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Abstract In the analysis of the constant-time Carr-Pur-
cell-Meiboom-Gill (CT-CPMG) relaxation dispersion
experiment, chemical exchange parameters, such as rate of
exchange and population of the exchanging species, are
typically optimized using equations that predict experi-
mental relaxation rates recorded as a function of effective
field strength. In this process, the effect of chemical
exchange during the CPMG pulses is typically assumed to
be the same as during the free-precession. This approxi-
mation may introduce systematic errors into the analysis of
data because the number of CPMG pulses is incremented
during the constant-time relaxation period, and the total
pulse duration therefore varies as a function of the effective
field strength. In order to estimate the size of such errors,
we simulate the time-dependence of magnetization during
the entire constant time period, explicitly taking into
account the effect of the CPMG pulses on the spin relax-
ation rate. We show that in general the difference in the
relaxation dispersion profile calculated using a practical
pulse width from that calculated using an extremely short
pulse width is small, but under certain circumstances can
exceed 1 s~'. The difference increases significantly when
CPMG pulses are miscalibrated.
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Introduction

Conformational exchange among two or more environments
with distinct chemical shifts occurring on the milli-micro-
second time scale can be detected based on the constant-time
Carr-Purcell-Meiboom-Gill (CT-CPMG) relaxation disper-
sion experiment. This method has been applied to charac-
terize biologically important processes such as protein
folding and enzyme kinetics, which involve local confor-
mational fluctuations (Loria et al. 1999; Tollinger et al. 2001;
Wang etal. 2001; Mulder et al. 2002; Skrynnikov et al. 2002;
Tolkatchev et al. 2003; Beach et al. 2005; Eisenmesser et al.
2005; Valentine and Palmer 2005; Brath et al. 2006; Kor-
zhnev et al. 2006; Kovrigin et al. 2006; Labeikovsky et al.
2007; Sugase et al. 2007; Loria et al. 2008; Hass et al. 2009).
In the CT-CPMG relaxation dispersion experiment, the
nuclear spin transverse relaxation rate, R,, is measured as a
function of the effective field strength, vcp, that is related to
the half-duration between CPMG pulses, Tcpmg, according
to tcpmg = 1/(4vep). The total relaxation period (Tcp) for
transverse relaxation is fixed while vcp is increased by the
decreasing tcpmg. Chemical exchange parameters, such as
the exchange rate, populations of the exchanging species,
and difference in off-resonance frequencies between the
exchanging species, are optimized by fitting the experi-
mental R, dispersion profile using a two-site exchange or a
multiple-site exchange equation.

The equation that is applied to optimize the parameters
is either a numerical solution of Bloch-McConnell equation
or its approximate analytical solution (McConnell 1958;
Luz and Meiboom 1963; Carver and Richards 1972). In
both approaches, the calculations typically neglect effects
of chemical exchange during CPMG pulses (i.e., the cal-
culations assume free precession, except for an instanta-
neous 180° rotation, during each CPMG pulse) (Fig. 1).
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Fig. 1 Pulse schemes of the CT-CPMG relaxation experiments that
are compared in this study: a includes pulse widths (wide bars) and
b neglects pulse widths (/ines). The CPMG pulse sequence utilizes the
pulse phases ¢; = ¢> = ¢p3 = X (Meiboom and Gill 1958) while an
alternative sequence utilizes pulse phases of ¢; =X, ¢, =Y,
¢3 = =Y (Yip and Zuiderweg 2004; Long et al. 2008). In the
following, these pulse schemes are denoted as the [00000000]* and
the [00130031]* schemes, respectively. Entire phase cycles that were
employed to calculate magnetization intensities in the following
simulations are described in the Methods section

Although some studies take into account effects associated
with off-resonance frequency (Ross et al. 1997; Ishima and
Torchia 2003), the impact of neglecting the effect of the
finite CPMG pulse duration on the calculated R, values is
not known. Since the total duration of the CPMG pulses
varies as a function of vcp, the total CPMG pulse duration
ranges from as little as 0.45% up to 18% of the entire Tcp
in typical '’N CT-CPMG dispersion experiments (180°
degree pulse, tig0 = 90 ps; vcp = 25-1000 Hz). There-
fore, it is possible that the free-precession approximation
during the pulse duration may introduce systematic error in
the analysis of dispersion profiles.

The aim of this study is to determine whether the
assumptions used in the analysis of >N CT-CPMG relax-
ation dispersion data with regards to the negligible width of
pulses results in systematic error in the estimation of the
chemical exchange parameters. For this purpose, the time-
dependence of magnetization during the CT-CPMG period
is calculated using the master equation for a two-state

0 0 0 0
0 RgA + kAB QA w%l
0 —Qn Rtk —of
R=—| -2R\*M7, o oy RO + kap
0 —kaB 0 0
0 0 —kaB 0
| —2R{"M3, 0 0 —kaB

system, which accounts for chemical shift, radio-frequency
pulse effects, relaxation, and chemical exchange (Allard
et al. 1997, 1998; Myint et al. 2009). To determine the
extent of systematic errors due to chemical exchange dur-
ing CPMG pulses, the R, rates obtained with and without
significant pulse widths, as illustrated in Fig. 1, are com-
pared. Simulations are also performed using an alternative
pulse scheme that was initially developed to reduce off-
resonance effects on R, by Zuiderweg’s group and subse-
quently applied for relaxation dispersion experiments by
Yang’s group (Yip and Zuiderweg 2004; Long et al. 2008),
to determine whether systematic error exists in this alter-
native pulse sequence.

Methods
Master equation

The time evolution of bulk nuclear magnetization
exchanging between two conformational sites, A and B,
was calculated to determine the effect of pulse duration on
the CT-CPMG relaxation dispersion experiment. The
magnetization was represented by a state vector in which 7
Cartesian product operators were prepared as described
previously (Allard et al. 1998)

T
o(t)=[Eh My My My My My My (1)

with the Mf? /B being the projection of the bulk
magnetization vector of the site A or B along the y = X,
Y, or Z axis. The state vector is similar to the one used in
the Bloch-McConnell equation (McConnell 1958) but
includes a unity term E/2 that corresponds to the
correction for equilibrium magnetization. The time
evolution of o(t) through the pulse sequence was
calculated by solving the master equation

o(t + At) = Exp(R - At) - 6 (1) (2)

with the relaxation matrix, R, and an initial condition ¢(0)
given by

0 0 0
—kga 0 0
0 —kpa 0
0 0 —kga (3)
RgB + kBA QB CO%-I
—QB R(Z)B + kBA —(,O%l
—w%l cogl R?B + kpa |
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R accounts for: the resonance frequencies of the two
exchanging sites, Q4 and Qg; the radio-frequency field, By,
from the Y or X axis, a)])g(l or w%l; the intrinsic longitudinal
relaxation rates for sites A and B, R and R}, respectively;
the intrinsic transverse relaxation rates for sites A and B,
R5° and RS, respectively; and the exchange rates from site
A to site B, and from site B to site A, kag and kga,
respectively. The M%B is the equilibrium magnetization
along the Z-axis for site A or B. The w§1 and wﬁl are related
to the duration of an ideal 180° pulse width, g9, by the
relation wgiy = 7/7130. The fractional populations of sites
A and B are given by p, and pp, respectively, with
pa +pg = 1. The exchange rate, k., is given by
kex = kap/ps = kga/pa. The difference in chemical shifts,
(0w)/27, is defined by (24— Qg)/27. The equation used here
is different from the relaxation matrix that is often used for
the optimization of chemical exchange parameters in CT-
CPMG dispersion experiments in which longitudinal
magnetization terms and effects of pulse duration are not
taken into account (Korzhnev et al. 2004). Calculations
were performed using the MATLAB software (The
Mathworks Inc., Natick, MA).

Schemes for the CT-CPMG simulation

Simulations were conducted using the original CPMG
pulse sequence in the following manner (denoted as a
[OOOOOOOO]i scheme). Transverse magnetization was
generated initially along the X-axis as given by ¢(0), and
the CPMG pulses were applied along the X-axis. Next,
magnetization was again generated along the X-axis, and
the CPMG pulses were applied along the —X-axis. The
average of the magnetization intensities calculated these
two ways at time Tcp, My (Tcp), was then used to calculate
R, value according to

R = In(M(0)/M(Tcp)) /Tcp (5)

Here, i = A or B site. R, values for individual sites were
calculated in the slow exchange case. The summation of A
and B site magnetization was used for the calculation of R, in
the fast exchange case. The superscript i to indicate site i is
neglected to simplify the description hereafter. Superscript i
in the intrinsic relaxation rates is also neglected hereafter by
using conditions of R = R®® = RYand RY® = RE® = RY.
This condition will avoid additional systematic errors caused
by differences in the intrinsic relaxation rates of the two sites
(Ishima and Torchia 2006).

Simulations were also conducted using an alternative
sequence that was proposed previously (Yip and Zu-
iderweg 2004; Long et al. 2008) (denoted as [00130031]%).

In this scheme, transverse magnetization was generated
along the X-axis, and the 180° pulses were applied along
the X, X, Y, =Y, X, X, —Y, Y axes with a minimum eight
pulses in 1 cycle. Magnetization intensity after Tcp was
stored in the memory. Next, magnetization was again
generated in the X-axis, and the 180° pulses were applied
from the —X, —X, Y, Y, —X, —X, Y, —Y axes with a
minimum eight pulses in 1 cycle. Transverse magnetiza-
tion at time Tcp, Mx(Tcp), was calculated as the average of
the two magnetization intensities. Apparent relaxation rates
for the [00130031]* scheme, R Al Were determined by Eq.
(5), and corrected using Eq. (6) to yield R, values for R,
dispersion plot (Long et al. 2008):

(R) — RY)t150

Ry = Ry +
8TcPMG

(6)

When there is no chemical exchange (i.e., R, = R9), the
Eq. (6) is identical to that proposed by Zuiderweg for
general transverse relaxation experiments (Yip and
Zuiderweg 2004).

Parameters applied for CT-CPMG simulations

The following three sets of R, dispersion profiles were
generated in this study using the [00000000]* and
[00130031]jE schemes described above. In all the simula-
tions, R(f and Rg were set equal to 1.86 s~ !and 10.84 sfl,
respectively. This corresponds to amide nitrogens in a
protein with a rotational correlation time of 7 ns at
60.8 MHz "°N resonance frequency. Fractional popula-
tions, pa and pg, were set equal to 0.8 and 0.2, respectively.
R, values were -calculated for pulse sequences of
Tcp = 40 ms and vcp ranging from 100 to 3,000 Hz, with
R, values calculated for every vep = 100 Hz. Pulse width
for CPMG was assumed to be either 1,59 = 90 psor 2 ns in
all the simulations as described below.

The first set of R, dispersion profiles was calculated
without any chemical exchange to determine the effects of
off-resonance errors quantitatively. The simulations were
conducted assuming accurate CPMG pulses that rotate on-
resonance magnetization by 180°. The simulations were
repeated assuming that the CPMG pulses were applied at a
20% lower B; field strength (that corresponds to 144°
rotation of on-resonance magnetization). R, dispersion
profiles were calculated for the resonances that are located
at 0, 200, 400, and 800 Hz off-resonance from the carrier.

The second set of simulations was calculated allowing
chemical exchange using the following parameters: (a)
kex =5 x 10° s7! and /27 = 150 Hz; (b) kex = 20 x
10° s7' and dw/2n = 300 Hz; (¢) key = 100 s~ and de/
271 = 500 Hz; (d) kex = 100 s~! and dw/2m = 1,500 Hz.
Here, (a) and (b) satisfy the fast exchange condition
(kex > dw/27), and (c) and (d) satisfy the slow exchange
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condition (kex < 0w/2m). Accurate 180° pulses were
assumed in the simulations, and site A was set at the on-
resonance frequency.

The third set of simulations was calculated allowing
chemical exchange assuming the CPMG pulses at 20%
lower and 20% higher B, field strengths (corresponding to
144° and 216° rotations, respectively). In these simulations,
following parameters were used: key = 20 x 10° s™' and
Sw/2m =300 Hz, and ke, = 100s™! and dw/2rm =
1,500 Hz, which correspond to (b) and (d) in the above
paragraph, respectively.

In the first and the second sets of simulations, R, dis-
persion profiles for the [00000000]* scheme were also
calculated using an extremely short pulse width,
Tig0 = 2 ns, to obtain an ideal CPMG R, profile. Addi-
tionally, R;, values were calculated as a function of the
radio-frequency field, B, (=ws1/27), using the Palmer and
Massi’s equation (31) (Palmer and Massi 2006):
Rlp:R?coszf)—i—RgsinzH

| PADB 5w2kexa)§L/wg
| OpAWZp [ W2 HKE —2pappda? oy [+ (1—7)wf
(7)
(PAQp+pp Q)+ —k2, ) O—
((pAQB+pBQA)2+w§L+k§x)2 ’ o
PAQA+ ppQa: 0 = arctan (Ps1/g): @ = (@ +yedy )"
and wei = (le + ywéL)l/z (with i = A, B for effective

field at site A or site B).

To evaluate differences of the calculated R, profiles
from the ideal CPMG R, profile, the calculated R, profiles
were fit by using the Bloch-McConnell equation with
instantaneous 180° rotation (Fig. 1b). In the fitting, k., and
pa were optimized while Rg and dw/2n were fixed. The
optimizations of the parameters were verified by grid
searches to minimize AR, that was defined as r. m. s. d.
between the calculated and the fit R, profiles. The uncer-
tainties of the optimized parameters were given as the
ranges in which 4R, < 0.5 s™'. Since the simulations were
conducted in the skewed population case (paps =
0.8:0.2), the calculated R, profiles were plotted only for site
A in slow exchange and for the weighted average magne-
tization in fast exchange.

with y=1 +pApB(3w2(

Results and discussions

CPMG Simulations in the absence of chemical
exchange

The aim of this study is to identify systematic error caused
by the chemical exchange effects during pulses in the

@ Springer

CT-CPMG R, dispersion experiments. Prior to conducting
this research, we calculated time dependence of magneti-
zation by solving Eq. (2) and determined R, based on Eq.
(5) to quantitatively estimate off-resonance effects in the
R, dispersion profile in the absence of chemical exchange
(Ross et al. 1997). When the simulation was conducted by
applying CPMG pulses at 5.56 kHz B, field strength (90 ps
as 180° pulses), the observed R, values differed from the
intrinsic relaxation rate, Rg, by up to 2, 4, and 7% at 200,
400, and 800 Hz off-resonance frequencies, respectively
(Fig. 2a). However, these differences were still less than
1 s~'. Off-resonance error was further reduced when the
alternative CPMG experiment (Yip and Zuiderweg 2004;
Long et al. 2008) ([00130031]* scheme) was applied. The
maximum deviation of R, values from Rg was less than 1%
even at 800 Hz off-resonance frequency, providing uni-
form inversion over a significantly wider band width than
the [OOOOOOOO]jE scheme (Fig. 2c¢).

We also simulated an extreme case when 144° pulses
were applied instead of 180° rotation pulses for CPMG
(20% miscalibration of the B, field strength). Although R,
differed from RS by more than 5 s™' at 800 Hz off-reso-
nance frequency, the difference was less than 2 s’
at <400 Hz off-resonance frequency (Fig. 2b). Such large
difference of R, values from Rg was not observed using the
[00130031]1L scheme, even when 144° pulse rotations were
applied instead of 180° rotations (Fig. 2d). However, the
calculated R, values were systematically ca. 1 s~ smaller
than R. This is because imperfect signal inversion pulse
produces significant Z-magnetization that remains during
the free-precession period between the pulses and results in
contamination of R; component in the observed R, (see
Supplementary material). Although the effect of R, during
the pulses in [00130031]* scheme is taken into account in
the calculation of R, values from Ry, in Eq. (6), the effect
of R, during free precession caused by the pulse imper-
fection remains.

Overall, the above simulations in the absence of
chemical exchange demonstrate that the off-resonance
error is less than 1s™' at <400 Hz off-resonance fre-
quency when 180° pulse rotation is applied, and is less
than 2s~' at <200 Hz off-resonance frequency even
when 144° pulse rotation is applied. Thus, in the fol-
lowing simulations, we assumed a two-site exchange with
site A at the carrier frequency in both slow and fast
exchange cases. In the fast exchange simulation, dw/27
was set to be either 150 or 300 Hz so that the weighted
average resonance was located at 60 or 100 Hz, respec-
tively. Such a narrow region was used to minimize off-
resonance effect and to allow thereby the determination of
systematic error caused by chemical exchange occurring
during pulsing.
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Fig. 2 R, values calculated as a function of effective field strength
vep, in the absence of chemical exchange for (a, b) [00000000]* and
(e, d) [00130031]F schemes. Figures in (a) and (c) were calculated
using ideal 180° rotation pulses, while Figures in (b) and (d) were
calculated using 144° pulses instead of the 180° rotation pulses
(assuming —20% B; miscalibration). In each figure, solid line (-),
circles (O), crosses (+), and dots () indicate R, values calculated at

Effects on pulse width in the [00000000]i scheme

Based on the above results associated with the off-resonance
effects, we simulated CPMG R, dispersion profiles assuming
a two-site exchange with sites A (p5 = 0.8, w227 = 0 Hz)
and B (pg = 0.2, wp/2n = 150 Hz) in the fast exchange
condition, ke, = 5 x 10° s™! and dw/2n = 150 Hz. To
obtain R, dispersion profile, we generated time-dependent
magnetization by solving Eq. (2), with the chemical
exchange term given by Eq. (3). R, was calculated from the
final magnetization intensities using Eq. (5) at each effective
field. To identify effects of chemical exchange during puls-
ing, the simulation was conducted twice: first with a practical
pulse width, 7,39 = 90 ps, and second with an extremely
short pulse width for an ideal case, 71390 = 2 ns. The R,
dispersion profiles obtained by these simulations were
almost identical to each other: the discrepancy in R, was ca.
<0.5 s7' even at vep = 3 kHz, indicating there is no sys-
tematic error caused by the pulse width (Fig. 3a).
Simulation of the R, dispersion profile was also con-
ducted in another exchange condition in which k., is much
larger than that described above, k.x = 20 X 10° s! and
ow/2n = 300 Hz (Fig. 3b). Compared with Fig. 3a, the R,
dispersion profile at larger k., (Fig. 3b) is shifted towards

log(v.p) (Hz)

0, 200, 400, and 800 Hz from the radio-frequency carrier, respec-
tively. In (a)—(c), the solid lines are consistent with the intrinsic
transverse relaxation rate, RS, used in the simulation. In (d), the solid
line (i.e., R, at the carrier frequency) is significantly different from the
RY that is shown by the dashed line. All the simulations were
conducted using the following parameters: 7,30 = 90 ps,
R)=1.865s"", and R = 10.84 s~

higher vcp values, with significant R.x remaining at high
vep that is recorded after frequent CPMG pulses. In this
case, R, calculated using 7139 = 90 ps exhibited small but
significant difference from the CPMG R, values calculated
using T9p = 2 ns: discrepancy between the R, values at
vep = 1 kHz was ca. 0.5 s, and that at vep = 3 kHz was
ca. 1.5s7! (6% reduction in R,). Comparison of the R,
dispersion profile with the relaxation rates calculated using
a spin-lock demonstrate that the R, values calculated using
7180 = 90 ps approach a spin lock profile at increasing vep
(Fig. 3b). This is because the fraction of the magnetization
that remains along the X-axis under the applied radio-fre-
quency field strength increases as vcp increases. When the
R, profile simulated using 730 = 90 us was fit using the
Bloch-McConnell equation with instantaneous 180° rota-
tion (and the fixed RS = 10.84 s~! and dw/2n = 300 Hz),
pa and k., were optimized to be 0.765 £ 0.005 and
22.5 £ 0.5 x 10° s7!, respectively. These values corre-
spond to changes of 0.035 and 2.5 x 10° s~' from those
originally used (0.80 and 20 x 10° s™') to generate the
profile, respectively.

We next simulated CPMG R, dispersion profiles in slow
exchange, k., = 100 s~ and w27 = 500 Hz, assuming
a two-site exchange with site A (pa = 0.8, wa/27 = 0 Hz)
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Fig. 3 R, dispersion profiles calculated in the presence of chemical
exchange for (a, b) fast exchange and (c, d) slow exchange, using the
[00000000]* scheme. In each figure, circles (O) and line (-) indicate
R, profile calculated using a practical 180° pulse width (7,30 = 90 ps)
and the ideal CPMG R, profile calculated without significant pulse
duration (7730 = 2 ns), respectively. Both of these profiles were
generated assuming two-site exchange with p, = 0.8, pg = 0.2,

and B (pg = 0.2, wp/2n = 500 Hz). The R, dispersion
profile simulated using 7130 = 90 ps did not exhibit sig-
nificant discrepancy from the ideal CPMG R, values
(simulated using 7,39 = 2 ns) (Fig. 3c).

Even when the R, dispersion profile was calculated
using a larger dw/27 value, 1500 Hz, at k., = 100 sfl, no
significant discrepancy was obtained (Fig. 3d). As descri-
bed above, this is also because chemical exchange contri-
bution in R, becomes small (<5 sfl) at large vep (>1 kHz).
Since an increase in dw/27 increases the R, values at large
vep, Systematic errors caused by chemical exchange during
the pulses may become significant when dw/2n exceeds
1,500 Hz. However, such large dw/27n values are expected
to be rare in the spectra of diamagnetic proteins. Similarly,
an R, dispersion profile calculated using a pulse width
longer than 7,59 = 90 ps amplifies systematic error caused
by the chemical exchange (see Supplementary material).

Effects on pulse width in the [00130031]* scheme

Using the same chemical exchange parameters as those
applied to generate Fig. 3b (kex = 20 x 10° s~' and da/
2n =300 Hz) and Fig. 3d (k.x = 100 s and da/
2n = 1,500 Hz), R, dispersion profiles were simulated
using the [00130031]* scheme by solving Eq. (2) (Fig 4a,
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R? =1.86s"!, and Rg = 10.84 s~!, and with site A at the carrier
frequency. Other parameters were: a kex =5 X 103 s™!' and S/
21 =150Hz; b ke =20 x 10°s™"  and  Sw/2r = 300 Hz;
¢ kex = 100 s7" and dw/2m = 500 Hz; d key = 100 s~' and S/
27 = 1,500 Hz. For comparison, relaxation rates in the rotating frame
(spin-lock condition) were also plotted as a function of vcp (assuming
vep = Bgp) by the dashed line

b, respectively). The apparent relaxation rate, Ray, was
determined from the final magnetization intensities using
Eq. (5), and finally R, value was calculated using Eq. (6) at
each effective field.

R, dispersion profiles simulated using the [00130031]*
scheme were almost the same as the ideal CPMG R, pro-
files calculated using the [00000000]i scheme with
7130 = 2 ns (Fig. 4a, b). Especially, it is noteworthy that
the dispersion profile calculated using the [00130031]*
scheme does not approach the calculated R, at increasing
vep. The agreement of the dispersion profile calculated
using T30 = 90 ps to the ideal CPMG R, profiles calcu-
lated using the 7,30 =2 ns can be explained by the
assumptions used in the correction Eq. (6) for the
[00130031]* scheme. By defining a duration for free pre-
cession as 2tgp = 2Tcpmg—T180, the correction equation
for the time average of Ry, for the four echo periods of the
[0013] phase cycle (X, X, Y, —Y) is recast as,

8tcpmGRAI = 8TrpR2 + (3Ry + RY)T180 + 4(Ry — RY) 1180
= 8tpRy + (3R) + RY) 1150 + 4RexT150
(8)

Here, R, = Rg + R.x. Equation (8) indicates that
chemical exchange is described by a unique R, term
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Fig. 4 R, dispersion profiles calculated in the presence of chemical
exchange for a fast exchange and b slow exchange using the (4)
[00130031]F scheme. The same values of the parameters used in
Fig. 3b and d were employed to generate the profiles in figures (a) and

even during the pulse duration (the third term) as well as
the free precession period. Thus, the dispersion profile is
“reconstructed” using R(f, Rg, and Ry in Eq. (6) such that
chemical exchange during pulsing is assumed to be the
same as that in free-precession. Based on Eq. (8), the
correction Eq. (6) is not sufficient to describe R4y, that is
calculated using a practical pulse width. However,
significant error was not observed in R, calculated using
the [00130031]* scheme in Fig. 4. This insignificance of
the error is most likely due to cancellation of the increase
in R., during X pulses by the decrease in R., during Y or
—Y pulses. In addition, when R, is used instead of R(z) in Eq.
(6), resultant R, is overestimated. A question remains of
how R values can be measured accurately. Methods have
been proposed to yield RS from the measurements of auto-
relaxation rates (Ghose et al. 2001), cross-correlated
relaxation values (Wang et al. 2001) or a combination of
longitudinal, single, and double quantum coherence
relaxation values (Hansen et al. 2007). However, these
approaches require many additional measurements.

Effects on pulse width in the case of large pulse
miscalibration

To estimate the magnitude of systematic errors that are
introduced by miscalibration of the 180° pulse, R, dispersion
profiles were also calculated using 144° and 216° pulses,
representing —20% and 4-20% errors in the B field strength.
In the fast exchange (equivalent to that used in Fig. 3b,
kex =20 x 10> s™' and dw/2n = 300 Hz) using the
[OOOOOOOO]i scheme, R, dispersion profile generated for
T1g0 = 90 ps at 20% lower B, field strength (shown by O in
Fig. 5a) showed larger values than the ideal CPMG R, values
(by the solid line in Fig. 5a assuming the correct 180° rota-
tion and 7;g0= 2 ns). This difference in R, values was more
significant than thatin Fig. 3b because of the 20% weaker B,

10 !

log(v.p)(H2)

(b), respectively. In each figure, solid line indicates the ideal CPMG
R, profile calculated using the [00000000]* scheme with 7,50 = 2 ns,
and the dashed line indicates relaxation rates in the rotating frame
(spin-lock condition)

field strength. When this R, profile (shown by O in Fig. 5a)
was fit using the Bloch-McConnell equation with instanta-
neous 180° rotation (with the fixed k., = 20 x 10° s~ and
ow/2n = 300 Hz), pa and k., were optimized to be
0.635 & 0.015 and 28.9 4 0.6 x 10° s™', respectively
(corresponding to the 0.165 and 8.9 x 10 s™' differences
from the values used to generate the profile, 0.8 and
20 x 10° s71). At +20% higher B, field strength, the R,
dispersion profile generated using the [00000000]* scheme
(shown by O in Fig. 5b) was similar to that at —20% higher
B, field strength but approached the spin-lock values of the
+20% higher B, field strength.

In the slow exchange (kox = 100 s and dw/
271 = 1,500 Hz, which are equivalent to those in Fig. 3d)
using the [00000000]* scheme, R, dispersion profiles
generated for 7130 = 90 s at 20% lower or higher B, field
strength (shown by O in Fig. Sc or d, respectively) were
almost identical to the ideal CPMG R, profile calculated
using the correct B; field strength for 7,390 = 2 ns. This is
because the A site magnetization is located at on-resonance
along the X-axis, and is not affected by the pulse effects.
However, at higher vep (>1 kHz), the R, profiles generated
at 20% lower/higher B; field strength start to have dis-
crepancy from the ideal CPMG R, profile and approach the
spin-lock profile.

In contrast to the profiles calculated using the
[00000000]F scheme, R, dispersion profiles calculated
using the [00130031]* scheme for fast exchange at —20%
and +20% errors in the B; field strength (described
by + in Fig. 5a, b, respectively) mostly exhibited smaller
R, values than those of the ideal CPMG R, profile calcu-
lated using the [00000000] scheme at T 180 = 2 ns
(described by solid lines in Figs 5a, b). Discrepancy in R,
value calculated using the [00130031]i scheme at 20%
weaker/stronger B, field strength from that of the ideal
CPMG R, profile was ca. 4 s~ at vep = 100 Hz in Fig. 5a
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R, (s™")

R, (s™)
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Fig. 5 R, dispersion profiles calculated for a, b fast exchange and c,
d slow exchange by employing (a, ¢) 144° pulses (—20% B,
miscalibration) or (b, d) 216° pulses (+20% B; miscalibration). In
each figure, circles (O), and crosses (+) indicate R, values calculated
using the [00000000]* and [00130031]* schemes, respectively. Other
parameter values used for the simulations for the (a, b) fast exchange

and b, and was significantly larger than that observed in the
absence of chemical exchange in Fig. 2d. This is because Eq.
(6) does not include the effects of the residual Z-magneti-
zation during the free-precession period (as shown in the
Supplementary material). When the R, profile calculated
with 20% weaker B, field in (indicated by + in Fig. 5a) was
fit using the Bloch-McConnell equation for the [00000000]*
scheme with instantaneous 180° rotation at a correct B; field
strength (and the fixed ko = 20 x 10> s™' and dw/
2n = 300 Hz), pn and k., were optimized to be
0.794 + 0.007 and 23.4 + 0.8 x 10°s™" (0.006 and
3.4 x 10° s~ changes from those originally used to gen-
erate the profiles, 0.80 and 20 x 10° s™", respectively).

R, dispersion profiles were calculated for slow
exchange assuming —20 and +20% errors in the B, field
strength using the [00130031]* scheme (described
by + in Fig. 5c, d, respectively). Other simulation con-
ditions for these were the same as those applied to
calculate the profiles shown in Fig. 3d. In both —20 and
4+20% B, error cases, most of the R, profiles were
slightly smaller that the ideal CPMG R, profile calcu-
lated using the correct B, field strength for 7,390 = 2 ns.
(described by the solid line in Fig. 5c, d). The discrep-
ancy was almost equivalent to that observed in the
profile calculated without chemical exchange in Fig. 2d.
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and (c, d) slow exchange were the same as those employed to
generate the profiles in Fig. 3b and d, respectively. In each figure, an
ideal CPMG R, profile calculated with extremely short pulse duration
using the [00000000]* scheme is shown by the solid line, and the
profile calculated using the spin-lock condition at (a, ¢) —20% lower
or (b, d) +20% higher B, field strength is shown by the dashed line

At high vep > 1 kHz, the R, values approaches the spin-
lock profile (Fig. 5¢). For these slow exchange profiles
calculated using miscalibrated pulses, optimized param-
eters using the Bloch-McConnell equation with instan-
taneous 180° rotation are not shown because they were
not fit satisfactorily (AR, > 0.5 s ).

Summary

In this study, we have compared effect of chemical
exchange contribution during pulsing in the CT-CPMG
experiments by computer simulation. Exchanging signals
were located close to the radio-frequency carrier in order to
estimate the errors that arise by chemical exchange during
the CPMG pulses, without introducing errors from the off-
resonance effects. R, profiles that were simulated in dif-
ferent conditions from those described above, such as the
case that signal is not close to the carrier frequency, are
shown in the Supplementary material.

R, dispersion profile that was calculated using the
standard CPMG [00000000]i scheme with a practical
pulse width was shown to approach spin-lock equation in
fast exchange, particularly when k., is large
(>10 x 10° s71). Although this error in the R, profile is
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small (~1 s7h, Fig. 3b), such error that is caused by
chemical exchange during pulsing is systematically asso-
ciated with the effective field strength. Consequently, when
the pulse duration effect is not taken into account in the
fitting of the data, this systematic error shifts the optimized
exchange parameters from those originally used to generate
the profile (for example, changes in ps and k., were 3.5
and 12.5%, respectively, in Fig. 3b). To avoid misinter-
pretation of the exchange parameters, it will be necessary
to collect dispersion data of other nuclei, such as 'Y, that
can be recorded using a short pulse width. When an
alternative pulse scheme, [00130031]* (Yip and
Zuiderweg 2004; Long et al. 2008), was employed,
chemical exchange during pulsing did not introduce sig-
nificant systematic errors in the R, profiles. Nevertheless,
when the inversion pulse is miscalibrated, R, values cal-
culated using the [00130031]jE scheme with a practical
pulse width is systematically reduced because of significant
R, relaxation effects during the free-precession period.

Acknowledgments We thank Eva Meirovitch, Daiwen Yang, and
Dennis Torchia for useful discussions and/or critical reading of the
manuscript. This study was financially supported by the American
Heart Association (Great Rivers affiliate) new investigator grant
0765348U, and National Science Foundation research grant MCB
0814905. Supplementary material is available.

References

Allard P, Helgstrand M, Hard T (1997) A method for simulation of
NOESY, ROESY, and Off-resonance ROESY spectra. J Magn
Reson 129:19-29

Allard P, Helgstrand M, Hard T (1998) The complete homogeneous
master equation for a heteronuclear two-spin system in the basis
of Cartesian product operators. J] Magn Reson 134:7-16

Beach H, Cole R, Gill ML, Loria JP (2005) Conservation of mu s-ms
enzyme motions in the apo- and substrate-mimicked state. ] Am
Chem Soc 127:9167-9176

Brath U, Akke M, Yang D, Kay LE, Mulder FA (2006) Functional
dynamics of human FKBP12 revealed by methyl 13C rotating
frame relaxation dispersion NMR spectroscopy. J Am Chem Soc
128:5718-5727

Carver JP, Richards RE (1972) General 2-site solution for chemical
exchange produced dependence of T2 upon Carr-Purcell pulse
separation. J Magn Reson 6:89-105

Eisenmesser E, Millet O, Labeikovsky W, Korzhnev D, Wolf-Watz
M, Bosco DA, Skalicky JJ, Kay LE, Kern D (2005) Intrinsic
dynamics of an enzyme underlies catalysis. Nature 438:117-121

Ghose R, Fushman D, Cowburn D (2001) Determination of the
rotational diffusion tensor of macromolecules in solution from
nmr relaxation data with a combination of exact and approximate
methods—application to the determination of interdomain
orientation in multidomain proteins. J Magn Reson 149:204-217

Hansen DF, Yang D, Feng H, Zhou Z, Wiesner S, Bai Y, Kay LE
(2007) An exchange-free measure of 15N transverse relaxation:
an NMR spectroscopy application to the study of a folding
intermediate with pervasive chemical exchange. ] Am Chem Soc
129:11468-11478

Hass MA, Vlasie MD, Ubbink M, Led JJ (2009) Conformational
exchange in pseudoazurin: different kinds of microsecond to
millisecond dynamics characterized by their pH and buffer
dependence using 15N NMR relaxation. Biochemistry 48:50-58

Ishima R, Torchia DA (2003) Extending the range of amide proton
relaxation dispersion experiments in proteins using a constant-
time relaxation-compensated CPMG approach. J Biomol NMR
25:243-248

Ishima R, Torchia DA (2006) Accuracy of optimized chemical-
exchange parameters derived by fitting CPMG R2 dispersion
profiles when R2(0a) not = R2(0b). J Biomol NMR 34:209-
219

Korzhnev DM, Kloiber K, Kay LE (2004) Multiple-quantum
relaxation dispersion NMR spectroscopy probing. J Am Chem
Soc 126:7320-7329

Korzhnev DM, Neudecker P, Zarrine-Afsar A, Davidson AR, Kay LE
(2006) Abplp and Fyn SH3 domains fold through similar low-
populated intermediate states. Biochemistry 45:10175-10183

Kovrigin EL, Kempf JG, Grey MJ, Loria JP (2006) Faithful
estimation of dynamics parameters from CPMG relaxation
dispersion measurements. J] Magn Reson 180:83-104

Labeikovsky W, Eisenmesser EZ, Bosco DA, Kern D (2007)
Structure and dynamics of pinl during catalysis by NMR.
J Mol Biol 367:1370-1381

Long D, Liu M, Yang D (2008) Accurately probing slow motions on
millisecond timescales with a robust NMR relaxation experi-
ment. ] Am Chem Soc 130:2432-2433

Loria JP, Rance M, Palmer AG (1999) A relaxation-compensated
Carr-Purcell-Meiboom-Gill sequence for characterizing chemi-
cal exchange by NMR spectroscopy. J Am Chem Soc 121:2331—
2332

Loria JP, Berlow RB, Watt ED (2008) Characterization of enzyme
motions by solution NMR relaxation dispersion. Acc Chem Res
41:212-221

Luz Z, Meiboom S (1963) Nuclear magnetic resonance study of the
protolysis of trimethylammonium ion in aqueous solution—
order of the reaction with respect to solvent. J Chem Phys
39:366-370

McConnell HM (1958) Reaction rates by nuclear magnetic resonance.
J Chem Phys 28:430-431

Meiboom S, Gill D (1958) Modified spin-echo method for measuring
nuclear relaxation times. Rev Sci Instrm 29:688-691

Mulder FA, Hon B, Mittermaier A, Dahlquist FW, Kay LE (2002)
Slow internal dynamics in proteins: application of NMR
relaxation dispersion spectroscopy to methyl groups in a cavity
mutant of T4 lysozyme. J] Am Chem Soc 124:1443-1451

Myint W, Gong Q, Ishima R (2009) Practical aspects of 15N CPMG
transverse relaxation experiments for proteins in solution.
Concepts Magn Reson 34A:63-75

Palmer AG 3rd, Massi F (2006) Characterization of the dynamics of
biomacromolecules using rotating-frame spin relaxation NMR
spectroscopy. Chem Rev 106:1700-1719

Ross A, Czisch M, King GC (1997) Systematic errors associated with
the CPMG pulse sequence and their effect on motional analysis
of biomolecules. ] Magn Reson 124:355-365

Skrynnikov NR, Dahlquist FW, Kay LE (2002) Reconstructing NMR
spectra of “invisible” excited protein states using. J] Am Chem
Soc 124:12352-12360

Sugase K, Dyson HJ, Wright PE (2007) Mechanism of coupled
folding and binding of an intrinsically disordered protein. Nature
447:1021-1025

Tolkatchev D, Xu P, Ni F (2003) Probing the kinetic landscape of
transient peptide-protein interactions by use of peptide (15)n
NMR relaxation dispersion spectroscopy: binding of an anti-
thrombin peptide to human prothrombin. J Am Chem Soc
125:12432-12442

@ Springer



216 J Biomol NMR (2009) 45:207-216

Tollinger M, Skrynnikov NR, Mulder FA, Forman-Kay JD, Kay LE Wang C, Grey MJ, Palmer AG 3rd (2001) CPMG sequences with

(2001) Slow dynamics in folded and unfolded states of an SH3 enhanced sensitivity to chemical exchange. J Biomol NMR
domain. J Am Chem Soc 123:11341-11352 21:361-366

Valentine ER, Palmer AG 3rd (2005) Microsecond-to-millisecond Yip GN, Zuiderweg ER (2004) A phase cycle scheme that signifi-
conformational dynamics demarcate the GIluR2. Biochemistry cantly suppresses offset-dependent artifacts in the R2-CPMG
44:3410-3417 15N relaxation experiment. J] Magn Reson 171:25-36

@ Springer



	Chemical exchange effects during refocusing pulses �in constant-time CPMG relaxation dispersion experiments
	Abstract
	Introduction
	Methods
	Master equation
	Schemes for the CT-CPMG simulation
	Parameters applied for CT-CPMG simulations

	Results and discussions
	CPMG Simulations in the absence of chemical exchange
	Effects on pulse width in the [00000000]˘ scheme
	Effects on pulse width in the [00130031]˘ scheme
	Effects on pulse width in the case of large pulse miscalibration

	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


