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Abstract. Protein dynamics can be characterized by relaxation parameters obtained from traditional 2D HSQC based NMR
experiments. This approach is hampered when applied to proteins with severe spectral overlap. In the present work, several
novel 3D TROSY-HNCO and 3D HSQC-HNCO based NMR experiments were applied for meaSitifig, 7> and*H-°N

NOE with improved spectral dispersion by introducing a thii@ dimension. The number of phase cycling steps in these 3D
pulse sequences was restricted to two in order to minimize the time required to perform the dynamics measurements. For a
uniformly 100%N, 100%*C, and 70%?H-labelled trichosanthin sample-27 kDa, 1.0 mM) at 30C, the sensitivity of

3D TROSY-HNCO based experiment was, on the average, enhanced by 72% compared to that of 3D HSQC-HNCO based
experiments. However, the 3D HSQC-HNCO based experiments should be more effective for non-deuterated proteins with
smaller molecular weights and seriously overlapped 2D HSQC spectra. Results from the 3D TROSY-HNCO and 3D HSQC-
HNCO based experiments were in good agreement with those obtained from traditional 2D HSQC based experiments.
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1. Introduction

Complete understanding of protein function and folding requires the detailed study of protein dynam-
ics [1-8]. In addition, protein backbortéN relaxation rates can be used as a tool for the diagnosis of
structure quality [9]. These studies include measurements of the longitudinal relaxatiofi t)irteafns-
verse relaxation timelt) of backbone!®N nuclei and the heteronuclear NOE between backidéNe
and the attachetH by well established NMR techniques based on the traditional 2D HSQC experiment
[10]. These parameters are then used to obtain overall correlation tgnesffective correlation times
(Te) for internal motions and generalized order paramet§f$ 1o characterize protein dynamics based
on a model free approach [11,12]. TH&factors are also essential for the proper use of the residual dipo-
lar couplings for structure calculation [13—15]. Therefore, the measurement of these parameters is very
important, not only for characterizing protein dynamics but also for the refinement of protein structures.

TROSY [16-22] based 2D experiments [23] can enhance sensitivity and improve resolution in protein
dynamics studies compared with the HSQC-based 2D experiments [10]. Hence, these experiments repre-
sent a significant advancement in the ability to elucidate internal motions in large proteins. However, as
the molecular weight of proteins under NMR investigation increases, spectral overlap becomes more se-
vere in 2D TROSY spectra, and hampers accurate analysis of the protein dynamics. An apparent solution
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is to expand these 2D TROSY-based experiments to 3D TROSY-based experiments. In parallel, the 3D
HSQC-HNCO based experiments should be effective for non-deuterated proteins with smaller molecular
weights and seriously overlapped 2D HSQC spectra. In the present work, several novel 3D TROSY-
HNCO and 3D HSQC-HNCO based pulse sequences are proposed for measdNrifigand 7, and

1H-15N NOE in order to overcome spectral overlapping problems in the corresponding 2D spectra.

2. Theory

Figure 1 depicts the pulse sequences (Fig. 1(A): T1I-TROSY-HNCO; Fig. 1(B): T2-TROSY-HNCO;
Fig. 1(C): NOE-TROSY-HNCO; Fig. 1(D): T1-HSQC-HNCO) used for the 3D TROSY-HNCO and 3D
HSQC-HNCO based NMR experiments. In this work, conventional HNCO is termed HSQC-HNCO in
order to distinguish it from TROSY-HNCO. Figure 1(B) and (C) combining with the section in the dashed
line box of Fig. 1(D) form the 3D T2-HSQC-HNCO and the 3D NOE-HSQC-HNCO pulse sequences,
respectively.

HNCO is the most sensitive triple resonance experiment, therefore TROSY-HNCO was selected and
modified to measure the dynamics parameters of larger deuterated proteins, and HSQC-HNCO was mod-
ified for non-deuterated proteins with smaller molecular weights and seriously overlapped 2D HSQC
spectra. Since about 12 to18 3D spectra must be recorded for the measureffiefiiphnd NOE val-
ues, a minimal number of phase cycling steps is necessary to finish all these 3D NMR experiments in a
reasonable time. For general heteronuclear NMR experiments, a phase cycling scheme with a minimum
of two steps is necessary in order to perform isotope filtering [24] and remove unlabelled solvent peaks,
therefore a two-step scheme was adapted for the proposed pulse sequences. The two-step phase cycling
scheme in Fig. 1 can be realized by setting ¢, or ¢z as @, —z) andy;, as @, —x), if only to perform
isotope filtering or to eliminate those unlabelled solvent peaks. Furthermore, applying two-step phase
cycling scheme orp; also has the benefit of removing the contribution to the observed signal from the
steady-state value of tHé8N magnetization during the period of relaxation defayn the T1-TROSY-

HNCO (Fig. 1(A)) and T1-HSQC-HNCO (Fig. 1(D)) experiments [25,26]. Hence, the two-step phase
cycling scheme of; andy, was applied in the proposed pulse sequences in Fig. 1.

The resonance peaks 8f-1°N-12C’ moieties are present in the plane wfo = O, i.e., become
so-called axial peaks, if is not phase-cycled independently f6€ isotope filtering. However, these
artifacts are moved onto two terminal planes in*f@ frequency dimensions of the 3D TROSY-HNCO
and 3D HSQC-HNCO spectra by inverting andy, for every seconds, i.e., States-TPPI method [27].

The coherence transfer in the proposed pulse sequences can be explained simply as follows. In the
T1-TROSY-HNCO pulse sequence (Fig. 1(A)¥ longitudinal magnetizationH{,) is transferred td°N
(N.) through the refocused INEPT. In the period of relaxation d&layN longitudinal magnetization
is partially recovered td/.(T"). And the following is a 3D TROSY-HNCO sequence. In the T2-TROSY-
HNCO pulse sequence (Fig. 1(BJfN inphase transverse magnetization is allowed to decay during
relaxation delayl” due to spin—spin relaxation, and the CPMG portion [28,29] can remove the influ-
ence of field inhomogeneity and 18pulse imperfections. FoH-°N NOE measurement (Fig. 1(C)),
there are two spectra to be acquired, which correspond to NOE and NONOE experiments. In the NOE
experiment!H magnetization in steady-state is saturated by a series 6ffi€es and partidiH mag-
netization is transferred toN due to dipole—dipole interaction betwe#f and°N. The co-addition of
magnetization transferred frohid and steady-state magnetization'@fl then becomes the initial mag-
netization of the following 3D TROSY-HNCO. In the NONOE experiment, the saturating irradiation
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Fig. 1. Pulse sequences for the measurement’™fT: ((A): T1-TROSY-HNCO; D: T1-HSQC-HNCO),*N T3 ((B):
T2-TROSY-HNCO), and'H->N NOE ((C): NOE-TROSY-HNCO). The sections not plotted in (B) and (C) are the
same as that in the dashed line box of (A). (B) and (C) combining with the section in dashed line box of (D) forms the 3D
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1T2-HSQC-HNCO and NOE-HSQC-HNCO pulse sequences, respectively. For the 3D NOE-HSQC-HNCO pulse sequence,
the GARP decoupling befortH saturation should be removed. In all sequences, filled bars and open bars représerd 90

180 pulses, respectively. Filled shaped pulses are 1.1 ms sinc-modulated rectanguylals@8 to selectively excite the water
resonance. Default phases are'H, 1°N, and3C’ carrier frequencies are centered at 4.7, 120, and 174 ppm, respectively.
13¢’ 90° (filled shaped pulse) and 18Qopen shaped pulse) pulses are sinc-modulated rectangular pulses with pulse widths of
71.2 and 64.4:s, respectively:*C*18(° pulses are phase-modulated rectangular pulses, whose pulse widitss sa@isfy the

relation of /3/A, whereA is the separation between the centers of'fi@® and*3C’ chemical shift regionsra = 2.50 ms,

™ = 1/(4"dw) = 2.70 ms,7c = 15 ms, andrq = 5.4 ms. For the three experiments based on 3D TROSY-HNCO, phase
cycling is as followsip1 = (x, —x); 2 = (z); 3 = (y); va = (Y); pr = (x, —x). For the three experiments based on the

3D HSQC-HNCO, phase cycling is the same as that of the three experiments based on the 3D TROSY-HNCO, except that
pa = (—x). For the 90 pulse labeled:(,1) in (A) and (D), its phase ig for measuring T1 and T241 for measuring NOE.
Quadrature components tn were acquired through altering, in a states-TPPI manner; echo/anti-echo selections dusing

were done by inverting the sign gfs and gradient g8. Axial peaks in the F1 and F2 dimensions were removed by inverting
(¢2, ¢r) and (p3, r) for every second; andt,, respectively. The durations and strengths of the gradients ate (fL4 ms,

15 G/cm); g2= (0.4 ms, 5 G/cm); g3= (0.4 ms, 10 G/cm); g4 (0.4 ms, 10 G/cm); g5= (0.5 ms, 15 G/cm); gé&= (0.5 ms,

10 G/cm); g7= (0.4 ms, 8 G/cm); g& (1.0 ms, 15 G/cm); g% (0.1 ms, 15 G/cm). In the T1-TROSY-HNCO sequence (A)

and the T1-HSQC-HNCO sequence (D) an even number of shaped pulsgss 888ine-modulated rectangular 288ulses

[40] with excitation maxima positioned 4 ppm from the carrier (on water), were applied every & #.a2(5 ms) during the
recovery timel'. The experimental recovery delay was 0.8 s. In T2-TROSY-HNCO {B} 0.4 ms, and the experimental
recovery delay is 0.8 s. In order to reduce heating effects during the CPMG portion [28,29], the rf poweriif186° pulse

in the CPMG section was decreased by 3 dB compared with the full rf poweKiohannel. In NOE-TROSY-HNCO (CjH
saturation was achieved by the applying 12Wilses [41] spaced at 5 ms intervals for 3 s prior to the fistpulse. The rf

power of proton channel in the saturation period was reduced by 6 dB to reduce the heating effect. An overall delay between
scans of 5 s was employed in both the NOE and NONOE experiments.

period is replaced by a delay of the same time interval, therefore only the steady-state magnetization of
15N contributes to the initial magnetization of the following 3D TROSY-HNCO.

In order to realize TROSY, the slowly relaxing component of the doublet should be chosen. There are
at present two approaches to select the slowly relaxing component: one is through independent two-step
phase cycling, such ag = (y, x) andy, = (y, z) [23]; the other is through a selective gradient magnetic
field [22]. Due to limited time, the latter approach was chosen for the proposed pulse sequences.

Regarding the 3D HSQC-HNCO based pulse sequences, the T1, T2, and NOE sections before HNCO
are the same as those of 3D TROSY-HNCO based pulse sequences, while the HNCO section following
is modified from conventional HNCO [24].

3. Experimental and results

To demonstrate the effectiveness of the proposed techniques, they were applied to a uniformly 100%
15N, 100%13C, and 70%H-labelled trichosanthin sample-7 kDa, 1.0 mM in 20 mM NgHPOy,
pH 6.8, 95%H0/5% D,0) at 30°C using Varian Inova 750 MHz and 500 MHz NMR spectrometers. If
without special indication, data were acquired on the 750 MHz NMR spectrometer.

In order to demonstrate the difference in sensitivity between the 3D T1-TROSY-HNCO and 3D T1-
HSQC-HNCO experiments, two spectra were recorded with identical acquisition and processing param-
eters. Data matrices in the time domain were composed*ok 68 x 1024 points (* signifies complex
points), with a spectral width of 2400 Hz2400 Hzx 10 500 Hz. The number of scans for each transient
was 2. Recovery delay between scans was 0.8Beg, 10.6 ms, and the total experimental time for
acquiring a 3D spectrum was 5 hours and 44 minutes. Cosine bell window functions were used to obtain
the 3D spectra before Fourier transformation, which were composed ok 285 x 1024 points. All
data was processed using the nmrPipe software package [30].
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For the 172 well isolated peaks examined, the signal sensitivities were enhane€t8¥%yto 131%

[31]. On the average, the sensitivity of the former experiment was 72% greater than that of the latter
at 30°C, at which temperature the molecular tumbling time of trichosanthin is about 15 ns. For a fully
deuterated or larger protein, the TROSY effect should be even more pronounced.

For comparison, 2D TROSY- and HSQC-based dynamics experiments have also been carried out. The
sensitivity of the spectrum recorded by 2D T1-TROSY [23] was, on average, enhanced by 17% [31]
compared with that of a spectrum recorded by 2D T1-HSQC [10] with identical acquisition and process-
ing parameters. Line widths were reduced, on average, by 8% and 17% in the HN and N dimensions,
respectively. For all 2D experiments, 256 1024 data matrices in the time domain were acquired with
spectral widths of 2400 Hx 10500 Hz. The number of scans for each transient was 8. Recovery de-
lay between scans was 1.0 sec. Cosine bell window functions were used to obtain the 2D spectra before
Fourier transformation, which were composed of 182048 points. Although the 2D TROSY spectrum
had better resolution than the 2D HSQC spectrum, 2D TROSY may not be able to completely resolve
the overlapping NMR resonance peaks of large proteins, which will be better resolved on a 3D spectrum
(Fig. 2).

Figure 2(A) and (B) show small regions of spectra recorded using 2D T1-HSQC and 2D T1-TROSY,
respectively. The 2D TROSY spectrum has better sensitivity and resolution than the 2D HSQC spectrum,
however some peaks, such as peaks of no. 117 and no. 132, are not resolved even in the 2D TROSY
spectrum. Two small 2D slices taken from the 3D T1-TROSY-HNCO spectrum, with CO chemical shifts
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Fig. 2. Small regions of spectra recorded by 2D T1-HSQC (A) and 2D T1-TROSY (B). Small 2D slices taken from a 3D
TROSY-HNCO spectrum with CO chemical shifts of 174.91 ppm (C) and 175.40 ppm (D). The lowest contours for spectra (A)
and (B) are drawn at the same level, and they are identical for (C) and (D). Contours are spaced by a factor of 1.3.
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of 174.91 ppm and 175.40 ppm, are shown in Fig. 2(C) and (D), respectively. Because these two peaks
have different CO chemical shifts, they are completely resolved in the 3D TROSY-HNCO spectrum.

Two sets ofT, T», and NOE spectra were recorded with 3D TROSY-HNCO and conventional 2D
HSQC [10] to compare the results measured from 3D and 2D experiments. In all 3D T1-TROSY-HNCO,
T2-TROSY-HNCO, 2D T1-HSQC and T2-HSQC experiments, acquisition and processing parameters
were the same as those stated in the previous paragraphd;; Madues were measured from spectra
recorded with eight different relaxation delays with= 0.011, 0.128, 0.267, 0.533, 0.800, 1.120, 1.440
and 1.867 sec. THE values were determined from spectra recorded with relaxation deldys-014.1,

28.2, 42.3, 56.4, 70.5, 84.6, 98.7 and 112.8 ms. The total time for acquiring the eight 3D T1-TROSY-
HNCO and eight 3D T2-TROSY-HNCO spectra was about 80.0 and 45.5 hours, respectively. In other
words, all 3D T1-TROSY-HNCO and 3D T2-TROSY-HNCO experiments could be completed within
about 5 days. If only five 3D spectra were recorded for each sét ahd7, measurements [32], these
experiments would be finished within 3 days.

The NOE values were determined from spectra recorded with and without a proton presaturation pe-
riod of 3 s. The number of scans was 6 and 40 for the 3D and 2D experiments, respectively. It should
be noted that even when the number of scans in the 3D NOE-TROSY-HNCO and 3D NONOE-TROSY-
HNCO experiments was reduced to 4, there was still enough sensitivity for the accurate measurement of
the NOE values (data not shown). The recovery delay between scans was 2.0 sec, and the total experi-
mental time for acquiring a 3D NOE or NONOE spectrum was 87.5 hours (58 hours and 20 minutes when
the number of scans was 4). The processing parameters for the 3D and 2D NOE and NONOE spectra
were the same as those for the 3D T1-TROSY-HNCO spectra and 2D T1-HSQC spectra, respectively.

The T, andT> values were determined by fitting the measured peak intensities with a two-parameter
function of the form [10]

I(T) = Ioexp(=T'/T1,2),

wherel(T) is the intensity after relaxation delay tirfie and(0) is the intensity at tim& = 0. Steady-
state NOE values were determined from the ratios of the intensities of the peaks obtained with (NOE)
and without (NONOE) proton presaturation irradiation.

The Ty, T, and NOE values measured for 172 well-separated residuals are listed in Table 1. It should
be noted that th&7, 7> and NOE data for some peaks could not be obtained from the 2D HSQC-based
experiments due to peak overlap. A full dynamics analysis for the complete backbone of this protein will
be published elsewhere.

In order to evaluate the significance of the small differences between relaxation parameters obtained
in the 3D TROSY-HNCO-bhased experiments and in the 2D HSQC-based experiments, a statistical anal-
ysis utilizing the Student’d -test [33,34] was carried out on the correspondiig7, and NOE data
sets. The calculated significance probabilities were 0.34, 0.98 and 0.66 fby, thgand NOE data, re-
spectively. Compared with a critical probability of 0.05 at the 95% confidence level, these values clearly
indicate that the relaxation parameters measured in the TROSY-HNCO based experiments were not sig-
nificantly different from those obtained through the 2D HSQC based experiments. A statistical analysis
of the pair-wise differences between relaxation values obtained with the two methods, gave (mean, stan-
dard deviation) values of{(0.01, 0.05), (0.000, 0.002) and (0.00, 0.05) for fhie7> and NOE data,
respectively. This shows excellent agreement between the 3D TROSY-HNCO based experiments and the
corresponding 2D HSQC based experiments.
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Table 1
The measured T1, T2 and NOE values and associated standard deviatjomsere: = T1, T2 or NOE) obtained from the
3D TROSY-HNCO based experiments and their corresponding 2D HSQC experiments for some peaks
no. 3D HNCO 2D HSQC HNCO-HSQC
T1 oT1 T2 T2 NOE onoe T1 oT1 T2 T2 NOE onoEe AT1 AT2 ANOE

1 136 0.04 0.042 0.001 091 0.06 139 0.02 0.042 0.000 0.88 0-@B0O3 0000 Q03
2 142 014 0.039 0.002 073 021 134 0.06 0.043 0.001 0.83 0.1108 0-0.004 -0.10
3 129 0.07 0.041 0.011 082 0.09 123 0.09 0.042 0.003 0.80 0.0606 0-0.001 Q02
4 149 0.07 0.051 0.011 0.86 0.06 1.42 0.04 0.046 0.002 0.86 0.0407 O 0005 Q00
5 145 0.03 0.049 0.002 0.70 0.03 1.48 0.02 0.047 0.001 0.76 0-@03 0002 —0.06
6 135 0.03 0.043 0.001 093 0.04 140 0.03 0.045 0.001 0.89 0-@0O5 -—-0.002 Qo4
7 1.19 0.11 0.040 0.003 0.92 0.18 1.23 0.07 0.038 0.001 0.86 0-@B04 0002 Q06
8 142 0.02 0.045 0.002 0.78 0.03 1.38 0.02 0.042 0.001 0.86 0.0204 0 0003 —0.08
9 157 0.04 0.046 0.002 095 0.03 1.46 0.02 0.043 0.001 0.91 0.0211 0 0003 Q04
10 1.43 0.09 0.045 0.001 0.88 0.03 133 0.04 0.043 0.001 0.89 0.0210 0 0002 -0.01
11 132 0.03 0.044 0.001 0.88 0.05 137 001 0.045 0.001 090 0G@05 -0.001 -0.02
12 153 0.06 0.047 0.002 093 0.03 1.44 0.02 0.044 0.000 0.88 0.0209 0 0003 Q05
13 1.28 0.03 0.045 0.001 0.81 0.04 135 0.03 0.047 0.001 0.81 O@0O7 -0.002 Q00
14 1.43 0.03 0.047 0.001 0.81 0.03 149 0.02 0.046 0.000 0.82 0O-ON6 0001 -0.01
15 1.44 0.03 0.050 0.002 0.93 0.04 141 0.03 0.046 0.001 0.88 0.003 0 0004 Q05
16 1.15 0.07 0.044 0.001 0.78 0.05 124 0.04 0.046 0.001 0.79 0G@0N9 -0.002 -0.01
17 138 0.04 0.044 0.001 0.80 0.02 139 0.03 0.044 0.000 0.88 0001 0000 —0.08
18 1.37 0.09 0.043 0.003 091 0.06 1.47 0.02 0.044 0.001 0.91 0040 -0.001 Q00
19 1.39 0.04 0.042 0.002 0.84 0.03 134 0.02 0.043 0.001 0.89 0.005 0-0.001 -—-0.05
20 129 0.04 0.040 0.004 0.82 0.06 140 0.06 0.046 0.001 0.88 0-@11 -—-0.006 —0.06
21 136 0.03 0.044 0.002 0.78 0.03 141 0.01 0.044 0.000 0.85 0-@0O5 0000 —-0.07

N
N

130 0.06 0.045 0.001 0.86 0.05 132 0.03 0.044 0.001 0.86 0-@02 0001 Q00

23 146 0.04 0.050 0.002 092 0.03 1.38 0.02 0.046 0.001 0.90 0.0208 0 0004 Q02
24 118 0.03 0.041 0.001 094 0.04 123 0.01 0.043 0.001 090 Q@05 -—-0.002 Q04
25 131 0.03 0.047 0.001 095 0.03 137 001 0.046 0.000 0.86 0006 0001 Q09
26 132 0.09 0.044 0.002 0.84 0.07 133 0.03 0.042 0.001 0.88 001 0002 —-0.04
27 133 0.04 0.048 0.002 093 0.04 135 0.02 0.047 0.000 0.88 0-@0O2 0001 Q05
28 141 0.09 0.044 0.002 0.82 0.07 137 0.03 0.045 0.002 0.87 0.1104 0-0.001 -—-0.05
29 144 0.03 0.044 0.002 0.77 0.03 142 0.03 0.047 0.001 0.86 0.0302 0-0.003 -0.09
30 140 0.05 0.047 0.001 091 0.05 138 0.02 0.050 0.001 0.82 0.0302 0-0.003 Q09
31 132 0.04 0.044 0.000 0.82 0.03 133 0.02 0.046 0.001 0.86 0@301 -0.002 -0.04
32 125 0.04 0.045 0.001 093 0.03 1.28 0.01 0.044 0.000 0.85 0-@0O3 0001 Q08
33 1.27 0.03 0.049 0.001 080 0.03 1.26 0.02 0.049 0.001 0.83 0.001 0 0000 —-0.03
34 1.09 0.06 0.055 0.001 0.72 0.05 1.15 0.04 0.057 0.001 0.73 0G@06 -0002 -0.01
35 121 0.06 0.043 0.001 0.88 0.04 124 0.04 0.046 0.000 0.83 00303 -—-0.003 Q05
36 127 002 0.049 0.001 0.71 0.03 131 0.02 0.046 0.001 0.80 0C-@04 0003 —0.09
37 143 0.08 0.045 0.006 091 0.08 135 0.02 0.041 0.001 0.89 0.0408 0 0004 Q02
38 1.33 0.03 0.046 0.002 0.84 0.03 1.38 0.02 0.046 0.001 0.88 O-@0O5 0000 —0.04
39 1.26 0.05 0.043 0.001 096 0.05 1.33 0.01 0.044 0.000 0.88 007 -0.001 (0]6}:]
40 1.48 0.32 0.077 0.002 106 0.13 o
41 1.43 0.07 0.045 0.003 0.83 0.04 134 0.02 0.042 0.001 0.90 0.009 0 0003 -0.07
42 138 0.02 0.047 0.001 0.82 0.03 137 0.02 0.046 0.000 0.86 0.001 0 0001 —-0.04
43 135 0.02 0.050 0.000 081 0.08 137 0.02 0.051 0.000 0.73 06002 -0.001 (0]6}:]

N
I

136 0.04 0.047 0.003 094 0.04 135 0.02 0.045 0.001 0.90 0.001 0 0002 Qo4
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Table 1
Continued

no. 3D HNCO 2D HSQC HNCO-HSQC

Tl on T2 o2 NOE onoe T1 om T2 o2 NOE onoe AT1 AT2 ANOE
45 1.44 0.06 0.048 0.001 0.88 0.03 1.37 0.01 0.046 0.001 0.92 0.0207 0 0002 -0.04
46 1.25 0.02 0.045 0.001 093 0.04 1.32 0.01 0.048 0.001 0.88 G-@07 -0.003 Q05
47 1.27 0.05 0.046 0.001 0.86 0.03 1.33 0.01 0.045 0.001 0.89 G-@N6 0001 -0.03
48 1.16 0.03 0.044 0.001 092 0.05 1.18 0.02 0.043 0.001 0.92 06002 0001 Q00
49 134 0.03 0.062 0.000 0.60 0.02 139 0.01 0.056 0.001 0.65 0.0105 0-0.006 —0.05
50 1.38 0.04 0.044 0.001 096 0.03 145 0.03 0.043 0.000 0.90 G-@07 0001 Q06
51 1.32 0.03 0.046 0.001 0.87 0.04 137 0.03 0.047 0.001 0.87 G@N5 -0.001 Q00
52 1.36 0.05 0.042 0.001 0.84 0.03 142 0.02 0.043 0.000 0.89 G@06 -0.001 -0.05
53 141 0.07 0.042 0.008 0.95 0.08 1.40 0.04 0.045 0.002 0.90 0.0301 0-0.003 Q05
54 139 0.03 0.045 0.001 0.88 0.03 1.39 0.04 0.044 0000 0912 0.000 O 0001 -0.03
55 1.38 0.04 0.041 0.001 0.86 0.02 1.38 0.02 0.044 0.000 0.90 0.0200 0-0.003 -—-0.04
56 1.45 0.06 0.046 0.004 0.88 0.03 1.33 0.07 0.045 0.004 0.90 0.0312 0 0001 -0.02
57 1.22 0.07 0.047 0.001 085 0.04 125 0.03 0.046 0.000 0.79 G:@03 0001 Q06
58 1.23 0.04 0.047 0.002 0.87 0.04 130 0.02 0.047 0.000 0.88 @07 0000 -0.01
59 149 0.06 0.047 0.003 0.83 0.04 )
60 1.38 0.14 0.065 0.007 0.78 0.05 140 0.07r 0.070 0.002 0.76 0G@02 -0.005 Q02
61 135 0.04 0.044 0.001 090 0.03 141 0.03 0.047 0.001 0.88 G@N6 -—0.003 Q02
62 1.31 0.04 0.048 0.000 0.89 0.02 135 0.02 0.048 0.000 0.86 0004 0.000 Q03
63 1.40 0.06 0.053 0.002 096 0.04 137 0.05 0.048 0.001 0.88 0.0203 0 0005 Q08
64 140 0.03 0.043 0.001 0.86 0.03 1.38 0.01 0.045 0.0010 0.87 0.0202 0-0.002 -0.01
65 128 0.03 0.046 0.001 0.85 0.03 129 0.02 0.048 0.000 0.83 G@01 -0.002 Q02
66 1.45 0.06 0.048 0.001 0.80 0.02 152 0.03 0.048 0.001 0.86 G-@07 0000 -0.06
67 1.34 0.03 0.044 0.002 094 0.04 127 0.02 0.046 0.001 0.87 0.0207 0-0.002 Qo7
68 1.39 0.03 0.048 0.001 091 0.03 145 0.01 0.049 0.001 0.83 0G@06 -0.001 Q08
69 142 0.09 0.052 0.009 0.84 0.12 141 0.05 0.048 0.003 0.79 0.0801 0 0004 Q05
70 129 0.03 0.049 0.001 0.87 0.06 1.31 0.02 0.045 0.001 0.79 @302 0004 Q08
71 1.44 0.07 0.043 0.005 0.90 0.10 145 0.03 0.047 0.001 0.84 0G@0O1 -0.004 Q06
72 146 0.07 0.044 0.004 0.70 0.23 1.43 0.04 0.045 0.001 0.78 0.1203 0-0.001 -o0.08
73 132 0.04 0.052 0.001 0.72 0.02 1.30 0.02 0.052 0.000 0.78 0.0202 0 0000 -0.06
74 133 0.03 0.046 0.001 0.85 0.03 1.34 0.01 0.045 0.001 0.87 0G@01 0001 -0.02
75 1.36 0.04 0.045 0.001 0.77 0.02 1.36 0.02 0.044 0.000 0.87 0.0200 0 0001 -010
76 131 0.03 0.049 0.001 0.82 0.02 135 0.02 0.0561 0.000 0.77 G@O4 -0.002 Q05
77 110 0.03 0.047 0.001 0.78 0.03 1.14 0.02 0.048 0.000 0.83 G@04 -0.001 -0.05
78 1.29 0.03 0.044 0.001 080 0.04 134 0.03 0.045 0.001 0.85 G005 -0.001 -0.05
79 121 0.04 0.047 0.001 0.89 0.07 1.32 0.02 0.047 0.000 0.85 G:@11 0.000 Q04
80 1.33 0.14 0.043 0.004 091 018 1.33 0.05 0.044 0.001 0.81 0.000 0-0.001 Q10
81 1.37 0.06 0.049 0.002 0.87 0.04 139 0.04 0.048 0.000 0.88 @302 0001 -0.01
82 1.20 0.07 0.045 0.001 085 0.05 130 0.05 0.045 0.001 0.83 0G-@10 0.000 Q02
83 155 0.13 0.051 0.001 0.85 0.07 )
84 145 0.04 0.041 0.001 091 0.03 144 0.01 0.043 0.000 0.90 0.0201 0-0.002 Q01
85 121 0.06 0.050 0.001 0.86 0.05 1.17 0.02 0.046 0.001 0.912 0.0404 0 0004 —-0.05
86 144 0.01 0.044 0.001 0.80 0.02 148 0.02 0.043 0.001 0.82 0G@04 0001 -0.02
87 1.32 0.03 0.043 0.001 0.81 0.03 1.33 0.01 0.045 0.000 0.87 0G@01 -0.002 -0.06
88 0.96 0.02 0.070 0.001 0.73 0.02 0.95 0.01 0.069 0.001 0.69 0.0101 0 0001 Q04
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Table 1
Continued

no. 3D HNCO 2D HSQC HNCO-HSQC

TL om1 T2 o2 NOE onoe T1 om T2 o2 NOE onoe ATl AT2  ANOE
89 1.27 0.04 0.045 0.002 095 0.03 1.34 0.02 0.042 0.000 0.92 G007 0003 Q03
90 1.34 0.04 0.041 0.001 083 0.03 141 0.01 0.043 0.000 0.86 G@0O7 -0.002 -0.03
91 126 0.07 0.049 0.001 084 0.03 130 0.05 0.050 0.000 0.83 0004 -0.001 Q01
92 131 0.02 0.051 0.001 084 004 131 001 0.050 0.001 0.81 0.0200 0 0001 Q03
93 150 0.08 0.051 0.003 086 0.06 153 0.03 0.047 0.002 0.87 00203 0004 -0.01
94 151 0.07 0.047 0.002 0.86 0.02 155 0.02 0.047 0.001 0.87 G004 0000 -0.01
95 129 0.03 0.046 0.001 095 0.04 133 0.02 0.046 0.000 0.85 G004 0000 Q10
96 1.22 0.06 0.045 0.001 080 0.04 125 0.03 0.047 0.000 0.82 0G@0P3 -0.002 -0.02
97 1.77 0.03 0.063 0.001 0.78 0.04 182 0.03 0.063 0.000 0.69 G005 0000 Q09
98 139 0.04 0.051 0.001 080 0.03 128 0.02 0.052 0.001 0.85 0.0211 0-0.001 —-0.05
99 138 0.04 0.048 0.002 095 0.03 141 0.02 0.048 0.001 0.89 0003 0000 Q06
100 1.36 0.03 0.041 0.001 095 0.06 137 0.02 0.040 0.001 0.86 06001 0001 Q09
101 145 0.02 0.040 0.000 0.95 0.03 153 0.03 0.041 0.001 0.90 6008 -0.001 Q05
102 141 0.04 0.050 0.002 0.96 0.04 140 0.03 0.049 0.001 0.87 0.0D1 0 0001 Q09
103 1.35 0.03 0.051 0.001 0.85 0.02 1.41 0.01 0.050 0.001 0.86 0-0106 0001 -0.01
104 140 0.05 0.046 0.001 0.87 0.03 1.44 0.01 0.048 0.001 0.91 06004 -0.002 -0.04
105 1.08 0.02 0.054 0.001 0.73 0.03 1.05 0.01 0.055 0.000 0.69 0.003 0-0.001 Qo4
106 1.23 0.04 0.044 0.001 0.72 0.03 1.27 0.02 0.046 0.001 0.81 06004 -0002 —-0.09
107 1.43 0.03 0.047 0.000 0.92 0.02 141 0.01 0.050 0.001 0.85 0.002 0-0.003 Qo7
108 1.38 0.05 0.048 0.002 0.83 0.02 1.38 0.03 0.048 0.001 0.88 0.0D0 0 0000 —0.05
109 140 0.03 0.047 0.001 0.76 0.02 139 0.01 0.050 0.000 0.83 0.001 0-0.003 -0.07
110 146 0.04 0.051 0.001 0.76 0.03 148 0.01 0.054 0.001 0.81 06002 -0.003 -0.05
111 1.32 0.08 0.046 0.001 0.78 0.04 135 0.04 0.047 0.000 0.83 06003 -0001 -0.05
112 1.33 0.05 0.047 0.001 095 0.04 134 0.02 0.045 0.000 0.85 060301 0002 Q10
113 135 0.02 0.055 0.001 0.81 0.02 135 001 0.055 0.000 0.77 0.0100 0 0000 Q04
114 153 0.03 0.044 0.000 0.89 0.02 1.62 0.02 0.045 0.000 0.88 06009 -0.001 ao1
115 1.38 0.04 0.047 0.002 091 0.05 1.43 0.02 0.046 0.000 0.83 06-0D5 0001 Q08
116 1.21 0.03 0.051 0.002 0.71 0.04 126 0.02 0.049 0.001 0.75 06005 0002 —-0.04
117 1.33 0.23 0.047 0.000 0.77 0.14 [
118 1.32 0.03 0.047 0.000 0.80 0.02 1.38 0.03 0.049 0.001 0.87 06006 -0002 -0.07
119 1.37 0.03 0.050 0.001 0.84 0.02 1.42 0.02 0.049 0.000 0.92 06-0D5 0001 —-0.08
120 1.20 0.04 0.044 0.001 0.84 0.03 124 0.03 0.043 0.001 0.85 0004 0001 -0.01
121 1.29 0.02 0.045 0.000 091 0.03 132 0.02 0.046 0.001 0.87 06003 -0.001 Qo4
122 151 0.04 0.048 0.002 0.86 0.03 142 0.03 0.044 0.001 091 0.09 0 0004 —-0.05
123 1.07 0.01 0.087 0.001 0.84 0.03 1.09 0.01 0.091 0.001 0.81 06002 -—-0.004 Q03
124 137 0.05 0.047 0.000 091 0.02 o
125 111 0.03 0.047 0.001 0.89 0.05 120 0.03 0.048 0.000 0.84 06009 -0.001 Q05
126 132 0.11 0.045 0.020 0.87 0.16 1.39 0.03 0.044 0.003 0.85 06007 0001 Q02
127 1.46 0.10 0.041 0.005 0.88 0.06 140 0.03 0.050 0.001 0.87 0.006 0-0.009 Q01
128 1.55 0.03 0.044 0.002 0.74 0.03 146 0.03 0.046 0.001 0.83 0.09 0-0.002 —-0.09
129 127 0.01 0.049 0.001 0.88 0.02 1.33 0.01 0.050 0.000 0.84 06006 -—0.001 Q04
130 147 0.03 0.050 0.001 0.95 0.02 1.40 0.02 0.051 0.001 0.86 0.0D7 0-0.001 Q09
131 147 0.07 0.047 0.002 0.88 0.09 1.45 0.04 0.048 0.001 0.80 0.0:92 0-0.001 Q08
132 140 0.03 0.047 0.002 0.76 0.04 144 0.02 0.046 0.001 0.82 06004 0001 —-0.06
133 1.31 0.02 0.042 0.001 0.90 0.02 132 0.02 0.044 0.000 0.87 06001 —-0.002 Q03
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Table 1
Continued

no. 3D HNCO 2D HSQC HNCO-HSQC

TL om1 T2 o2 NOE onoe T1 om T2 o2 NOE onoe ATl AT2  ANOE
134 1.07 0.04 0.051 0.001 0.70 0.02 1.09 0.03 0.052 0.000 0.73 06002 -0.001 -0.03
135 0.87 0.03 0.063 0.001 0.62 0.03 0.90 0.02 0.063 0.000 0.66 06-0D3 0000 —0.04
136 1.37 0.02 0.043 0.001 0.95 0.06 137 0.02 0.046 0.001 0.89 0.0D0 0-0.003 Q06
137 151 0.08 0.050 0.007 0.86 0.04 150 0.03 0.049 0.002 0.87 0.01 0 0001 -0.01
138 1.38 0.04 0.051 0.001 0.86 0.04 137 0.02 0.050 0.001 0.85 0.001 0 0001 001
139 1.39 0.03 0.053 0.002 0.76 0.05 146 0.01 0.050 0.001 0.80 6007 0003 —-0.04
140 125 0.01 0.049 0.001 0.79 0.03 1.26 0.02 0.050 0.001 0.75 6001 -0.001 Q04
141 135 0.03 0.045 0.001 0.98 0.03 1.39 0.02 0.048 0.000 0.92 06004 —0.003 Q06
142 148 0.02 0.051 0.001 0.75 0.02 150 0.02 0.050 0.000 0.78 06-0D2 0001 —-0.03
143 1.20 0.02 0.052 0.001 0.83 0.02 122 0.02 0.054 0.000 0.83 06002 —-0.002 Q00
144 1.38 0.03 0.047 0.001 0.90 0.03 141 0.02 0.048 0.000 0.90 6003 -0.001 Q00
145 113 0.06 0.051 0.0016 0.77 0.05 122 0.04 0.055 0.000 0.78 06009 -0.004 -0.01
146 131 0.03 0.044 0.001 0.87 0.03 1.33 0.02 0.045 0.000 0.88 06:002 -0.001 -0.01
147 150 0.02 0.056 0.001 0.70 0.02 1.45 0.01 0.059 0.001 0.66 0.0105 0-0.003 Q04
148 1.47 0.03 0.051 0.001 0.84 0.02 145 0.01 0.051 0.000 0.83 0.002 0 0000 Q01
149 145 0.04 0.050 0.003 0.93 0.06 146 0.03 0.045 0.001 0.89 06001 0005 Qo4
150 1.50 0.08 0.046 0.007 0.85 0.22 149 0.03 0.043 0.001 0.82 0.091 0 0003 Q03
151 0.98 0.01 0.071 0.001 0.59 0.02 1.00 0.01 0.070 0.003 0.57 06-0102 0001 Q02
152 139 0.02 0.052 0.001 0.82 0.02 1.42 0.01 0.053 0.000 0.81 6-0103 -0.001 Qo1
153 1.39 0.04 0.043 0.001 0.75 0.04 147 0.03 0.047 0.000 0.81 06008 -0.004 —-0.06
154 139 0.03 0.048 0.002 0.78 0.02 1.34 0.01 0.048 0.001 0.90 0.0D5 0 0000 -—-0.12
155 1.30 0.02 0.048 0.001 0.84 0.02 134 0.02 0.048 0.000 0.83 0004 0000 Q01
156 1.32 0.04 0.041 0.001 0.84 0.04 135 0.01 0.043 0.000 0.85 06003 -0.002 -0.01
157 127 0.08 0.046 0.001 0.86 0.05 1.34 0.05 0.046 0.000 0.82 06007 0000 Q04
158 1.33 0.04 0.047 0.002 0.86 002 141 0.11 0.049 0.003 0.89 06008 -—-0.002 -0.03
159 142 0.10 0.043 0.003 0.87 0.11 137 0.04 0.042 0.001 0.86 0.095 0 0001 Q01
160 1.31 0.20 0.047 0.004 0.86 0.15 133 0.02 0.042 0.003 0.86 06092 0005 Q00
161 132 0.04 0.051 0.000 0.75 0.02 1.34 0.02 0.052 0.001 0.82 06002 -0.001 -0.07
162 1.17 0.09 0.088 0.004 058 0.09 126 0.03 0.091 0.001 059 06099 -0.003 -0.01
163 148 0.03 0.048 0.001 0.78 0.02 148 0.02 0.050 0.000 0.85 0.000 0-0.002 -0.07
164 1.38 0.03 0.049 0.001 0.97 0.02 142 0.02 0.048 0.000 0.90 06004 0001 Qo7
165 1.20 0.03 0.055 0.001 0.84 0.03 1.21 0.02 0.057 0.000 0.79 6001 -0.002 Q05
166 1.46 0.15 0.046 0.004 0.83 0.05 1.39 0.07 0.045 0.001 0.89 0.087 0 0001 -0.06
167 158 0.18 0.065 0.004 0.77 0.15 157 0.03 0.068 0.002 0.81 0.091 0-0.003 -0.04
168 1.26 0.04 0.106 0.009 0.68 0.09 1.36 0.04 0.109 0.001 0.63 060310 -0.003 Q05
169 1.43 0.03 0.049 0.001 095 0.02 145 0.01 0.050 0.001 0.88 06002 -0.001 Qo7
170 1.39 0.02 0.050 0.001 0.77 0.02 144 0.02 0.050 0.001 0.84 06005 0000 -—-0.07
171 135 0.04 0.048 0.003 0.93 0.03 132 0.01 0.045 0.001 0.90 0.03 0 0003 Q03
172 128 0.05 0.049 0.003 0.87 0.04 1.30 0.03 0.045 0.001 0.86 06:002 0004 Qo1

AT1,AT2, andANOE are the differences between T1, T2, and NOE obtained from the 3D TROSY-HNCO based experiments
and the values from the corresponding 2D HSQC experiments.

& Overlapped peaks in 2D HSQC. T1, T2, and NOE data for these peaks cannot be obtained from 2D HSQC experiments due
to their overlapping with other peaks. Peak of no. 40 is overlapped with no. 101 and 147. Peak of no. 59 is overlapped with that
of no. 49. Peak of no. 83 is overlapped with no. 148. Peak of no. 117 is overlapped with no. 132. Peak of no.124 is overlapped
with no. 103.
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Experiments relating 3D T1-HSQC-HNCO and 3D T2-HSQC-HNCO, to the corresponding 2D T1-
HSQC and 2D T2-HSQC were also performed using a Varian Inova 500 MHz NMR spectrometer (data
not shown here). These also showed excellent agreement between the 3D HSQC-HNCO based experi-
ments and the corresponding 2D HSQC based experiments.

As we know, 13C labeling of a protein could increases the longitudinal relaxation rate by 4% at
500 MHz due to**CO-**N and '3Ca-1°N dipole—dipole interactions [32,35]. However, the effect of
chemical shift anisotropy (CSA) dPN on °N relaxation becomes more significant as the magnet field
increases. At 750 MHz, the effect of CSA and DBN-'H) are comparable. Therefore the relaxation
contribution due to dipolar—dipolar interaction betwé@@8O/3Ca and*®N is less than 2% fok; and
1% for R, at 750 MHz or higher fields. This contribution is small compared with the experimental error.

In our experiment, the pulse width of 18pulse of CPMG was 8@s although the rf power of CPMG
section was reduced by 3 dB compared to full rf power in'fé¢ channel. The strength of rf field for
CPMG was 6.25 kHz. For our tested sample, the maximum effective spectral width was only 2.2 kHz,
therefore the rf power for CPMG is enough to cover the effective spectral range. In this case, the relative
differenceAT, /T, < 3% [35,37]; the heating effect was significantly reduced and the off-resonance
effect is acceptable.

It is known that the 2D HSQC method is less effective for measuring the dynamics parameters of large
proteins. The measurement techniquefpusing 2D constant-time accordion NMR spectroscopy [38]
reduces sensitivity because required constant-time period of 120 ms or 60 ms will cause severe signal
decay. For example, for an uniformly 10090, 100%3C, and 70%H-labelled trichosanthin sample
(~27 kDa, 1.0 mM) at 30C, the signal strength in 2D constant-time (120 ms) accordion spectroscopy
will be only about 15% of that of a spectrum acquired by the 2D HSQC method [10]. The 3D accordion
spectroscopy method [32] for measurittiN 77 is not practical either because of the line broadening
resulting from modulated transverse magnetization of CO during the period efolution and the
need for special data processing. Furthermore, accordion spectroscopy techniques are not applicable
for measuringl’> and NOE. Therefore, 2D HSQC [10] and 2D or 3D accordion spectroscopy methods
are less effective for NMR dynamics studies of proteins with molecular weights higher than 30 kDa.
Although, the 3D HSQC-HNCO experiments for dynamics measurement of protein are the same in spirit
to those published earlier [26], there are noticeable differences in details between our experiments and
the earlier ones. The major difference is that our 3D HSQC-HNCO experiments is designed to measure
T> relaxation times instead df,, which are necessary in our comparison with the corresponding 3D
TROSY-based experiments for dynamics measurement. We did not apply WALTZ16tinetheé T (or
T1, ) periods for proton decoupling and the phase cycling in our experiments is limited to two which
minimizes the total experimental time whereas in the Caffrey’s paper, a phase cycling of 16 is used.
The sensitivity of our 3D HSQC-HNCO dynamics experiments is much higher when compared with the
Caffrey's experiments because our sequence is 5.4 ms shorter and the PEP (Preservation of Equivalent
Paths) [3,39] sequence is used before detection.

4. Conclusions

This work proposes 3D TROSY-HNCO and HSQC-HNCO based pulse sequences for me&iring
T1, T» and*H-1°N NOE. Because the number of phase cycling steps in these pulse sequences is limited to
two, all experiments can be finished within an appropriate period of time. TROSY-based measurements
can significantly enhance signal sensitivity in dynamics studies of large deuterated protein molecules.
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For the tested sample at qD, the sensitivity of the 3D TROSY-HNCO based technique was, on the
average, enhanced by 72% compared to that of the 3D HSQC-HNCO based measurements. For fully
deuterated or larger proteins, the TROSY effect should be even stronger. The 3D HSQC-HNCO based
measurements should be more effective with non-deuterated samples, with smaller molecular weights
and seriously overlapped 2D HSQC spectra. Statistical analysis confirmed that the results from the 3D
TROSY-HNCO and 3D HSQC-HNCO based experiments are in good agreement with those measured
with the traditional 2D HSQC techniques. The 3D TROSY-HNCO and 3D HSQC-HNCO spectra have
significantly reduced spectral overlap compared with their 2D counterparts. As overlapping of NMR
peaks becomes more and more serious with increased molecular weight of the sample studied, dynamics
measurements employing the 3D TROSY-HNCO or HSQC-HNCO scheme will become more important
in the near future.
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