Most importantly, the
sensitivity costs due to rapid 13Cα transverse relaxation can also

be minimized using the real-time evolution period. Thus, the co-
herence transfer efficiency for the MP-HNCA experiment can
then be expressed as

sin2
(
2π2 JNCα Ta

)
cos2

(
2π1 JNCα Ta

)
sin(2π1 JNC′ Tb)

× cos
(
π1 JCαC′ t1

)
cos

(
π1 JCαCβ t1

)
exp(−2(Ta + Tb)/T2N)

× exp
(−t1/T2Cα

)
. [5]
Using the same transverse relaxation rates as given above,
this yields coherence transfer efficiency of 0.043 for the first
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t1 increment in the in-phase experiment. For those residues, in
which 1 JNCα and 2 JNCα are comparable, 10 and 9 Hz, the ef-
ficiency is 0.067 (Fig. 2c). It should be noted, however, that
if spin-state selection is used to distinguish between inter- and
intraresidual cross peaks, the overall sensitivity of cross peaks
will be

√
2 times lower than in the in-phase experiment (vide

supra). Coincidentally, the interresidual cross peaks that are of
the same intensity as the intraresidual cross peaks also are more
intense than other sequential connectivities. For this reason, it
is advantageous to use the in-phase experiment for the general
assignment of cross peaks and use spin-state-edited subspectra
to distinguish between uncertain cross peaks (12). Thus, theo-
retically, the in-phase MP-HNCA experiment provides, as long
as t1,max is shorter than ∼7 ms, virtually the same intensity as
the conventional HNCA experiment, which we consider as the
upper limit for coherence transfer efficiency.

The second alternative for obtaining sequential assignment
in very large proteins is presented in Fig. 3b. This experiment
is mostly similar to the HN(CO)CA experiment for its “out”-
transfer part, and similar to the HNCA experiment for its “back”-
transfer portion. The flow of coherence in this new hybrid ex-
periment can be described as follows:

1HN−{1
JHNN

} − 15N − {1 JNC′ } − 13C′ − {
1 JC′Cα

} − 13Cα(t1)

− {
1 JNC′ , 1 JNCα , 2 JNCα

} − 15N(t2) − {
1 JHNN

} − 1HN(t3),

where ti (i = 1–3) is an acquisition time for the correspond-
ing spin and the couplings used for magnetization transfer are
shown in parenthesis. In this particular experiment, the 1HN(i)
magnetization is initially transferred to directly bond 15N(i) spin.
During the following delay 2TN, the magnetization is transferred
to the interresidual 13C′(i − 1) spin. The desired magnetiza-
tion is transferred further into the preceding 13Cα(i − 1) spin.
This can be described by the density operator HN

z (i)Nz(i)C′
z(i −

1)Cα
y (i − 1) prior to the t1 period. Subsequently, the 13Cα chem-

ical shift is recorded during the t1 evolution period as in the
usual HN(CO)CA experiment, i.e., the magnetization can be
described by the density operator HN

z (i)Nz(i)C′
z(i − 1)Cα

y (i − 1)
cos(ωCα (i−1)t1) cos(π JCαCβ t1). The back-transfer step is simi-
lar to the familiar HNCA experiment, except that 1 JNC′ is
refocused simultaneously with the 2 JNCα coupling during the
ensuing delay 2Ta. Thus, after the 15N chemical shift labelling
period, which is employed as a semi-constant time TROSY
manner (20), the desired magnetization can be described as
HN

z (i)Ny(i) cos(ωCα (i−1)t1)cos(π JCαCβ t1). Eventually the desired
magnetization is transferred back to the amide proton using
the sensitivity enhanced, gradient selected TROSY scheme pre-
sented by Yang and Kay (19). This results in only sequential
cross peak that is modulated by the chemical shift of 13Cα(i −1)
spin and 1 JCαCβ coupling during the t1 period. Again, if the evo-
lution time is kept relatively short, no significant sensitivity loss

occurs due to the 1 JCαCβ modulation. The coherence transfer
efficiency can be calculated by following the recipes described
CATIONS

above:

sin(2π1JNC′ TN)sin(2π1JNC′ Ta)sin
(
2π1JC′Cα TC

)
sin

(
2π2JNCα Ta

)

× cos
(
2π1 JNCα Ta

)
cos

(
π1 JCαCβ t1

)
exp(−2(TN + Ta)/T2N)

× exp(−2TC/T2C′ ) exp
(−t1

/
T2Cα

)
. [6]

The nominal values are: 1 JNC′ = 15 Hz, 1 JNCα = 10 Hz,
2 JNCα = 7 Hz, 1 JC′Cα = 53 Hz, 1 JCαCβ = 35 Hz, 2TN ∼ 33 ms,
2Ta ∼ 25 ms, 2TC ∼ 9.1 ms. The assumed transverse relaxation
times for the 15N, 13C′, and 13Cα spins are the same as above. By
optimizing delay values, this gives coherence transfer efficiency
of 0.037 for the first increment. The corresponding throughput is
0.046 if 1 JNCα = 10 Hz and 2 JNCα = 9 Hz (Fig. 2c). It is imme-
diately apparent that the trick is to use rather efficient pathway
from 15N to 13C′ for the coherence transfer, and somewhat para-
doxically, highly inefficient transfer from 13C′ to 13Cα , in the
first part of the sequence. On the contrary, during the latter part
of the sequence, a more inefficient transfer from 13Cα to 15N
with respect to transfer from 13C′ to 15N has to be used. It is
then obvious that passive one-bond coupling between 15N and
13Cα compromises the coherence transfer, i.e., cos(2π1 JNCα Ta)
dependence. The tradeoff is then made between two times
longer 13C′–13Cα INEPT transfer in the HN(CO)CA-type trans-
fer, sin2(2π1 JC′Cα TC) exp(−4TC/T2C′ ), and compromised co-
herence transfer between 15N and interresidual 13Cα spin in the
HNCA-type transfer, sin2(2π2 JNCα Ta) cos2(2π1 JNCα Ta), in both
out- and back-transfer steps. If the TROSY works sufficiently
well, i.e., the 15N relaxation time is rather long (T2,15N > 50 ms),
then the HN(CO)CA-type pathway will benefit from straight-
forward 15N to 13C′ transfer. If the 15N transverse relaxation is
relatively fast, then it is necessary to shorten 2TN delay in or-
der to compensate for sensitivity losses due to relaxation. In that
case the 2TN and 2Ta delays are approximately equally long, and
consequently direct 15N to 13C′ is somewhat compromised with
respect to 2Ta. In the proposed experiment, the coherence trans-
fer pathway is of HN(CO)CANH-type; i.e., it combines the best
(worst) of both approaches described above. Theoretically its
throughput is somewhat more efficient than that in the conven-
tional HN(CO)CA experiment under the relaxation conditions
considered. When the HN(CO)CANH experiment is compared
to the proposed MP-HNCA experiment, it has two advantages:
(i) there is no 1 JC′Cα coupling evolution during the t1 period,
which enables longer acquisition in t1 without compromising
the sensitivity, and (ii) it contains only interresidual cross peaks,
that is, spectral overlap is not increased.

The proposed experiments were tested on 60.8-kDa
homodimer of protein Cel6A (21) from the thermophilic
soil bacterium Thermobifida fusca (286 amino acid residues),
uniformly 15N, 13C labeled with >90% 2H enrichment, 92/8%
H2O/D2O, pH 6.0, in a 270-µl Shigemi microcell at 4◦C.

All experiments were carried out on a Varian UNITY
INOVA 800 NMR spectrometer equipped with a 15N/13C/1H
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triple-resonance probehead and an actively shielded triple-axis
gradient system.

Figure 4 shows expansions from three selected regions from
the first t2 interferograms of the in-phase MP-HNCA(a–a′′),
HN(CO)CA (b–b′′), and HN(CO)CANH (c–c′′) and sequen-
tial HNCA (d–d ′′) experiments. In the in-phase MP-HNCA
spectrum both intraresidual and sequential cross peak are visi-
ble, whereas only sequential cross peaks are visible in the se-
quential HNCA, HN(CO)CA, and HN(CO)CANH spectra. As
can be seen, several interresidual cross peaks, which are ab-
sent in the HN(CO)CA spectrum, are visible in the proposed
MP-HNCA or HN(CO)CANH spectra. However, some of the
cross peaks are still more intense in the HN(CO)CA experi-
ment. The sequential HNCA is not as sensitive as the other three
experiments, because of the constant-time evolution period in t1
(vide supra).

In conclusion, we have presented two new triple-resonance
experiments facilitating sequential assignment of very large pro-
teins. The proposed MP-HNCA experiment is the real-time
variant of the original MP-CT-HNCA experiment, in which
the constant-time 13Cα evolution period can seriously deteri-
orate available sensitivity due to the rapid 13Cα transverse re-
laxation and 1 JCαCβ coupling during the constant-time period.
Rapid 13Cα relaxation as well as compromised 1 JCαC′ refocusing
hinders the also recently introduced sequential HNCA experi-
ment with respect to the non-CT HN(CO)CA experiment. On
the contrary, the proposed MP-HNCA experiment provides se-
quential connectivities without constant-time evolution period
and is an attractive alternative to the assignment strategy based
on the conventional HNCA/HN(CO)CA experiment pair. The
second alternative, the HN(CO)CANH experiment, can be em-
ployed for obtaining sequential cross peaks using the novel “out
and other way back” -type coherence transfer. It makes possible
detection of merely sequential connectivitities without a costly
constant-time t1 evolution period or 1 JCαC′ evolution during t1,
by utilizing 1 JNC′ and 1 JC′Cα couplings for the “out”-transfer
and 1 JNC′ and 2 JNCα couplings for the “back”-transfer. Thus, it
can be used for the assignment together with the conventional
HNCA as a replacement for the HN(CO)CA. Theoretically this
approach yields slightly more efficient coherence transfer than
the conventional HN(CO)CA experiment and clearly outper-
forms the sequential HNCA or MP-CT-HNCA experiments in
very large proteins. The presented experiments take full advan-
tage of the TROSY techinique that works most efficiently at the
highest field strengths available today (900 MHz), while they
minimize sensitivity losses originating through 13C′–13Cα IN-
EPT transfers. The proposed experiments are optimal for the
proteins and macromolecular complexes with rotational corre-
lation time beyond 50 ns at the highest magnetic field strengths.
These experiments can be expected to be useful for assignment

of very large proteins produced utilizing segmental isotope la-
beling techniques (22) and for studying high molecular weight
CATIONS

complexes beyond 60–70 kDa, in which the labeled protein itself
is relatively small.
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