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Abstract

We report a 3D constant-time HCANH experiment (CTSL-HCANH) that uses the slower relaxation of multiple-
guantum coherence to increase sensitivity and provides Higle<dlution. In this experiment the®tbf the (H*,

C%) multiple quanta are selectively spin locked, so thatHemical shift evolution antH-1H J-dephasing become
ineffective during the relatively long delay needed f@rt6 N coherence transfer. As compared to an HCANH ex-
periment that uses®Gsingle-quantum coherence, an average enhancement of 20% was observed on calmodulin in
complex with the binding domain of the transcription factor SEF2-1. Compared to CBCANH the signal intensity is
approximately twice as good. The favorable relaxation properties of multiple quanta, together with the outstanding
C* resolution, make the experiment a very good compleme@B&ANH and CBCA(CO)NH for sequential
assignment of larger proteins for which deuteration is not yet necessary.

Backbone sequential assignment'8€, 1°N double- The main source of relaxation fd#C nuclei in
labeled proteins is nowadays mainly based on triple proteins, is usually the largeH-13C dipolar inter-
resonance experiments (for a recent review see Sat-action (relaxation rate &qdip). This large dipolar
tler et al., 1999). They can be divided into two interaction is active when th€C spins are in single-
groups. The first consists essentially of HNCA and quantum states (SQ). Both of the aforementioned
HN(CO)CA experiments that use real-time (RTY C groups of sequential assignment experiments employ
evolution. The second group of experiments is based SQ carbon coherence, which adversely affects their
on CBCA(CO)NH (Grzesiek and Bax1992a) and sensitivity. In two-spin, zero- and double-quantum co-
CBCANH (Grzesiek and Bax, 1992b). The presence herences (multiple quanta, MQ) tH&l-13C dipolar
of CP correlations in the latter experiments resolves coupling is, to first order, not active in the slow tum-
ambiguities in the sequential assignment. In addition, bling limit (wH.ctc > 1) (Ernst et al., 1987; Griffey
they show improved Cresolution because constant- and Redfield, 1987; Grzesiek and Bax, 1995). In this
time (CT) carbon evolution is used. Nevertheless, limit MQ relaxation is governed by proton homonu-
congestion in the €region still often hinders man-  clear dipolar relaxation (relaxation rate;[R) and the
ual or automated sequential assignment. Sequentialratio Rc Hdip/RH,H has a constant value which depends
assignment can therefore benefit from a sensitive ex- on the local proton density. In the usual proton envi-
periment with high € resolution. This is achieved ronmentin proteins Rudip/RH,H > 1. For BPTI, this
here in a constant-time HCANH experiment (CTSL- ratio is approximately 1.3 on average (Grzesiek and
HCANH) by using the improved relaxation properties Bax 1995). Thus, by preparation of MQ coherences,
of multiple-quantum coherences. rather than SQ coherences, the slower MQ relax-
ation can be used to increase the sensitivity of NMR
experiments.

(*H,13C) MQ coherence can evolve the chemical
shift of both nuclei. The chemical shift evolution of ei-
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ther nucleus can be refocused by 1p0lses. {H,13C)
MQ can also evolve undetH-'H and long-range
1H-13C couplings, which leads to multiplet splittings
in experiments with RT chemical shift evolution. In
experiments with CT carbon evolution (of duration
2Tc), eachtH-H coupling instead reduces the trans-
fer amplitude by a factor cos@TcJqH). To avoid the
sensitivity loss caused by dephasing of theé',Et)
MQ coherence byH-H couplings, the ¥ protons

of the MQ coherence can be selectively spin locked
(Grzesiek and Bax, 1995). In practice, the spin lock
has to be chosen strong enough to spin lock &1l H
spins, but weak enough to decoupl& fiom HP and
HN. For proteins both conditions can be fulfilled with
a CW spin-lock field strength of around 5 kHz.

A good candidate to use spin-lock MQ line nar-
rowing is the HCANH experiment, which transfers
magnetization in a straight-through fashion frort, H
via C* and N to HV (Kay et al., 1991; Boucher
et al., 1992; Montelione et al., 1992; Clowes et al.,
1993; Grzesiek and Bax, 1993). Figure 1A shows the
constant-time HCANH experiment (CT-HCANH) de-
scribed by Feng et al. (1996). This version uses SQ C
chemical shift evolution. The carbon CT period, 2T
is used to refocus the HC* coupling, defocus &

N couplings and for € chemical shift evolution. The
transfer function for the €— N coherence transfer of
the inter-residual cross peak is:

sSin(272JcanTe) co 2t nTe)
cog2ndcacp Te)X (1)

Here, X is an experiment-specific term, which
for the pulse sequence of Figure 1A is given by
exp(—2Tc/T2,sq), where b sq & 1/Rc Hdip. Because
the refocusing of &H®“ coupling occurs during the
first part of 27T, the C* magnetization spends most of
the delay 2t as a SQ coherence, giving rise to the re-
laxation term exp—2Tc/T2,sq). As discussed by Feng
etal. (1996), the Econstant time, 2¢, can be chosen
as 7 ms or 24 ms (assuming typical valuesifon,
Ycan and Eacp of 7, 11, 35 Hz, B.sq = 20 ms),
so that either the ©C? coupling does not evolve or
is refocused. The latter choice offers much high&r C
resolution and better®o N transfer, but the fast SQ
relaxation during 2¢ reduces the signal intensity.

To improve the sensitivity, the S@*@volution can
be replaced by MQ €evolution. This was done in the
multiple-quantum constant-time HCANH experiment

evolution. The transfer function of this experiment
is given by Equation 1, with %= exp(—2Tc/T2,mQ)

Il cog2nTcyani), where H = HPL HBZ HN
and T mq is the relaxation time of the (HC")
multiple quanta (3. mq 1/Rny.1). This factor X
shows that the implementation with 18fulses im-
proves sensitivity via the longer relaxation timgwo.
However, the sensitivity is reduced by the factor
IT; cog2nTcdani), which results fromiH-1H J-
dephasing. For 2d = 24 ms, this term equals 1/3
(assuming gJappl 15 Hz, §anp2 = 6 Hz,
JHanyN = 8 Hz). Therefore, 2¢ = 7 ms had to be
chosen by Swapna et al. to limit the sensitivity loss
due to H-H' couplings. Although the shorter carbon
constant-time period reduces transverse relaxation, the
side effect is a poorer®o N magnetization transfer
(Equation 1). In all, this leads to non-optimal overall
sensitivity combined with low €resolution.

The pulse sequence we propose is shown in Fig-
ure 1B. In this sequence, the SQ @volution time
of Figure 1A has been replaced by M@ €volution,
with a proton CW spin lock centered in thée* He-
gion. Thus, the experiment becomes a constant-time
spin lock HCANH (CTSL-HCANH). In this exper-
iment, the C spins are in a MQ state for most
of 2Tc, while the C-H* coupling is refocused in
the final part of 2 by a 90 proton pulse fol-
lowed by the delays,. The factor X (Equation 1)
is now given by exp-2Tc/T2 mq). Because the H
selective spin lock decouples*HH' couplings, the
factor ITj; cog2n Tclqani) is absent, and the longer
constant-time delay, 27 = 24 ms, can be cho-
sen. Furthermore, compared to the alternative choice,
2Tc = 7 ms, the signal loss due to*Qelaxation
is largely compensated by increaset ©6 N coher-
ence transfer, so that good sensitivity is achieved in
combination with very high €resolution.

The experiment is demonstrated on calmodulin
(CaM) in complex with the calmodulin binding do-
main of the basic helix-loop-helix transcription factor
SL3 Enhancer factor 2-1 (SEF2-1) (Larsson et al.,
1999), which has a molecular weight of 38 kDa, al-
though it behaves as a 20-25 kDa complex. In the
following, we compare the CTSL-HCANH experi-
ment with regard to sensitivity and resolution with
the established CT-HCANH, HNCA and CBCANH
experiments.

The average gain in sensitivity between CTSL-
HCANH and CT-HCANH was found to be approxi-

~
~

proposed by Swapna et al. (1997), using non-selective mately 20% (see Figure 2). The enhancement factor

proton 180 pulses to refocus proton chemical shift

varied from 0.8 to 1.8 for different (non-glycine)
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Figure 1. Pulse sequence of 3D (A) CT-HCANH and (B) CTSL-HCANH. Narrow and wide bars correspond to flip angl€saifd®Q80,
respectively. Shaded bars correspond to selective G3 shaped pulses (Emsley and Bodenhausen, 1992)dof&ih. The pulses marked
BS compensate Bloch-Siegert phase shifts. The carbon carrier was placed at 54 pfrpiitseS, Cpulses at 175 ppm were generated via
phase modulation. The proton carrier was shifted from 4.24 ppm to 8.79 ppm after the carbon constant-time evolution period. The nitrogen
carrier was placed in the middle of the amide region (118 ppm). Squared pulse field gradients.efdi@tion were applied along the z-axis
with strengths of @ = 20 G/cm, G = —30 G/cm and @ = 3 G/cm (the G/Gg ratio was optimized for maximum signal). The coherence
transfer delays aréz = 1.5 ms,8, = 2.31 ms,8¢c = 2.5 ms,3q = 700us, Tc = 120 ms and |y = 11.1 ms. Unless indicated otherwise, all
pulses are applied along the x-axis. The phase cycling schemg is:y, y, —y, —V; $2 = X, —X; $3 = 8(x), 8(y), 8X), 8(—Y); ¢4 = 4(X),
4(—x); $5 =y; $6 =y; Acq. = X, =X, =X, X, =X, X, X, =X, =X, X, X, =X, X, —X, —X, X. Quadrature detection in the indiret¥C (t1)
dimension is obtained by States-TPPI (Marion et al., 1989) applied to gi2azed in thel®N (t2) dimension by inverting the phase &b and

Gz simultaneously (Kay et al., 1992; Schleucher et al., 1993). Proton decoupling and proton spin lock are appiiBd/&ith= 5 kHz.

residues in the CaM:SEF2-1 complex and 90% of the ments is the same, becausec2¥ t1 max= 24 ms in
cross peaks had increased signal-to-noise. The vari-both.

ation in enhancement is most likely due to variation A sensitivity comparison of the CTSL-HCANH
in the proton-proton dipolar cross relaxation, because with the HNCA experiment is difficult, because these
T2 Mo ~ 1/Ry H is dependent on the local proton den- experiments use constant-time and real-tintee@o-
sity. Considering the factors X in the transfer functions lution periods, respectively. Taking this into account,
of the two experiments and the relevant parameter set-we estimate from the intensities of the first FIDs
tings, the enhancement factors fall in the expected of CTSL-HCANH and HNCA experiments that the
range and compare well with the enhancement factors CTSL-HCANH experiment is about half as sensitive
observed by Grzesiek and Bax (1995) for spin-locked as an HNCA experiment (Ikura et al., 1990). This is
HMQC-type experiments on apo-calmodulin. Note because the HNCA experiment is little affected By C
that with increasing molecular weight the sensitivity relaxation, as the Cevolution (& may) iS restricted to
enhancement will further improve, as follows from a 7 ms due to the GCP coupling. The long constant-
comparison of the factors X in the transfer functions time C* evolution that can be used in the CTSL-
(Equation 1). The € resolution in the two experi- HCANH yields vastly improved resolution, compared
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S101. The higher resolution in the CTSL-HCANH
(Figure 4D) nicely resolves thesé @eaks to the de-
gree that both the intra-residual and the sequential C
shift can be determined with high accuracy.

In summary, for the CaM:SEF2 complex the
CTSL-HCANH, CT-HCANH, HNCA, CBCANH,
and CBCA(CO)NH experiments have average relative
sensitivities of approximately 1, 0.8, 2, 0.5 and 1.
For the same experiments, thé @solution attainable
under practical circumstance is given by the ratios of
t1.max 24, 24,7 (RT),7and 7.

The usefulness of experiments for sequential as-
signment depends on both sensitivity anl r€ésolu-

94 92 90 3% 86 84 82 80 78 76 T4 72 m tion. With increasing molecular weight CBCANH is
Figure 2. A comparison of the 1D traces of the firstincrement inthe  the experiment that will fail first, while the alternative,
2D ¢*/HN CT-HCANH (solid line) and the CTSL-HCANH (dashed  more sensitive HNCACB experiment (Wittekind and

line). The experiments were performed on a sample of uniformly : :
13¢ 15N labeled calmodulin in complex with the 21 amino acid Mueller, 1993), is still expected to work. Therefore,

binding domain of SEF2-1. All NMR experiments were conducted in_ a SEquentiaI. aS.Signment strategy for larger pro-
at 35°C on a Bruker DRX-600 spectrometer equipped with a triple  teins, the combination CBCA(CO)NH and HNCACB
resonancelfd,13C 15N) TXI probe with XYZ-gradient capabilities. (instead of CBCANH) is preferable. The two exper-

The same spectral parameters and cqndlthns were used for bothimentS give the inter- and intra-residué @nd e
experiments, and they were processed identically using the process-

ing utilities within the XWINMR software on a Silicon Graphics ~ connections, albeit with low resolution, slightly better
workstation. or comparable to that of the HNCA (Figure 3B). Over-
lap in the C region due to the low resolution still often
hinders unambiguous sequential assignment for larger
proteins. This overlap can be overcome if the low-
resolution C shifts are replaced by high-resolution
C* shifts from a CTSL-HCANH. Furthermore, the fa-
vorable relaxation properties of MQ coherences make
the CTSL-HCANH a useful experiment up to mole-
cular weights where deuteration becomes necessary.
Therefore, we suggest that the optimal combination of
experiments would be CTSL-HCANH together with
HNCACB and CBCA(CO)NH.

Cross peaks resulting from magnetization from
glycines were found to have a decreased sensitivity in
the CTSL-HCANH, compared with the CT-HCANH
experiment. As discussed, {HC*) MQ coherences
relax essentially via proton-proton dipolar interac-
tion. Consequently, the strong dipolar interactions
between geminal protons considerably increase this
relaxation rate. To remove this interaction and ob-
tain MQ enhancement for glycines, the glycin&H3
spin moieties need to be in triple- and single-quantum
states (Marino et al., 1997). This condition is not
fulfilled in the CTSL-HCANH experiment. Hence,
the intensities of glycine cross peaks are reduced, al-
though all glycine € correlations are still observed
for the CaM:SEF2-1 complex. In fact, all intra- and
inter-residue correlations were observed. For larger
proteins, missing glycine Ccorrelations disrupt the

to the HNCA experiment. This gain in resolution be-
tween CTSL-HCANH and HNCA is demonstrated in
Figure 3A and B, where expanded 2B3/8N regions

of CTSL-HCANH (3A) and HNCA (3B) experiments
are compared. High €resolution can be crucial for
assignment of proteins with poofdispersion. Thus,
the highly increased resolution, at an acceptable price
in sensitivity, makes the CTSL-HCANH preferable to
the HNCA experiment.

The signal intensity of the CTSL-HCANH is ap-
proximately twice as good as of tt@BCANH. The
improved sensitivity is illustrated in Figure 4. In the
CBCANH (experiment time 4 days) shown in Fig-
ure 4A, both the €intra- and inter-residual peaks are
missing from the N, I strip corresponding to 1100
of CaM in the CaM:SEF2-1 complex, while they are
clearly present in the CTSL-HCANH spectrum (ex-
periment time 2.5 days) as shown in Figure 4B. The
high resolution of the CTSL-HCANH experiment can
resolve C resonances, which are not resolved in the
CBCANH. This is demonstrated in Figure 4C and
4D for the sequential connectivity between S101 and
A102. In theCBCANH spectrum (Figure 4C) the in-
traresidual and sequentiaf @eaks for A102 overlap
and peak picking would result in only one peak at
a chemical shift position that fits neither A102 nor
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Figure 3. A comparison between a smalt &N region of the 600 MHz spectra of the CTSL-HCANH (A) and the corresponding HNCA (B)
experiment. The data set for (A) was acquired with 128 scans per FID and consists of 10B4real points. Thé3C dimension was linear
predicted to 400 points and zero filled to 512 points prior to Fourier transformation. Bofitthed 13C dimension were apodized with a
phase-shifted squared sine bell. The spectrum for (B) was acquired with 32 scans per FID and consistsxcT20€4! points. Thé3C
dimension was linear predicted to 128 points and zero filled to 256 points prior to Fourier transformation. Bethatid 3C dimension were
apodized with a phase-shifted squared sine bell. Contour levels for both spectra are spaced by a factor of 1.2.

sequential walk. This hampers sequential assignmentTherefore, a high-resolution 4D CTSL-HCANH ex-
only if the peptide sequence between two glycines is periment is expected to be only slightly less sensitive

not unique.

The CTSL-(H)CANH, i.e., the proposed exper-
iment with C* evolution, can be modified into a
CTSL-H(CA)NH experiment with a CT Hevolution
of 12 ms duration, simply by replacing, — 180
(H,C)-3, by 28, and the first part of the first delayT
by 284 + t1/2 — 180°(H)-435 — t1/2, thereby delaying
the onset of the Mspin lock by 6.

The CTSL-HCANH experiment can also be modi-
fied into a 4D experiment with constant-time evolution
for both H* and C', so that MQ line narrowing can
be used to improve sensitivity. This experiment would
then form the MQ-enhanced version of the HCANNH
proposed by Boucher et al. (1992), which is the 4D
extension of the CT-HCANH experiment.

Boucher et al. (1992) compared SQ %(B*
HSQC) and MQ (€,H* HMQC) versions of RT 4D
HNCAHA with SQ CT 4D HCANNH experiments
and concluded that the SQ RT 4D HNCAHA should
be preferred on the basis of*CGelaxation. As dis-
cussed above, the sensitivity of the CTSL-HCANH is
approximately 50% of the RT HNCA. HNCAHA is

than the low-resolution RT 4D HNCAHA.

However, the 4D CTSL-HCANH is inherently
V2 less sensitive than the 3D versions. Moreover,
the 4D version would sacrifice the good' ©r H*
resolution that can be obtained in the correspond-
ing 3D experiments, because too few increments can
be recorded in the 4D experiment in an affordable
experiment time. Therefore, it is preferable to run
two 3D CTSL-HCANH experiments, one with%-
and one with C-CT evolution. The two 3D CTSL-
HCANH experiments would give similar information
as the 4D HCANNH experiment in the same amount
of spectrometer time, but with much highet &nd H
resolution.

In conclusion, we have demonstrated an HCANH
experiment using a constant-time* @volution of
(H*,C*) multiple quanta with a proton CW spin lock
centered in the Mregion. The MQ implementation,
as compared to the SQ implementation, shows an
increase in sensitivity by a factor of 1.2 for non-
glycine residues in the CaM:SEF2-1 complex. The
use of the 24 ms long MQ CT%Cevolution combines

less sensitive than HNCA, because of the additional two advantages, namely: (i) high enough sensitivity
C*,H* transfer delays, while no additional delays are to assign proteins up to the molecular weight limit

needed to introduce®tevolution into CTSL-HCANH.

where deuteration is needed, and (ii) high 1€solu-
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Figure 4. Strip plots from CBCANH (A) and CTSL-HCANH (B)
experiments corresponding to calmodulin amino acids Y99 to A103
in the CaM:SEF2-1 complex. The CBCANH (A) was recorded with
800 H) x 56 15N) x 110 #3C) real points with 48 scans per FID
with a total recording time of 98 h. THEN and 13C dimensions
were linear predicted to 100 and 200 points, respectively. Prior to
Fourier transformation the spectrum was zero filled to a final data
size of 1024x 128 x 256 points and all dimensions were apodized
with a phase-shifted squared sine bell. The CTSL-HCANH (B) was
recorded with 1024%H) x 62 (°N) x 170 ¢3C) real points with 16
scans per FID with a total recording time of 56 h. FR&l and13C
dimensions were linear predicted to 128 and 350 points respectively.
Prior to Fourier transformation the spectrum was zero filled to a final

matrix consisting of 1024128x 512 points and all dimensions were

apodized with a phase-shifted squared sine bell. Panels C and D
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