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Abstract

R,-CPMG N relaxation experiments form the basis of NMR dynamics measurements, both for analysis of nano—pico second
dynamics and milli-micro second dynamics (kinetics). It has been known for some time that in the practical limit of finite pulse
widths, which becomes acute when using cryogenic probes, systematic errors in the apparent R, relaxation behavior occur for spins
far off-resonance from the RF carrier. Inaccurate measurement of R, rates propagates into quantitative models such as model-free
relaxation analysis, rotational diffusion tensor analysis, and relaxation dispersion. The root of the problem stems from evolution of
the magnetization vectors out of the X Y-plane, both during the pulses as well as between the pulses. These deviations vary as a func-
tion of pulse length, number of applied CPMG pulses, and CPMG inter-pulse delay. Herein, we analyze these effects in detail with
experimentation, numerical simulations, and analytical equations. Our work suggests a surprisingly simple change in the phase pro-
gression of the CPMG pulses, which leads to a remarkable improvement in performance. First, the applicability range of the CPMG
experiment is increased by a factor of two in spectral width; second, the dynamical/kinetic processes that can be assessed are sig-
nificantly extended towards the slower time scale; finally, the robustness of the relaxation dispersion experiments is greatly
improved.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The characterization of protein dynamics helps to
correlate structural properties with biological activities
[1-3]. For instance, enzyme active sites often contain
protein loops, which are by nature dynamic [4-10]. Allo-
steric proteins by definition take part of their function
from dynamical changes [11]. NMR has developed into
a tool in which these dynamical processes can be mea-
sured on an atom-resolution scale, leading to order
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parameters, time scales, motional models, models for
correlated motion, and estimations of conformational
entropy. NMR CPMG R,-relaxation experiments are
key to virtually all of these dynamical investigations. It
is an indispensable experiment in the investigations of
picosecond dynamics using model-free spectral density
estimation [12-14] or SLRS data analysis [15,16]; and
it is one of the only two possible experiments to measure
R»-relaxation dispersion [17-20] giving insight into
microsecond-millisecond dynamics. In the former case,
ideally, the CPMG cycle completely suppresses chemical
(conformational) exchange processes; in the latter, ide-
ally, the CPMG pulse sequence should provide identical
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spin-physics effects over the entire sample, independent
of NMR resonance offset, and inter-pulse delay.

However, to preserve the probe and sample during
the CPMG cycle, one is typically restricted to a maxi-
mum of 3000 Hz B, field for the N pulses (83 ps 90°
pulse), leading to an effective field tilted away from the
pulse axis by 14° or 22°, with flip angles of 186° or
194° at the edge of the *15 ppm '°N spectral range on
a 500 or 800 MHz instrument, respectively. The recom-
mended limits on N power deposition in cryogenic
probes calls for even longer pulse lengths (100 ps 90°
pulses, see below). Consequently, the spin physics is
strongly dependent on the offset. Yet, in practice, it is
generally assumed that these systematic offset errors
influence the peak intensities in the NMR spectrum
equally for all time points in the relaxation curve (i.e.,
as the number of CPMG pulses is varied), and hence
do not affect the relaxation rates. That this assumption
is unjustified is demonstrated as follows.

In Fig. 1, we compare the R,-CPMG rates for the °N
resonance of ubiquitin measured in the conventional
way with the >N carrier in the center of the >N spec-
trum (117.8 ppm) with the results of 29 separate R,-
CPMG experiments in which we placed the '°N carrier
at 29 different positions in the '>N spectrum, approach-
ing an “on-resonance R,-CPMG” for each individual
residue of the protein. The figure shows that large differ-
ences exist between the R, rates obtained in these two
ways for about 20 residues. When the differences in rates
between the two experiments are plotted vs. the '°N res-
onance offset in Fig. 2, it becomes evident that the devi-
ations correlate with the RF offset. The basis of the
problem is that the number of CPMG pulses employed

O-E
O

.
..o .
'Y .
Py ot o0 T .
.
o g K25 o A
t t oy @'tr e o v e +
. . % .
. . d .
v .
. .
@ [rooneee e f0:5 e R
- ),
.
M .
................................................ 1.__],0
4 L
5

-16 -12 -8 -4 0 4 8 12 16
3N off carrier (ppm)

Fig. 2. The difference of the conventional R, CPMG experiment, and
the multiple on-resonance R, CPMG experiment (Fig. 1) plotted as a
function of >N ppm offset from the carrier. Labeled points indicate the
residue numbers highlighted in Fig. 1.

increases as a function of the relaxation decay delay,
causing a systematic increase of the RF pulse offset arti-
facts, hence affecting the accuracy of the decay curves
for spins resonating further from the carrier. The arti-
facts are of a magnitude that can easily lead to the
wrong conclusions with respect to protein dynamics on
both the nanosecond timescale as well as on the millisec-
ond time scale: what appears as a local dynamical effect
for a particular residue in a protein may in reality be due
to the RF offset of the >N resonance of the residue in
question. Moreover, the artifacts will certainly interfere
with the very small variations in R,/R; ratios that may
be exploited to determine the rotational diffusion tensor
of the biomolecule. We are not the first to report these
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Fig. 1. R, residue profile plot for ubiquitin. Light triangles depict a conventional experiment, i.e., the profile obtained from a single R, experiment.
Dark squares were obtained via the ‘multiple on-resonance CPMG experiment’ procedure. Parameters used: >N 180° pulse: 200 pis; Tep> 100 ps. (See

Fig. 3). Labeled points indicate the residue numbers highlighted in Fig. 2.
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artifacts [21-23], but our contribution differs from the
previous ones that we analyze the causes of the artifacts
in detail (we distinguish two separate causes) and sug-
gest an experimental solution to the problem. The major
artifacts are caused by intermixing of R; relaxation with
R, relaxation because spins that are off-resonance will
have their magnetization vectors perturbed out of the
transverse plane. This situation is not unlike the 77,
experiments, where R; also becomes mixed with R, as
a function of resonance offset. Unlike the T',, however,
no simple analytical relationship can be derived to cor-
rect for the systematic errors in the R, CPMG offset
dependence. Herein, we are not suggesting the trivial
solution to use multiple carrier offsets such as in Fig.
1, because of obvious practical drawbacks, although
varying the carrier to obtain data at extreme offsets
maybe still be useful. Neither are we suggesting the other
trivial solution to use very strong RF pulses, as that is
likely detrimental to the equipment and sample. Instead,
we show by experiment and numerical simulation that a
simple change in phase cycling scheme can suppress all
artifacts simultaneously, and improve the applicability
range of the R,-CPMG experiment by a factor of two
in spectral width for the same carrier and power settings.

2. Materials and methods
2.1. Spectroscopy

All experiments were obtained using '°N-labeled
human ubiquitin (20 mg/ml in a 90% H,0/10% D,O
solution, pH 5.2, Martek), on a Bruker Avance
500 MHz spectrometer at a sample temperature of
298 K. All experiments were carried out using a duty-

for total decay times of 5.6, 33.6, and 98 ms periods
(including pulse lengths) or 2, 12, and 35 CPMG-period
loops, respectively. Finally, the time-dependent intensi-
ties of corresponding peaks (residue signal) are fitted
to single exponentials to obtain the experimental rates.

For the “multiple on-resonance CPMG experiment”’
(Fig. 1), 29 RDSs were collected with the '°N carrier fre-
quency offset incremented every 50 Hz (~1 ppm) start-
ing at 5272.8734 Hz (~104.3 ppm). This process
yielded 29 ‘!N strips’ of 1 ppm wide ‘on-resonance’
spectra, collectively covering a spectral width of 29
N ppm unit frequency range centered about
117.846 ppm. This will suffice to provide reasonably
ideal measurements for the complete human ubiquitin
spectrum. By this method, one can construct an ideal
R, rate vs. residue plot. An otherwise identical series
of 29 RDS was carried out using a different phase cy-
cling for the CPMG pulses (see details in Fig. 1).

N resonances that lie within 2 ppm (~ * 13° off-
resonance) of the carrier frequency are collected from
all 29 RDSs and used to represent the collection of
“true’” on-resonance relaxation values; peaks appearing
within two or more 2 ppm strips were averaged. Refer-
ence measurements for each distinct and unambiguously
assigned peak were obtained for the following catego-
ries; 5.6 ms decay peak intensities, 33.6 ms decay peak
intensities, 98 ms decay peak intensities, and R, rate
values.

2.2. Numerical simulations

Simulations of the nuclear spin vector behavior in a
magnetic field, during the R, relaxation mixing time
loop only, was computed via numerical integration of
the rotating-frame Bloch equations Eqs. (1)-(4) [24]:

cycle compensated "N R, CPMG experiment (Fig. 3), dm, "
analyzed in detail in a forthcoming manuscript. dr (iwinz B wFPM}’) + Ry(M.), (1)
Conventional R, CPMG sets were obtained with the
15 . .
N carrier placed at 117.846 ppm. Each relaxation de- M, _ oy M) — R (M 2
cay set (RDS) was obtained with three decay points dt (FOLM: + orpM.) = Ro(M,), )
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Fig. 3. R,-CPMG experiment, as described in detail in a forthcoming manuscript, serving to maintain constant sample temperature by keeping the
total number of pulses constant for any relaxation delay. RMT, relaxation mixing time; DCC, duty cycle compensation; and PSS, pre-scan
saturation. Either of the following two phase schemes were utilized: (1) Traditional, 0000, ¢y = £X and ¢; = ¢ = ¢p3 = ¢4 = +X or (2) 0013, o = =X
and [¢1, ¢2, @3, Pg] = [t X, +X, +Y, —Y]. All experiments were ran with a recovery delay (tgrp) of 0.75s, at § transients per ¢;, with acquisition
decoupling enabled and a constant overall duty cycle density ensured by DCC + RMT = constant = 36 loops. All experiments were acquired for the
duration of 245.8 ms with (128 x 4096) total complex points and spectral widths of (3333.33 x 8333.33) Hz in the (¢, X f,) dimensions, respectively, for
a general run time of 41-42 min per 2-D spectrum. The 7,-CPMG (RMT) loops ran with repeat time of 7 = 7.,/2 = 350 ps, and a 200 us 5N 7 pulse.
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dm, "

5 = (o' M,) — Ri(M. — M,) (3)
or
dm, .

= (q:wi{ny) “Ri(M. — My), (4)

in which wgp is the free precession offset; and R; and R,
are the longitudinal and transverse rate constants,
respectively. w;f is the radio frequency (RF) pulse ampli-
tude, with the p phase depending upon the CPMG pulse
phase desired (p = +X(0), + Y(1), —X(2), or — Y(3)). Egs.
(3) or (4) was used depending on the applied RF phase.
The initial magnetization was assumed to lie perfectly
along either the + or —X-axis for all simulations.

The numerical integrations of the set of coupled dif-
ferential Bloch equations were calculated using in-house
developed Fortran 77 code. Simulations were performed
to compare theoretical to experimental observations as
well as provide a flexible means to test experimental
innovations. Additionally, detailed simulations were
sustained to expand on the understanding of spin
dynamics and how the spin behaves throughout the
relaxation period by monitoring the behavior of the spin
vector trajectory evolution over time.

The simulation code focuses on a single spin echo,
which is looping onto itself to simulate the desired num-
ber of spin echoes. It is assumed that the potential prob-
lems in any part of the pulse scheme before and after the
relaxation loop period (see Fig. 3) are negligible or con-
stant. It was established that it was not necessary to take
the scalar coupling between >N and 'H into account;
good correspondence with the experimental data was
obtained without it. Furthermore, it was assumed that
SN-'H cross-correlated cross-relaxation is sufficiently
suppressed by the 180° proton pulses in the actual exper-
iment, and was consequently not considered in the
simulation.

Various techniques were used in order to realistically
mimic the actual experiments. First it is required to cal-
culate the average of +X and —X initial '>N magnetiza-
tion simulated R, values, in order to emulate the phase
cycling of the first >N 90° pulse in the actual experi-
ment. Second, in lieu of the possibility that spin systems
at destined offset frequency from the carrier can experi-
ence irregular relaxation decay profiles (Fig. 4), only the
decay points of total decay times that correspond to
experimental decay points are ultimately used in the cal-
culation of the R, rate fits. Furthermore, averaging the
R, rates of discrete points covering the range of the
effective flip angle were used to simulate RF inhomoge-
neity in the sample tube.

Ultimately, to simulate the systematic R, RF offset
dependency profile, a series of R, rates was calculated
for a range of incremented offset frequency settings. In
short, the signal intensities as a function of offset were
calculated with an increasing number of CPMG pulses,

Intensity units

0 0.02 0.04 0.06 0.08 0.1
Decay Time (s)

Fig. 4. The experimental decay profile for residue Ala46 at
+14.842 ppm (~94.78° at the center of the pulse or 67.7° after tgp)
offset from the >N carrier (117.846 ppm) from a single RDS of 18
decay points (2.8-98 ms in increments of 5.6 ms) using the traditional
all +X-phase.

and the time-dependent intensities at each offset point
fitted with single exponentials to obtain the theoretical
offset-dependent rates. For thorough coverage of a typ-
ical '>’N ppm protein spectral width, R,’s were calculated
every 0.313 ppm or effectively incremented every 2° off-
set from the carrier, ranging from —30 to 30 ppm off-res-
onance. The experimental global averages of R, and R,
rates for ubiquitin, determined from previous observa-
tions, were used in the Bloch equation simulations, both
in the presence and absence of the RF pulses. In the final
analysis there was an R, of approximately 6 s™' and an
R, of 2.4s7'. The 200 pus '*N 180° pulses, unattainable
25 pus "N 180° pulses and infinite power instantaneous
pulse (0 ps), offset dependence profiles have been ex-
plored thoroughly. The 200 ps '>N 180° pulses were cho-
sen as a practical value, because our simulations are
made anticipating CPMG experiments with maximum
exchange suppression, i.e., short 7.p, using a cryogenic
probe. The values chosen are rationalized as follows:
our manufacturer (Bruker) recommends for their cryop-
robes windowless '°N pulse trains at a maximum power
level corresponding to a 200 ps 90° pulse. The 200 ps
>N 180° pulses require a 4-fold increase in RF power
relative to this maximum, thus calling for a duty cycle
of 25%, which allows the desired short, 600 ps, 7., inter-
vals. Our calculations below for maximum suppression
rates are slightly more conservative than these settings,
i.e., 200 ps 180° pulses with 700 ps () intervals. The ef-
fect of longer 7., settings with the same pulse length was
also investigated, as it models relaxation dispersion
experiments using cryogenic probes [18,20].

Last but not least, instantaneous, hard, and soft RF
pulse perturbation strengths were calculated in combi-
nation with the four RF pulse phases, 0, 1, 2, and 3 to
observe all echo evolution types (i.e., anti-parallel/paral-
lel or +Z/—Z orthogonal evolution).
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2.3. Data analysis

A systematic R, dependence profile as a function of
offset from the carrier may be observed from a single
residue from each of the 29 RDSs of the same phase cy-
cle, but this is an extremely scarce representation of the
dependence profile (not shown). Fortunately, there are
actually greater than 2000 R, values measured as a func-
tion of offset (70 unambiguous peaks per RDS), all of
which can be collected and averaged so that the 2030
observations can be used to exemplify overall experi-
mental R, dependence profile as a function of resonance
offset. This is achieved by applying standardization tech-
niques described below.

It is reasonable to assume that there exists a true R,
rate profile and that it can roughly be represented by
the reference R, values described above. By standardizing
(shifting) the reference R, magnitude of each peak in the
profile to a standardized value and applying the same
shift to each of the corresponding residue measurements
from all the RDS profiles, the result is a peak standard-
ized quantity or essentially a suppression of the peak R,
magnitude variability within each RDS. Moreover, the
adjusted quantity still retains the original carrier offset
setting and systematic dependence characteristics such
that each measurement in the peak profile for all RDSs
can be exploited in the same dependence profile series,
thus, a more detailed off-resonance R, profile can be ob-
served experimentally. One can appreciate the invaluable
practice of this type of analysis because a single spectrum
can give rise to a large ‘sample’ of offset measurements
covering a respectable offset range (Fig. 2).

Additionally, there are two types of measurements
to distinguish, each requiring distinctly different stan-
dardization procedures. First, is the shifting procedure
(Procedure 1) just described above which applies to
observations that are uniquely independent and
expectedly constant quantities (e.g., relaxation rates
and reproducibility measurements) and can be stan-
dardized by ‘virtual shifting’ of the observable magni-
tudes. Second, is the scaling procedure (Procedure
2)—essentially replacing +/— with Xx/+, respectively,
in (Procedure 1)—which applies to standardization of
individual observable quantities that are also distinctly
dependent on a secondary relationship (e.g., a set of
distinct peak intensity magnitudes with varying relaxa-
tion decay characteristics from a single decay point
spectrum) and must be scaled by a ratio factor. Specif-
ically, the intensity of each peak, within a spectrum of
one decay point in a RDS,; is distinctly different in two
ways; first is the intrinsic 1 spin population difference
or the signal magnitude, and second is the spin decay
characteristic or the extent of the expected decay loss
that is dependent upon the decay point/RMT period.
To standardize this type of observable both the signal
magnitude and the decay characteristic needs to be

standardized, and the scaling procedure accomplishes
that:

((Standardized goal) — (Reference value))

+ (Raw value) (Procedurel)
((Standardized goal) + (Reference value))
x (Raw value) (Procedure2)

3. Results and discussion

Simulations of the R,-CPMG decays (Fig. 5), using
numerical integration of the Bloch equations for similar
parameters as the experiment in Fig. 1 and described in
Section 2, do reproduce the experimental offset depen-
dence of the apparent R, quite well. To examine the
sources of error we make the first simplification in Fig.
6 by neglecting sample inhomogeneity.

Fig. 6 clearly reveals two different fluctuations as a
function of offset. First, there is a slow oscillation with
a “frequency” of 7 ppm that is caused by admixture of
R, into R, during the pulses, as a function of offset. Sec-
ond, there is a faster fluctuation (with a “frequency” of
about 0.5 ppm) that is caused by incompleteness of the
spin echo due to finite pulse length, which causes severe
effective field angle deviations that leaves part of the
magnetization along the Z-axis in between the pulses
hence admixing a large R; component and temporarily
diminishing the apparent transverse component magni-
tudes. Since in macromolecules R; is always smaller
than R, one thus sees mostly deviations that result in
the reduction in the R, rate. Instances that the apparent
R, exceeds the real R, (e.g., at £4 ppm) are due to
incomplete refocusing, hence causing an apparent faster
decay. We now discuss the origins of the two deviations
at different timescales in more detail.

3.1. Origin of the slow fluctuations: the effective-decay
artifact

These slow artifacts are caused by the offset depen-
dence of the instantaneous relative phase of the free
precessing transverse magnetization with respect to the
phase of the RF pulse. For example, on-resonance X-
magnetization experiencing CPMG pulse train of pure
X-phase will throughout the sequence stay aligned with
the X-axis, and will yield R3*% (for parallel, +X-phase)
which simply is

Ry = Ra. (5)

A spin vector off-resonance by an amount v = (2rcp)*1,
will move from the X-axis to the Y-axis before the first
CPMG pulse, and remains to be refocused on the Y-axis
before each pulse during the body of the CPMG
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Fig. 5. Overlay of simulated (closed symbols) and experimental (one RF carrier position) (open symbols) R, offset dependency profiles for both
[0, 0, 0, 0] (squares) and [0, 0, 1, 3] (circles) phase cycles. Simulated values are an average of five levels of simulated gradient profiles (180, 177.5, 175,
172.5, and 170) to simulate RF inhomogeneity. Experimental errors of the order of £0.05 to £0.1 ppm per standard deviation are not shown for

viewing ease.

Rz (s™)
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Fig. 6. Simulated (open symbols) R, offset dependence profiles of soft CPMG pulses (i.e., 7, = 200 ps) of perfectly homogeneous samples for phase
cycles [0, 0, 0, 0] (circles) and [0, 0, 1, 3] (triangles). The corresponding profiles (closed symbols) are described by Eq. (14) (circles) and Eq. (15)
(triangles) for 0000 and 0013 cycles, respectively. The line at 6 s~' represents the true R, rate.

sequence. This has the consequence that the X-phase
CPMG = pulse will rotate the magnetization vector
through Z, thus bestowing some R; relaxation character
decay to the overall relaxation process. This is akin to an
on-resonance X-magnetization experiencing a CPMG
pulse of Y-phase causing the vector to rotate through
Z, thus admixing R; and R, character decay. This is

referred to as ROt (for orthogonal, + Y-phase):

3 (Rycos®0 + Rysin’0)d0
fde
where 0 is the instantaneous angle of the magnetization

vector out of the transverse plane (Fig. 8) and Eq. (6)
becomes

: (6)

R ()

R, +R
Orth 2 1
RZ-relffo :T’

()
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when f = w. Since R; is smaller than R, for any macro-
molecule, this results in an apparent reduction of R,
during orthogonal RF pulse periods.

The problem of offset-dependent out-of-plane pertur-
bation into the Z direction can be ameliorated by alter-
ing the phases of the CPMG pulses, thereby inducing
uniform out-of-plane perturbation for all spin systems
of distinctly different resonance offsets. In doing this,
one should expect that the value of the R, observable
would no longer be immediately accurate.

However, this is a very acceptable compromise, since
it increases the relative reliability of the observations
measured, spanning the spectral width range within a
spectrum, from a single experiment. We have searched
for the optimal phase train by systematically changing
the CPMG phase cycle using computer simulations and
selecting (by hand) the relatively minimal offset depen-
dence. All combinations of 0, 1, 2, and 3 phases in repeat
cycles of four CPMG pulses (a total of 256 phase cycles)
were simulated and offset dependence R, profiles calcu-
lated, as described in Section 2. Of the 256 phase cycle
combinations, only a few combinations emerged that
provided reasonable offset dependence profiles. Consis-
tent in all acceptable phase cycles is the basic phase cycle
pairs, 00, 22, 13, and 31. It is vital that the two phases de-
scribed by each basic pair is coupled, because detailed
simulations reveal that these pairs are the only combina-
tions that can provide a critical ‘refocus’ of the effective-
field artifact behavior for off-resonance spins, especially
for soft RF pulses. Of the 16 remaining combinations,
the cycles of most stable offset dependence profiles are
0013 or 1300, 0031 or 3100, 2231 or 3122, and 2213 or
1322. Each pair of CPMG phase cycles correspond to
schemes of equivalent offset dependence profiles; this is

not surprising, since it is just the basic pair order
swapped. Additionally, we not unexpectedly find that
the negative initial magnetization offset profile of 0000
is equivalent to the positive magnetization 2222 profile,
and negative magnetization 0013 is equivalent to positive
magnetization 2231. Furthermore, due to the acquisition
of * phase cycling of the first '’N pulse of the sequence
per point in the 7,-'>’N FID concomitant with the sub-
tracting in the receiver (Fig. 3), the average of the R, rate
from positive and negative magnetization values on the
same phase cycle, or equivalent (i.e., average of +0000
and +2222, or +0013 and +2231), must be implemented.
In the final analysis we arrive at the CPMG phase cycle
[0, 0, 1, 3] (or [0, O, 3, 1]).

Experimental data (Fig. 7) using the [0, 0, 1, 3]
scheme demonstrates the superiority of the R, profile
of the [0, 0, 1, 3] phase cycle scheme as it shows a signif-
icantly ‘flatter’ offset dependence. Relatively little offset
dependence is seen for —10 to +7 >N ppm offset range
while in the traditional phase cycle the same can be said
only for a —4 to +3 "N ppm offset range. The new cycle
thus yields a greater than factor of two improvement in
offset independency range. As mentioned above, the new
cycle allows for the consistent mixing of R; and R, over
the different free-precession angles, so the R, measure-
ments are not absolutely accurate and contain an R,
component. However, since R; will commonly be
known, we can derive the following equations to com-
pute the true R, from the observations. Since in the
[0, 0, 1, 3] cycle there are two parallel and two orthogo-
nal pulses, we obtain, on-resonance

pU01I0nReomnee_ 2REME 4+ 2ROME 3Ry + R, g
2=eff - 4 - 4 ’ ( )

Rz (s™)

1 | 147
=T

-17.5 -12.5 -7.5 -2.5

2.5 7.5 12.5 17.5

>N off carrier (ppm)

Fig. 7. Experimental standardized R, offset dependence profile plots of [0, 0, 0, 0] (circles) and [0, 0, 1, 3] (triangles) phase cycles schemes.
Standardization (Procedure 1) was applied on these data. Displayed are 0.25 ppm width histogram averages with +1 standard deviation of that

average represented by the error bars.
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Fig. 8. Definitions of the angles 6 and & used in the analytical
derivations.

where R and RO™° are defined in Egs. (5) and (7).
Similarly, the effective R, decay for the conventional
pulse scheme [0, 0, 0, 0] is, on-resonance
n—RKesonance 4RP’dra

R0000% K _ heeff _ po 9

2-eff 4 2 ( )
When we make the (temporary) assumption that the
effective flip angle f§ is constant at = for all offsets and
neglect free precession contributions (wgp = 0) during
the pulses, we can analytically solve for the offset depen-
dency of the effective R, decay:

Ry

R .

RYME (@) = Rycos*® + % sin®®, (10)
R, +R .

RO (D) = %coszé + Rysin’®, (11)

where the angle @ represents the expected (free-preces-
sion) offset difference of the coherence (after 7.,/2) with
respect to the initial magnetization direction (Fig. 8). It
follows then that the effective R, during the four pulses
for the two phase cycle schemes are described by

4R35 (P)
RQ?S%((D) =2 4ff = R2P-eff((p)
R, +R; .
= Rycos’® + el sin’® (12)
and

DRE () + 2ROUC(P) 3Ry + Ry
4 4

Ry (@) = (13)
Taking the free precession during the inter-pulse spacing
2tpp (Tep = Tpp + T + Tpp) Into account, one finally
arrives at (neglecting the difference between in-phase
and anti-phase R, relaxation during free precession)

Rgimc’oooo((p) _ ‘E,[Rgg(e)?((ﬁp) + 2TrpR>
T + ZTFP

(Trcos’® + %fﬂsinzdﬁ + 2tpp)Ry + (3 7,sin’ ®)R,

Tep

(14)

and

TﬂRg%?f((p) + 2‘CFPR2

Tr + 2Tpp

(Ri — Ra)tr
4t

RETMS™ () =

=Ry + ) (15)

where 7, is the duration of the n pulse. Comparison of
Egs. (14) and (15) shows that the conventional [0 0 0 0]
phase cycle scheme is dependent on @ (i.e., free preces-
sion offset effects). As anticipated, the effective R, for
the [0 0 1 3] CPMG pulse scheme is independent of @ be-
cause of the equal balance of orthogonal and parallel
evolution from the mixed phase cycling. Fig. 6 shows
that Eqgs. (14) and (15) do describe the offset dependence
of the Bloch-simulated sequences quite well. Deviations
between the simulated and analytical curves are due to
the fact that the simulated Bloch curves, in contrast to
analytical equations, do take the offset dependence of
the effective flip angle and wgp terms of the pulses into
account.

Only at on-resonance will the analytical corrections
derived above absolutely correspond to realistic obser-
vations, since there is no effective-field difference. How-
ever, our calculation allows a simple correction that can
be applied to the observable from the entire range of
—10 to +7 "N ppm. The first is already pointed out
by the fact that our new scheme correction is indepen-
dent of @, so theoretically the scheme sufficiently
eliminates any offset dependence variability from effec-
tive-decay artifact, but simplifies the artifact effect to a
constant amount for all offsets.

A further advantage is that the fast modulations
mentioned above and discussed more below, are dra-
matically suppressed in the 0013 scheme because the
mixing of parallel and orthogonal evolutions which
have, in effect, dephased it. The fast modulation com-
ponents cannot be discerned in the experimental data
(Fig. 5 or 7). This is likely due to the fact that the
experimental signal to noise ratio is insufficient to dis-
close these fluctuations. Second, the simulated depen-
dence profiles are computed for ideal RF amplitude
and phase homogeneity throughout the sample, which
is certainly not the case in the real experiment. In the
simulated curves of Fig. 5 we demonstrate that RF
inhomogeneity (modeled by averaging curves obtained
with five different flip angles) does indeed destructively
interferes with the fluctuations. Thus, in simulation and
practice, the fast fluctuations seen in Fig. 6 are of no
real concern.

3.2. Origin of the fast fluctuations: the effective-field
artifact

Far off-resonance, the RF phase and flip angle, start
to deviate from ideality. In combination with the
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different instantaneous angles between the free precess-
ing coherence and the RF phase as a function of offset,
and the varying number of RF pulses that constitute a
relaxation series, the spin physics becomes very compli-
cated indeed. First of all, it is disturbing to note that the
relaxation decay curve itself can become modulated for
spin systems of specific offset displacement; for instance
the modulation seen in Fig. 4 makes the extraction of a
single exponential relaxation rate questionable. While
the application of the new CPMG phase scheme does
improve the situation somewhat, we note that correction
of the decay curves at this offset is useless, as much lar-
ger errors are introduced by convoluted and irregular
spin echo behavior.

The main artifact far off-resonance stems from the
fact that the magnetization vectors are not subject to
proper 180° rotations. The outcome of is the lack of re-
turn of the magnetization vector into the transverse
plane, and with multiple back-to-back spin echoes the
magnetization vector effectively experiences an out-of-
plane modulation throughout the magnetization decay
(this is one of the causes of the oscillations in Fig. 4).
Furthermore, the frequency and amplitude of the decay
profile modulation is likewise offset dependent, account-
ing for the fast modulations seen in the simulated con-
ventional phase cycle R, dependence profile (Fig. 6).
These modulations are not random, and appear to be
suppressed somewhat in the mixed (001 3) pulse
schemes, leading to less modulations of R, profile as a
function of resonance offset (Fig. 6).

The effective-field artifacts can only have impact dur-
ing the pulse period, but because of the severity of leav-

ing the position of the magnetization vector out of the
transverse plane between pulses, it inadvertently causes
varying intermixing of R, and R, decay on the spin sys-
tem at all times. Ultimately, it is the resulting diminished
magnitude of the transverse components from having
the vector left out of the transverse plane that causes
the oscillations in the decay profile and consequently
causing the fast oscillations seen in the simulated offset
dependence profile (Fig. 9). The problem originates
from the wgp terms contaminating the proper spin echo
behavior. Indeed, if R, and R; were set equal, the effec-
tive-decay artifact R, CPMG contributions become

REPMG™ (@) — RSPMG™P (@) = R,, a constant indepen-

dent of @; all that will remain is the fast oscillating effec-
tive-field artifact influence on the offset dependence
profiles (Fig. 9). If all wgp terms were to be set to zero
only during the pulse period, in other words, if no preces-
sion would take place during the pulse, the resulting sim-
ulated R, dependence profile as well as the decay profiles
no longer experience the fast oscillations (Fig. 9). All that
remain is the effective-decay artifact offset dependence.
While the [0 0 1 3] phase cycle suppresses both the
effective decay and effective field artifacts, the behavior
far off-resonance (>|7.5 ppm|) is still not ideal, neither
in reality (Fig. 7) nor in Bloch simulation (Fig. 6). De-
spite the fact that RSPMS™ (@) is independent of @,
experimentally there is a degrading dependence of the
R, value further offset simply because of the greater
strength of the effective-field artifact influence as @ in-
creases, which is simply not accounted for in the analyt-
ical correction of Eq. (15). The bottom line is, that R,

Rz (s™)

15N off carrier (ppm)

Fig. 9. Shown are simulated 0000 phase cycle R, offset dependence profiles for: all artifacts accountable (black circles); effective-decay artifact
influence only or wgp = 0 during the pulse period (red squares); and effective-field artifact influence only or R, = R; = 6 s~! (green triangles). Also
displayed are plots of Eq. (14): as a function of @ = expected angle offset difference after 7.,/2 (blue diamonds); and as a function of ®@tgp = expected
angle offset difference after tgp (black crosses). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this paper.)
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CPMG rates can just not be measured properly at these
large offsets neither with the classical scheme nor with
the new [0 0 1 3] scheme.

It should not be surprising that the offset profiles for
[001 3] is asymmetric around the carrier position; de-
spite the fact that phase cycling of the first '>N 90° pulse
carries out some symmetrization, the ‘13’ component is
not sufficiently symmetrized because the average of the
positive and negative magnetization as produced by this
cycling only averages 0013 and 2231. A secondary aver-
aging is required, namely 0031 and 2213, to thoroughly
average out all asymmetry. Thus, a more complete
phase cycle of 00130031 in the CPMG train, coupled
with magnetization inversion as afforded by the first
>N pulse, is necessary to produce a symmetric offset
dependency profile (results not shown).

From the conclusions above we can predict the per-
formance at different limits of the CPMG experiment.
First, it is important to understand the amplitude and
variation of the offset dependence relative to the pulse
strength. In Fig. 10, we show that the total amplitude
of the modulations (from both artifact types; slow and
fast) on the profile is directly proportional to the length
of the pulse (keeping ., constant). To state the obvious,
the R,-CPMG experimental technique becomes perfect
for all offsets in the limit of infinite RF pulse power.
However, the [00 1 3] scheme still significantly sup-
presses the fast modulations seen in [0 0 0 0] when using
an (unattainable) 25 ps 180° >N pulse, and hence, can
extend the relative reliability offset range even for this
(impossible) experiment. As extensively demonstrated
above, when using soft pulses, the difference between
the [0 0 0 0] and [0 0 1 3] schemes are dramatic indeed.

Second, we have so far only investigated the artifacts
at a constant relatively short 7, (700 ps) period, which is
towards the limit of spin-lock 7, experiments. In
CPMGQ relaxation dispersion experiments, the 7., period
is varied to obtain the rate of the dynamic (kinetic) pro-
cess. For the relaxation dispersion experiments, it is
obviously important that, at the very least, the offset
dependence profile be consistent for the range of 1., val-
ues that is used. Regretfully, this is not found to be the
case. However, Fig. 11 demonstrates the superiority of
our proposed [0 0 1 3] phase scheme compared to the
conventional scheme, not only by the fact that the fast
modulations are almost completely suppressed, but that,
most importantly, the dependence profiles for different
T¢p settings strongly coincide, after applying the simple
‘shift’ correction defined by Eq. (15). Conversely, the
conventional scheme not only modulates, but the ampli-
tude and frequency of its modulation changes for vary-
ing 7., which extremely complicates the dependence
profile at offset frequencies larger then *3-4 ppm from
the carrier. Finally, it should be mentioned that the
[00 1 3] phase technique can easily be implemented the
latest in-phase/anti-phase relaxation compensation
schemes [25], CO CPMG [26,27] schemes, and multiple
quantum CPMG schemes [27-29].

4. Conclusion

In conclusion, very significant artifacts have been re-
vealed and analyzed for the evolution of spin magnetiza-
tion vectors in the R,-CPMG sequence by using
numerical integration of the Bloch equations. The arti-

Rz (s™)

0
>N off carrier (ppm)

Fig. 10. Simulated [0 0 0 0] phase cycle R, offset dependence profiles of various RF field strengths at a constant 7., time of 700 us. The uncorrected
simulated profiles (closed symbols) and the corresponding plots of Eq. (14) as a function of @ (open symbols) are shown for the following 180° RF
pulse strengths of length: 25 ps (black diamonds), 50 ps (red squares), 100 ps (green triangles), and 200 ps (blue circles). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 11. Simulated R, offset dependence profiles of various ., pulse repeat times at constant pulse strength of 100 ps 180°. The offset artifacts for the
[0 0 0 0] phase cycle (closed symbols) and the [0 0 1 3] phase cycle (open symbols) are shown for the following 7.p: 700 ps (black diamonds), 1 ms (red
squares), 2 ms (green triangles), and 4 ms (blue circles). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this paper.)

facts are easily of a magnitude that they can lead to the
wrong conclusions with respect protein dynamics on
both nanosecond timescale as well as on the millisecond
time scale. All artifacts have in common, trivially that
they can be substantially suppressed by using very
strong RF pulses in the CPMG cycle; however this solu-
tion may not be a practical one, depending on instru-
ment, sample and probe type.

The main message of our contribution is that all arti-
facts also have in common that they can be substantially
suppressed by a simple change in the phase cycle of the
CPMG train; instead of applying a [0 0 0 0]" cycle, the
cycle [0013]Y or more completely the cycle
[001300 3 1]V effectively more than doubles the spec-
tral width for which the R, rates can be relatively reli-
ably determined using a single RF carrier setting. Our
proposed scheme is also robust towards changes in 7,
allowing for more reliable relaxation dispersion experi-
ments. Moreover, the implementation of the new
scheme allows the extension of the relaxation dispersion
technique to measure slow dynamic processes of tens of
milliseconds. As the only drawback, the new cycle intro-
duces a R; component in the otherwise “flat” experi-
mental R, rates (reducing the apparent R, by about
5%). Herein, we give equations that can analytically cor-
rect for this intermixing if the R; is known.
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