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Abstract

To reliably measure NMR relaxation properties of macromolecules is a prerequisite for precise experiments that identify subtle
variations in relaxation rates, as required for the determination of rotational diffusion anisotropy, CSA tensor determination,
advanced motional modeling or entropy difference estimations. An underlying problem with current NMR relaxation measurement
protocols is maintaining constant sample temperature throughout the execution of the relaxation series especially when rapid data
acquisition is required. Here, it is proposed to use a combination of a heating compensation and a proton saturation sequence at the
beginning of the NMR relaxation pulse scheme. This simple extension allows reproducible, robust and rapid acquisition of NMR

spin relaxation data sets. The method is verified with >N spin relaxation measurements for human ubiquitin.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The study of dynamics by NMR affords invaluable
insight in biomolecular function [1-8]. A handful of spin
relaxation experiments (e.g., longitudinal (77), trans-
verse (75), T1,, NOE) are in the ideal case capable of
measuring precise relaxation properties that describe
the pico to nano second dynamics [9-12] and micro to
milli second dynamics [13] of the internuclear vectors
of interest. In addition, relaxation experiments are used
to determine rotational diffusion anisotropy [14,15],
CSA tensors [16-18], and are essential to advanced
motional modeling [19-22] or entropy estimations [23—
25]. A necessary part of any spin relaxation pulse se-
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quence is the relaxation time (RT),' which is varied
per spectrum in the (2D) relaxation series (RS), see
Fig. 1. Accordingly, the duty cycle of the radiofrequency
(RF) irradiation of the sample by the pulse sequence
varies between the different spectra in the RS. This duty
cycle variation occurs in principle in all spin relaxation
experiments, but the effect is largest in experiments in
which the RT contains CPMG with short interpulse de-
lays or spinlock RF trains. A direct consequence is that
the NMR sample temperature varies between the spec-
tra in the RS, despite instrumental means to control
temperature. Change in sample temperature results in

U Abbreviations: RT, relaxation time; DCC, duty cycle compensa-
tion; PSS, pre-scan saturation; RF, radiofrequency; v;, traditional
pulse scheme; v,, modified pulse scheme with DCC and PSS; RS,
relaxation series; CPMG, Carr—Purcell-Meiboom-Gill; frcvyp, total
recovery delay; PFG, pulsed-field gradient.
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Fig. 1. (A) Generic representation of a conventional 2D-HSQC detected '°N relaxation pulse sequence, denoted as v; pulse scheme. (B) Generic
representation of the modified relaxation experiment in which duty cycle compensation (DCC) and pre-scan saturation (PSS) blocks are included,
denoted as the v, pulse scheme. The blank relaxation mixing time (RT) block in A or B can be filled with either: (C) a T} loop with sparse 'H pulses
for cross-correlation suppression or (D) 75,-CPMG with cross-correlation suppression. The DCC loop consists of an exact copy the RT loop scheme,
including powers, offsets and pulse shapes, corresponding to the type of relaxation experiment in use. trp, recovery delay. The water resonance was
kept saturated in both sequences by the use of a 1 ms X-phase spin lock purge pulse in the 'H-'N INEPT, and a 1 ms and 500 ps cross-phase 'H
crusher pulses after the RT block. Solvent suppression during data acquisition was achieved by a Watergate scheme. Sensitivity enhancement of the
HSQC can be used for very small molecule applications, while a sensitivity-enhanced TROSY detection scheme can be used for large molecules. All
experiments were acquired with a 245.8 ms acquisition time with (128 x 4096) total complex points and spectral widths of (3333.33 x 8333.33) Hz at
(117.846 x 4.707) ppm carrier positions in the (7,-'°N x #,-'H) dimensions, respectively, for an average run time of 20-50 min per 2D spectrum. 7}
loops ran with =5 ms and a 20 ps 'H 7 pulse (full power). T>-CPMG loops ran with 7 = 350 s (tcpmg = 700 ps), a 40-ps 'H w pulse, and 200 ps
15N 1 pulses. All pulses are +X phase unless otherwise indicated; bars over the X or Y signify negative phases. For T} experiments the following phase
cycling was used: ¢[X], ¢o[X,—X], ¢3[Y,Y,—Y, —Y], and ¢s[X,—X,—X, X]. For T,-CPMG experiments the following phase cycling was used
OiI[X, X, —X—=X], po[X, —X], o[ Y. Y, Y,Y,—Y,—Y,—Y,—Y], and ¢s[X,—X,—X, X,— X, X, X,— X]. A T,-CPMG RT loop phase cycling of [p,Pg, dc,
¢p]=[X, X, Y,—Y] was employed to improve the uniformity of the sequence over the >N spectral width [36]. The following Ims half-sine shaped
pulsed-field gradients (PFG, in G/cm) were applied Gy = —48y, G, = G4, = Gs = 24z, G, = —45x, and G; = 39y. Each relaxation series (RS) consisted
of RT loop number settings: 1, 17, and 74 (10, 170, and 740 ms, respectively) for 7); and 1, 12, and 35 (2.8, 33.6, and 98 ms, respectively) for 7>-
CPMG. The RS were carried out in triplicate for purposes of analyzing the data statistics. The PSS sequence consisted of a non-selective "H 7/2 pulse
along x, followed by a 1 ms half-sine shaped Z-PFG of 12 G/cm peak amplitude (Gy), followed by a 1 ms full power spin lock along x, followed by a
1 ms half-sine shaped X-PFG of 48 G/cm peak amplitude (Gg). All >N decoupling during #, acquisition was achieved with 3.3 kHz WALTZ-16 [37]
for the duration of #, (~246 ms).

a shift of the ?H resonance of the H,O (—0.01145 ppm/
deg) to which the instrument is locked, leading to an
apparent (and opposite) change in resonance frequencies
of the solute. For example, the NH cross-peaks in panels
A and C of Fig. 2, which are part of a '>N T relaxation
series, appear to be shifting in the set of overlaid spectra
for which the only change is a change in RT. Sometimes

these problems can be corrected at data-analysis time by
recalibrating the spectra; but in severe cases the shifts
can be non-uniform, making data analysis less robust.
In addition, the dynamic processes underlying 7' and
T, and especially conformational exchange rates are
intrinsically temperature dependent, which in some cases
may lead to errors in the RS that cannot be corrected
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Fig. 2. Each panel is an overlay contour plot of three spectra from a relaxation series (RS) for the "H-'"N cross-peak of residue 40 of human
ubiquitin. The panels compare the results of v; and v, style pulse sequences for T} and T>-CPMG with or without >N acquisition decoupling as
indicated. Each overlay consisted spectra with 10, 170, and 740 ms RT for 77; and 2.8, 33.6, and 98 ms RT for 7,-CPMG. Red dots illustrate the
peak centers for the different spectra contours of varying relaxation times (RT). Arrows indicate the shift direction as RT increases. All spectra in
each panel were run with #gcyp of 246 ms for R; and 250 ms for R, and with 3.3 kHz WALTZ-16 5N decoupling during #, acquisition, where

applicable.

during data analysis. Moreover, changes in RF coil tem-
perature in a relaxation series caused by a varying duty
cycle will affect tuning and hence the reproducibility of
the experiment.

The heating effects become worse for spectrometers
operating at higher frequencies, where RF heating of
sample (and coils) is more efficient. Hence, the applica-
tion of relaxation experiments for larger proteins, which
require higher field spectrometers for resolution and sen-
sitivity, is particularly affected by these problems. The
problem is further exacerbated when rapid recycling is
required to economize on instrument time in high
through-put applications.

We are not the first group to observe these problems
and to suggest a solution. Setting very long recovery de-
lays (trp) [26,27] has been suggested, but such is clearly
not the most efficient solution for the problem. Several
ways of adding ‘dummy’ irradiation schemes [27-31]
have been proposed, but these methods have as draw
back that the recovery delay becomes variable, which
is very undesirable. More elaborate schemes such as
adjusting instrumental external temperature settings
[30,32] per experiment or interleaving of not only the
individual experiments but also scan by scan [32], have
also been proposed.

In this paper, we propose a simple and robust
scheme in which both total irradiation as well as the
recycle delay remains constant throughout a relaxation
series. This is achieved by combining a ‘dummy’ irra-

diation scheme which in our case is an exact copy of
the relaxation block in all of its aspects, here called
duty cycle compensation (DCC), with an efficient
pre-scan 'H saturation sequence (PSS). The proposed
scheme keeps all spin-physics and instrumental param-
eters rigorously constant throughout the relaxation
series. When combined with improvements that reduce
the dependencies of the relaxation sequences on RF
offset and pulse imperfections, relaxation experiments
are obtained that can be used to identify subtle varia-
tions in relaxation rates, as is required for the deter-
mination of rotational diffusion anisotropy, CSA
tensor determination, advanced motional modeling or
entropy difference estimations. The methods are veri-
fied with >N spin relaxation experiments using human
ubiquitin.

2. Materials and methods
2.1. Spectroscopy

All experiments were carried out with '*N labeled hu-
man ubiquitin (20 mg/ml in a 90% H->0/10% D,O solu-
tion, pH 5.2, Spectra Stable Isotopes, Columbia, MD),
using a Bruker Avance 500 MHz spectrometer at a nom-
inal sample temperature of 298 K. All experiments were
carried out using the pulse schemes described in Fig. 1
and in the results section.
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The customary pulse schemes (called version 1 (vq)
without DCC and PSS, are shown in Fig. 1A), while
with the proposed pulse schemes (v, with DCC and
PSS) are shown for both "N 7, and T»-CPMG in
Fig. 1B. The performance of these experiments was
investigated. The total recovery delay (frcvyp) Was var-
ied with eight settings, covering a range of 0.2458 s (at
20 scans per ¢, point) to 1.5s (at 4 scans per ¢; point)
for T, experiments. For v, schemes fg..yp is equal to
the data acquisition time (taq, 245.8ms) plus the
recovery delay (trp), and for v, schemes frcvyp is equal
to TrD-

Each relaxation-series (RS) consisted of three 2D
experiments with RTs of 10, 170, and 740 ms for T
and 2.8, 33.6, and 98 ms for 7>,-CPMG. All RSs were
repeated in triplicate for statistic data analysis.

2.2. Data analysis

All spectra were processed with NMRPipe [33]. Peak
picking and peak intensity quantification was carried
out in NMR View [34]. Peak intensity magnitudes within
each RS were collected and sorted by decay time (7 in
seconds) for rate analysis. Finally, rates (in s~') were
calculated by least squares fitting to a single exponential
of the form I(7) = I(0)e "™

We made the a priori assumption that the rates of the
RSs are independent of the changes in the RS settings
(among the same rate type T or T5), so that the average
of the corresponding peak rates for the various triplicate
RSs can be used to ‘normalize’ the relaxation rates of the
various cross-peaks in the spectrum of ubiquitin to a
standardized value. The remaining spread in the rates
is a result of the precision of the RS experiments.

3. Results and discussion

The traditional (v;) pulse scheme (Fig. 1A) leads to a
relaxation-time (RT) dependent sample temperature
change as shown in Figs. 2A, C, and G. For the v; T
experiment, in which few '"H RF pulses are given during
the RT, it is the '°N acquisition decoupling that is the
dominant cause of sample heating, as is demonstrated
by turning it off (see Fig. 2E). When the decoupling is
on, the overall RF duty-cycle decreases as the 7 RT
increases, leading to sample cooling when RT increases,
which leads to the (apparent) up field peak shifts. Phys-
ically, the decoupling RF heats the '°’N RF coils. The
amount of heat generated is dependent on the probe’s
RF efficiency. The heat of the coil is more or less effi-
ciently transferred to the sample, depending cooling
air flow (design). To avoid the heating, one may opt
to reduce the >N decoupling power, but reduction in
power may lead to incomplete decoupling with concom-
itant perturbation of the cross-peak lineshape and asso-

ciated quantitation problems. The acquisition
decoupling can be totally eliminated using TROSY
detection [35], but this is not the most efficient detection
scheme for small molecules and/or experiments at
600 MHz or less. As we will show below, decoupling is
not the main source of heating in R,-CPMG experi-
ments; hence, TROSY detection to avoid decoupling
heating can not be the generic solution.

Ultimately, it is desirable to induce a consistent
amount of irradiation as uniformly distributed through-
out the entirety of the relaxation experiment as possible.
As others have shown before us, this can be achieved by
introducing a duty cycle compensation (DCC) block of
pulses and delays that compensate for the lack of pulses
and delays found in the shortest RT experiment [27-30].
The DCC is a loop that more or less duplicates the RT
loop scheme in the RT block with the number of loop rep-
etitions for the DCC block adjusted such that the total
time of DCC plus RT is constant for all spectra in the RS.

However, this solution by itself is worse than the
problem: it will lead to a variation of the total recovery
delay frevyp Which is given by taq (data acquisition
time) + tpcc (total DCC time) + trp (recovery delay),
hence varying the input Z-magnetization H_(in) over
the RS, which is in this case given by

H(in) = H.(eq) (1 — & raoccseunl/ 1Y) (1)

where H.(eq) is the equilibrium magnetization and T} is
T, of the amide proton. In other words, in experiments
with a shorter DCC (corresponding to those with the
longest RT) H.(in) is reduced, and vice-versa, leading
to an artificially increased R, relaxation rate. Of course,
this problem can be reduced by making tgp very long
such that the change in DCC becomes irrelevant as sug-
gested by [26]. Such may happen when trp > 3 % T}! or
minimally about 3 s.

To avoid this waste of instrument time, while retain-
ing the benefits of the DCC block, we propose to imple-
ment after the DCC, but before the 7gp, a pre-scan
saturation block, or PSS block. The PSS block consists
of a m/2 pulse on the 'H nuclei followed by a field gra-
dient pulse, finishing with a 1 ms high-power ‘spin-lock’
on the same nuclei again followed by a gradient pulse
(see Fig. 1B). Control experiments with this sequence
directly followed by data acquisition or followed by a
n/2 pulse on the 'H nuclei prior to data acquisition,
showed that this sequence saturates all proton resonanc-
es so well that not even a residual water signal could be
observed. Thus, the PSS sequence completely ‘resets’ the
Z-magnetization to ‘zero’ irrespective of the state of the
"H magnetization prior to it. Hence, the DCC block can
be taken as an exact copy of the relaxation block,
including pulse lengths, shapes, powers and offsets on
all channels. This distinguishes our DCC block from
DCC blocks in earlier proposals, where either the 'H
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pulses were omitted, or the 'H carrier was changed [26].
After a constant trp recovery period, the PSS thus en-
ables a constant input 'H Z-magnetization over the en-
tire RS independent of the DCC time, as given by

H.(in) = H.(eq) (1 — /). 2)

With the implementation the DCC and PSS blocks as
described in the legend of Fig. 1B, we observe for the
T, experiment with '’N-decoupling a significant
improvement in temperature stability, as shown in Fig.
2B. The residual small peak position variations can be
neglected for data analysis.

In contrast to the 7 experiments, the 7>-CPMG
experiments show very little change in the chemical shift
whether '°N acquisition decoupling is enabled (Fig. 2C)
or not (Fig. 2G). This demonstrates that the 7,-CPMG
RT loop scheme is the primary contributor to the sam-
ple heating. In this case, the overall RF duty-cycle
increases as the 7,-CPMG RT increases, hence leading
to sample heating and apparent downfield shifts, oppo-
site to that of 7. Inclusion of the DCC and PSS blocks
(Figs. 2D and H) completely suppresses the artifact,
demonstrating the efficacy of the new scheme in main-
taining consistent duty cycle density and hence constant
sample heating.

It may appear that tgp needs to be very long to
achieve a sensitivity that is comparable to conventional
NMR relaxation experiments. However, the differences
are not large: in our experiment, the amount of “input”
amide proton Z-magnetization, is given by Eq. (2). In
the conventional experiment, formally the first 90° 'H
pulse of the reverse inept, of the sensitivity enhanced IN-
EPT or of the TROSY block saturates all 'H spin sys-
tems. Hence, the true magnetization recovery time in
these experiments is given by

H.(in) = H.(eq) (1 — e~ (o tna) 7). (3)

With the typical values trp =158, TngpT = 5.5 ms,
TaQ = 256 ms, and T = 1's, one obtains H._(in) = 0.63
H(eq) for our scheme and H. (in) = 0.72 H(eq) for the
conventional experiment. The difference of 14% in favor
of the conventional scheme is not dramatic.

For optimal recovery efficiency of 2D experiments,
the value of Trp should be chosen such that the function

1 — e~=®0/T}

vV TrRD + TEXP

is at a maximum, where tgxp represents the time for a
single pass through the pulse sequence not including
Trp. Sample graphs for this equation, which takes into
account the recovery of saturation (numerator) and
signal averaging (denominator) are shown in Fig. 3.
To test the robustness of our method when using very
short Tgp settings, we measured relaxation series for
various Trp settings. The data was analyzed and the rate

H.(in) 4)

0.6
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Fig. 3. Plot of the optimization function, H.(in) x

H
n

_ | RD
l1—e ( )/\/TRD + texp o, Where 1 was taken as 1s, and texp

as 0.5, 1, and 2 s for the thick, thinner and thin curves, respectively.

values for the different residues within each RS were
standardized as described in methods. Fig. 4A depicts
an unexpected, but significant trend in the v; T experi-
ment as a function of trp: the apparent average R,
decreases by 5% as tgp decreases. The artifact at short
Trp can be attributed to a systematic underestimation
of the intensities of the first few points of the RS when
the RT is short: at these conditions much heating oc-
curs, leading to changes in the spectrometer parameters
(amplifier heating, RF coil heating), in turn affecting the
tuning of the probe and amplifiers, leading to non-ideal
RF pulses. For the larger decay points (740 ms RT) the
duty cycle is less dense causing much less heating even
for short values of trp. Together this leads to an under-
estimation of the measured R; rate for small tgrp. In the
limit of large trp, the ‘true’ R; rate is revealed.

Fig. 4B shows that the v, scheme with DCC and PSS,
the obtained R, rate is independent of the setting of Trp,
even at very short values of trp. This is an important
improvement, which can be exploited for relatively rapid
acquisition of relaxation series when sensitivity is not
limiting, such as on cryo-probe equipped spectrometers
or concentrated solutions of small proteins in high-
throughput applications.

It is possible to further improve the temperature sta-
bility within a single relaxation data point, by eliminat-
ing the variation in duty cycle when the indirect
evolution period ¢, increases. This can be achieved by
using constant time 7, evolution (at a sensitivity cost),
or, as suggested previously, by compensating for the
changing ¢, by using a dummy cycle [31]. In our method,
the latter can be implemented with a dummy time decre-
menting with ¢, prior to the PSS.
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Fig. 4. The apparent ‘global’ average standardized '’N R, relaxation rate for ubiquitin as a function of the total recovery delay freyyn With '°N
acquisition decoupling enabled. (A) v; scheme without DCC or PSS, for fgevyp (S) = Taq + Trp ranging from 0.2458 to 1.7458 s; number of
scans = 20, 16, 12, 8, or 4. (B) v, scheme with DCC and PSS, for fgcvyp (8) = trp ranging from 0.22, 0.24, 0.27, 0.36, 0.55, and 1.5 s; and number of
scans = 20, 16, 16, 12, 8, and 4, respectively. The error bars represent +1 standard deviation of the distribution of the resulting standardized peak

rates in the corresponding RS.

Since the typical set of relaxation experiments con-
sists of T, T>, and NOEs, the ultimate aim is to provide
consistent sample temperature throughout the entire set
of different relaxation experiments. A manageable pro-
cedure is to adjust the external temperature settings
for the different experiments such that sample tempera-
ture is consistent, as first suggested by [30,32]. This is
implemented by comparing the 'H chemical shifts in
1D test experiments of R;, R,, and NOE. Another ap-
proach might be to execute the entire set of relaxation
experiments in scan by scan interleave mode [32], but
this requires intensive experimental coding for spec-
trometer execution as well as untangling of the acquired
data for processing.

Our method uses a complete saturation of all 'H
resonances, including solvent, to create a well-defined
common ‘“‘reset” point. As a consequence, the signal
intensities of exchangeable NH resonances are reduced
as compared to an experiment in which it is attempted
to keep the solvent resonance at equilibrium. In princi-
ple, all "H pulses in the relaxation blocks and satura-
tion pulses can be shaped such that the solvent
resonance is not irradiated, with concomitant increase
of sensitivity of the before mentioned resonances.
However, we do no recommend such implementation
for protein relaxation studies, since it is virtually
impossible to create selective 'H pulses that have a
good amide proton excitation profile in the region
12-6 ppm, but which leave the solvent signal complete-
ly unperturbed, a prerequisite for the most accurate
quantitative relaxation experiments. Good selective
excitation without perturbing the solvent is however
quite feasible for the nucleic acid imino proton range

of 10-15 ppm. Thus, for imino nitrogen relaxation
studies, we recommend the implementation of selective
"H pulses to keep (return) the solvent resonance to equi-
librium, for increased sensitivity.

4. Conclusion

The proposed duty cycle compensation with pre-scan
saturation NMR spin-relaxation protocol significantly
improves the performance of these experiments. The
improvement can be demonstrated with respect to sam-
ple temperature stability and precision of data analysis,
and more importantly, with respect to obtaining more
accurate relaxation parameter values. The protocol can
be applied to all types of NMR relaxation and relaxation
dispersion experiments. These approaches can be com-
bined with improvements that reduce the dependencies
of the relaxation sequences on RF offset and pulse imper-
fections, to create relaxation experiments that can be
used to identify subtle variations in relaxation rates, as
is required for the determination of rotational diffusion
anisotropy, CSA tensor determination, or advanced
motional modeling and entropy difference estimations.
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