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Abstract Protein motions over various time scales are
crucial for protein function. NMR relaxation dispersion
experiments play a key role in explaining these motions.
However, the study of slow conformational changes with
lowly populated states remained elusive. The recently
developed exchange-mediated saturation transfer experi-
ments allow the detection and characterization of such
motions, but require extensive measurement time. Here we
show that, by making use of Fourier transform, the total
acquisition time required to measure an exchange-mediated
saturation transfer profile can be reduced by twofold in
case that one applies linear prediction. In addition, we
demonstrate that the analytical solution for R;p experi-
ments can be used for fitting the exchange-mediated satu-
ration transfer profile. Furthermore, we show that
simultaneous analysis of exchange-mediated saturation
transfer profiles with two different radio-frequency field
strengths is required for accurate and precise characteri-
zation of the exchange process and the exchanging states.
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Conformational fluctuations play a key role in functions of
biomolecules and hence numerous spectroscopic methods
are used for their study. Among them, nuclear magnetic
resonance spectroscopy (NMR) provides dynamic infor-
mation with atomic resolution (Ban et al. 2013b; Mitter-
maier and Kay 2009; Palmer IIT 2004, 2014). Several NMR
studies have linked sparsely populated states to function-
ality over different time scales—from nanosecond to mil-
liseconds (Ban et al. 2011; Bhabha et al. 2011; Henzler-
Wildman et al. 2007; Lange et al. 2008; Smith et al. 2015;
Tzeng and Kalodimos 2012). Furthermore, a long-standing
question on how the different time scale motions are
hierarchically interconnected has been recently addressed
via a population shuffling mechanism (Smith et al. 2015).
These new findings are possible mainly due to develop-
ments in NMR relaxation dispersion experiments, which
allow the characterization of conformational exchange in
proteins, providing kinetic, thermodynamic, and structural
information on lowly populated states in the microsecond—
millisecond time scale (Ban et al. 2012, 2013a, b; Palmer
IIT 2014; Smith et al. 2015; Vallurupalli et al. 2008).
Specifically, recent developments have pushed the limits of
such relaxation dispersion experiments towards motions as
fast as 4 ps (Ban et al. 2012; Smith et al. 2015). On the
other hand, slower motions with a very low populated
conformation, such as monomer-fibril exchange, can be
studied by methods based on exchange-mediated saturation
transfer, namely chemical exchange saturation transfer
(CEST) (Vallurupalli et al. 2012) and dark state exchange
saturation transfer (DEST) (Fawzi et al. 2011). Both
methods rely on the observation that for a system under-
going chemical exchange, perturbation of one of the states
by radio-frequency irradiation will be transferred to the
interconverting state (Mayer and Meyer 1999; Ward et al.
2000). Thus, when the irradiation is applied to the on-
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resonance position of the lowly populated (minor) state
peak, the intensity of the highly populated (major) state
peak will be decreased. Intensity changes in the major state
peak are monitored as a function of frequency offset to
yield the exchange-mediated saturation transfer (CEST or
DEST) profile. These experiments provide a wealth of
information about the exchanging system: not only the
exchange parameters (population of the minor species and
exchange rate), but also the chemical shift of the minor
species and residue-specific longitudinal and transverse
relaxation rates can be extracted by fitting to the appro-
priate models. Here we describe a strategy to achieve
reliable transverse relaxation rate constants, an aspect
particularly crucial when studying equilibrium between
rapidly and slowly tumbling species in solution—typically
a monomeric protein and a very large assembly, such as an
amyloid fibril. In addition, we present a new method based
on Fourier transform (FT), which allows for a significant
reduction in measurement time. To exemplify both meth-
ods, we have used the agglutinin of Oscillatoria agardhii
(OAA), which binds to high-mannose glycans such as those
found in the HIV’s gpl20 envelope protein. Previously
measured CPMG relaxation dispersion at 277 K revealed
that several residues undergo conformational exchange in
the time scale targeted by CEST experiments (Carneiro
et al. 2015).

Although CEST and DEST profiles are commonly
analyzed using the numerical solution of the Bloch—
McConnell equation (Fawzi et al. 2011; Vallurupalli et al.
2012; Zhao et al. 2014), these experiments can be treated as
off-resonance R, experiments (Palmer III 2014; Zaiss and
Bachert 2013; Zhao et al. 2014) since the analytical solu-
tion for R, relaxation rates is based on the largest eigen-
value of the Bloch-McConnell equation (Baldwin and Kay
2013; Trott and Palmer III 2002). Thus, both transverse and
longitudinal magnetizations can be described with this
eigenvalue. The use of this analytical approach provides
some advantages over using the Bloch—-McConnell equa-
tion (McConnell 1958) in terms of computational speed
and insight into the relationship between different experi-
mental and fitting parameters.

Table 1 and Fig. 1 summarize the fitting of CEST pro-
files of four representative residues of OAA (Val 38, Asn
75, Trp 77, and Asn 104) to either the R;, analytical
solution or to the Bloch-McConnell equation. Both the
fitting parameters and the quality of the fit obtained using
the analytical solution are comparable to the ones obtained
using the Bloch—-McConnell equation, demonstrating the
applicability of both models. In addition, the exchange
parameters [exchange rate (k.), population of the minor
state (pp), and chemical shift difference between the major
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Table 1 Fitting parameters obtained from CEST experiments mea-
sured for four residues of OAA with two radio-frequency field
strengths (15 and 75 Hz) to either the analytical solution derived for

R, relaxation or to the Bloch-McConnell equation

Analytical Bloch-McConnell
Val 38
Kex (571 100 + 28 94 + 25
po (%) 0.6 +02 0.6+ 02
A3 (ppm) —2.43 + 0.06 —2.44 +0.05
R3 (s71) 25.6 + 0.2 257 +£02
RY (s 134 + 29 109 + 31
R, (s™H™ 0.391 =+ 0.002 0.390 + 0.002
Reduced x> 1.14 1.13
Asn 75
Kex (s79) 342 + 40 326 + 39
po (%) 2.6+ 04 28404
A3 (ppm) 228 + 0.07 2.28 + 0.07
Rd (s7H) 20.7 + 0.7 20.8 + 0.7
RY (s 26 + 17 24 + 14
R, (s™H™ 0.556 =+ 0.009 0.556 =+ 0.009
Reduced x> 0.38 0.38
Trp 77
Kex (571 279 + 33 258 + 30
po (%) 294 04 32405
A3 (ppm) 6.48 & 0.06 6.48 =+ 0.07
R3 (s 26.5 £ 0.9 26.7 + 0.8
RS (s 79 + 27 70 £ 29
R, 7)™ 0.63 + 0.01 0.63 + 0.01
Reduced x> 0.69 0.68
Asn 104
Kex 571 112 + 21 106 + 21
Py (%) 0.5+ 0.1 0.6 £0.1
A3 (ppm) 240 + 0.07 241 £ 0.07
R3 (s71 239 4+ 0.2 240 £+ 0.2
R} (s 102 + 19 84 + 19
R, 7)™ 0.403 =+ 0.003 0.403 £ 0.002
Reduced x> 0.98 0.98

* CEST profiles were fitted assuming a two-state model, such that

Pa+tpp=1

" The longitudinal relaxation rate (R;) is assumed to be the same for

both states

and the minor states (Ad)] are in agreement with the ones
previously obtained by N CPMG relaxation dispersion
for Asn 75 and Trp 77 (Carneiro et al. 2015). Of note, the
CEST profiles of Val 38 and Asn 104, which display flat
CPMG relaxation dispersion curves (data not shown),
reveal the presence of chemical exchange. The fitted values
of kex and py, (Table 1) indicate that these residues undergo
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Fig. 1 Comparison between
fitting results using the
analytical solution and the
Bloch-McConnell equation.
CEST profiles are shown for
residues Val 38, Asn 75, Trp 77,
and Asn 104 of the anti-HIV
lectin OAA, which display slow
motions at 277 K. For each
residue, the data collected with
the two radio-frequency field
strengths (15 and 75 Hz, open
and filled circles, respectively)
was simultaneously fitted to
either the analytical solution

I/l

derived for R, relaxation or to 110
the Bloch—-McConnell equation.
The best fits to the analytical

115 120 110 115 120 125

solution are shown in magenta,
solid lines and the best fits to the
numerical solution are shown in
cyan, dashed lines

Asn104

chemical exchange with a very lowly populated confor-
mation (p, & 0.5 %) and in the slow time scale window
(kex =~ 100 sfl) which is challenging for relaxation dis-
persion experiments (Vallurupalli et al. 2012).

While the chemical shift difference can be readily
inferred from visual inspection of the CEST profile and the
longitudinal relaxation rate (R;) is easily estimated from the
I/Iy ratio (see Methods), the exchange parameters rely on
model fitting to the experimental data. A comparison of the
fitting results of CEST profiles with a single or two different
radio-frequency strengths (Fig. 2; Table 2) indicates that a
single radio-frequency field strength is not enough to esti-
mate properly all parameters, with k., and the transverse
relaxation rate of the minor state (R5) being the most
affected. Even though the quality of the individual fits is
very similar to the simultaneous fit of two radio-frequency
field strengths (Fig. 2), k. and th’ assume very different
values (Table 2), indicating that these parameters are inter-
dependent. In order to identify the experimental parameters

120 135 130
N (ppm)

that can be manipulated to obtain reliable k., and Rg values

we examined the R, analytical solution derived by Baldwin
and Kay (Eq. 1) (Baldwin and Kay 2013):

Ri, = CriR: cos® 0 + (CRZR‘ZI + Rex) sin® 0 (1)

where cos? 0 = ((8, — Ogr) + ppAd)*/ (v} + (84 — Orr) +
ppAS)?)  and  sin® 0 =2/ (v} + (04 — Orr) + PpAd)?);
A =0y — d4; vy is the applied radio-frequency field
strength, py, is the population of the minor state, d,, is the
resonance frequency of the major (a) or minor (b) state and
Orr is the resonance frequency at which the radio-fre-
quency field v, is applied.

The magnitude of the sin term is proportional to v,
and, in the limit of very weak field strengths, the sin term
is negligible and only the cos term contributes signifi-
cantly to R;,. The coefficient Cg; (Eq. 2) has explicit
contributions from the intrinsic transverse relaxation rate
of the major (R3) and the minor (R}) states and from the
exchange rate (key):
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12,4} + (30 — Orr)* (36 — Orr)*/ (90 — Orr) + ppAS)*+(c1 + (c2 — ¢3) (R — R3)) tan® 0

Cr1 =

Kt (4 (00 = 0re)”) (% + (00 = 0re)” ) / (33 + (9 = Ore) + Pp0)?) + c2(RE — RY) sin® 0

058
06
=< 04
02
o Simulated Val 38
' 115 120 125 1o 115 120
N (ppm)

Fig. 2 Simultaneous fit of CEST profiles using two different radio-
frequency field strengths is necessary for precise and accurate
determination of the fitting parameters. CEST profiles using two
different radio-frequency field strengths (15 Hz, open circles; 75 Hz,
filled circles) were simulated using Kex, Pb, 2, b, Ry, R3, and Rg of
150 7', 1 %, 120 ppm, 125 ppm, 0.5, 20.0, and 100.0 s, respec-
tively. Experimental CEST profiles using the same radio-frequency

Again, the sin and fan terms in Eq. (2) are proportional
to vy and, in the limit, are negligible (for simplicity the
coefficients associated with these terms are denoted as ¢,
¢z, and c3. A full description of these terms can be found in
the Supporting Information). Thus, with weak radio-fre-
quency field strengths, the measured effect is nearly inde-
pendent of R,.

A larger contribution from R, can be found in the
coefficients of the sin term in Eq. (1) (Cr, and Rgy;
Egs. (3) and (4), respectively):

R? — R¢
Cro = i 63( 2 2) (3)

B Cikex + Co (R}z7 — Rg)
o5+ (RS — R9) sin® 0

ex (4)
where ¢4, ¢s, and c¢g denote terms dependent on the
exchange parameters, whose full description is provided in
the Supporting Information. The contribution of the sin
term in Eq. (1) is therefore beneficial to define Rg, and can
be augmented by using stronger radio-frequency field
strengths. This requirement is elucidated using simulated
CEST data (Table 2; Fig. 2), for which all parameters are
known a priori. Using data with a single radio-frequency
field (either 15 or 75 Hz) significantly impairs the esti-
mation of ke, and RS, despite the overall good quality of
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field strengths are also shown for Val 38 and Trp 77 of OAA. The best
fit of the CEST profiles on a per residue and per field strength basis to
the analytical solution is shown in red dashed line. The best fit of the
CEST profiles on a per residue basis (i.e., simultaneous fit of both
radio-frequency field strengths) is shown in black solid line

the fit (reduced xz of 0.8 and 1.0 for 15 and 75 Hz,
respectively). Conversely, the simultaneous fit of data with
both radio-frequency field strengths leads to accurate and
precise estimation of all parameters (Table 2). The same
conclusion could also be drawn with the experimentally
measured CEST profiles (Table 2; Fig. 2). The combina-
tion of a weak radio-frequency field (15 Hz or less) with a
stronger radio-frequency field (75 Hz or more) enables the
accurate determination k., and R'; over the range of
exchange parameters usually targeted by CEST experi-
ments (Figure S1).

In addition to the requirement of more than one radio-
frequency field strengths, the numerous frequency offsets
measured for exchange-mediated saturation transfer pro-
files result in extensive measurement time, which can
hinder the study of various important metastable systems.
In an attempt to reduce the total acquisition time necessary
for exchange-mediated saturation transfer experiments, we
compare the results obtained using CEST profiles for which
a sparse number of frequency offsets are sampled (here-
after termed reduced CEST profiles) to the ones obtained
using conventional CEST profiles, for which twice the
number of frequency offsets are sampled. The reduced and
conventional CEST profiles for four different residues of
OAA are shown in Fig. 3 and the extracted fitting param-
eters are summarized in Table 3. While A3, py,, R, Ry, are
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Table 2 Simultaneous fit of CEST profiles with two different radio-
frequency field strengths is necessary for precise and accurate
determination of the fitting parameters

v = 15 Hz vi=75Hz v, =15and
75 Hz
Simulated”
kex (150 s71) 174 + 43 72 + 83 143 £ 7
py (1 %) 0.9 + 0.3 242 1.02 &+ 0.06
A3 (5 ppm) 50 +04 495+ 0.09 499 + 0.02
R3 (20571 19.8 + 0.4 209+09 202402
RE (100 s7") 32 + 39 65 + 29 103 + 8
R, (0.5s™H™  0.505 £ 0.004 0.50 + 0.01  0.500 %+ 0.003
Reduced x> 0.81 1.01 0.93
Val 38
Kex 571 209 + 65 903 + 3535 101 + 28
po (%) 05402 24378 0.6 +02
A3 (ppm) —252+007 —14+1 —2.43 + 0.06
RY (s7H) 249 4+ 0.5 28 + 37 256+ 0.2
RS (s 35+ 62 0419 134 4+ 29
R, (s™H™ 0.392 £ 0.002 039 £ 0.02  0.391 =+ 0.002
Reduced x> 1.94 0.43 1.14
Trp 77
kex (571 340 + 99 531 £ 116 279 + 33
po (%) 341 2.1 +06 29+ 04
A3 (ppm) 6.5+ 0.1 6.7 £02 6.48 & 0.06
Rd (s7H) 24 4+ 4 24 4+ 4 265+ 0.9
RS (s 77 £ 129 0 + 40 79 + 27
R, (7)™ 0.62 + 0.02 0.64 £ 0.05  0.63 £+ 0.01
Reduced x> 0.48 0.78 0.69

Fitting parameters extracted from individual fit of CEST profiles with
two different radio-frequency field strengths (15 or 75 Hz) and from
simultaneous fit with the two radio-frequency field strengths (15 and
75 Hz), using the analytical solution

" Parameters used to simulate the CEST profiles are shown in
parenthesis

** CEST profiles were fitted assuming a two-state model, such that
Patpp=1

" The longitudinal relaxation rate (R;) is assumed to be the same
for both states

comparable for both data sets, k., and Rg can differ sig-
nificantly between the two data sets. Residues undergoing
conformational exchange with very slow exchange rates,
small chemical shift differences and highly skewed popu-
lations (such as Val 38 and Asn 75) are particularly
affected. The reduced CEST profiles of these residues
Fig. 3; Val 38 and Asn 104 show a minute, hardly recog-
nizable, “dip” at the resonance offset corresponding to the
minor state chemical shift, and the fitted k., and Rg deviate
from the ones obtained for the conventional data sets. In
addition, the parameters derived from the reduced data sets

are less precise (higher fractional error) than the ones
obtained from the conventional data set (Table S1), though
the fitting accuracy (in terms of reduced ) is comparable
in most cases (Table 3). In order to retain the advantages of
reduced measurement time without impairing the estima-
tion of the parameters extracted from exchange-mediated
saturation transfer profiles, we developed a strategy to
extend a reduced profile using Fourier transform (FT).
Analogous to continuous wave (CW) NMR spec-
troscopy, the acquisition of a CEST profile requires the
entire scanning of large spectral windows, with a series of
2D 'H, >N spectra being recorded as a weak radio fre-
quency field (v;) is applied at varying '°N offsets. As
mentioned before, the intensity of a peak of interest is
monitored as a function of the frequency offset at which
the weak v; field was applied, to yield the CEST profile
(Vallurupalli et al. 2012). Thus, CEST profiles are in
essence frequency domain spectra and can be converted
into a time-domain signal using inverse FT (Hoch and
Stern 1996). The time domain signal is now amenable to
standard linear prediction (LP) algorithms commonly
used to process NMR data (Hoch and Stern 1996). The
extrapolated time domain signal is then reconverted into a
frequency domain spectrum by FT. In order to determine
whether this type of processing can overcome the limi-
tations noted above for the reduced CEST profiles, we
have applied it to the reduced data sets and compared the
results to the ones obtained using conventional data sets.
The reduced CEST profiles were converted into a time
domain signal using inverse FT, and subsequently
extended to twice the number of frequency offsets (that is,
the FT processed profiles have the same number of fre-
quency offsets as the conventional profiles) using a
standard LP algorithm (see Supporting Information).
Given the small number of input data points, the LP
extrapolation is limited to a factor of two (Hoch and Stern
1996). Following the LP processing step the time domain
signal was converted back into a frequency domain
spectrum using FT. The resulting FT and LP processed
profiles (hereafter termed FT-CEST profile) are shown in
Fig. 3. For all four residues, the FT-CEST profiles are
comparable to the conventional ones, for which all data
points were experimentally acquired. More importantly,
the fitting parameters obtained from the FT-CEST profiles
are similar to the ones obtained from the conventional
method (Table 3). In particular, ke, and RS, which were
compromised when reduced profiles were used, are in
good agreement with the values obtained from the con-
ventional data sets. It should be noted that, as LP
improves only the resolution of typical NMR spectra, the
use of LP in the exchange-mediated saturation transfer
profile improves only the definition of the minor “dip”.
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Fig. 3 Conventional CEST

profiles can be reproduced by 0.8 R
Fourier transform and linear
prediction extrapolation of 0.6
reduced datasets. Reduced
CEST profile (56 Hz per =
. = 04
frequency offset increment;
red), FT-CEST profile obtained
by FT and subsequent LP 0.2
processing of the reduced Val38
dataset (green) and 0.0
conventional CEST profile 110 115 120
(28 Hz per frequency offset
increment; blue) for Val 38, Asn
75, Trp 77, and Asn 104 of
OAA. The data was acquired 08 P
using two v; field strengths fagy.
(15 Hz, open circles and 75 Hz, 0.6
filled circles). Solid lines
correspond to the best -
simultaneous fit of the profiles = o4
for vi = 15 and 75 Hz
0.2
Asn75
0.0
110 115 120 125
0.8
0.6
= 04

0.2

Trp77

0.0

=

120 125 130

0.8

0.6

/1,

=

0.4

0.2

Asn104

0.0

120 125 130

The improvements in the estimation of the exchange
parameters (in particular k., and Rg) result from the better
definition of the minor dip (Figure S2).

In summary, we show that simultaneous analysis of
CEST profiles with two different radio-frequency field
strengths is necessary for accurately estimating all fitting

@ Springer

120 125 130 120 125 130

5N (ppm)

parameters, especially the exchange rate and the transverse
relaxation rate of the minor state. In addition, we present a
new method, based on Fourier transform and linear pre-
diction, which reduces the measurement time required for
exchange-mediated saturation transfer experiments by a
factor of two. The method is exemplified using CEST



J Biomol NMR (2015) 63:237-244

243

Table 3 FT-CEST fitting results are comparable to conventional
CEST

Reduced FT Conventional
Val 38
Kex (571 55 4+ 43 93 + 46 100 + 28
po (%) 0.8 + 0.8 0.6 + 0.4 0.6 + 0.2
A3 (ppm) —2324007 —24+0.1 —2.43 4+ 0.06
Rd (s7H) 2554+ 0.6 256+ 05 25.6 + 0.2
RD (s 1) 97 + 47 106 + 40 134 + 29
R, (s™H™ 0.392 + 0.003  0.394 &+ 0.006  0.391 =+ 0.002
Reduced x>  1.32 0.72 1.14
Asn 75
kex (571 360 + 57 347 + 41 342 + 40
Py (%) 26+ 06 2.6+ 0.5 26+04
A3 (ppm) 2.28 + 0.09 2.29 + 0.07 228 + 0.07
Ré (s7H) 20+ 1 20.5 + 0.7 20.7 + 0.7
RY (s 29 + 26 29 + 18 26 + 17
R, (7)™ 0.55 + 0.01 0.55 + 0.01 0.556 + 0.009
Reduced x>  0.33 0.44 0.38
Trp 77
Kex 571 286 + 43 262 + 28 279 + 33
po (%) 28405 29+ 04 294+ 04
A3 (ppm) 6.57 £ 0.09 6.50 & 0.07 6.48 & 0.06
R (s 26 £ 1 26.5 £ 0.9 265+ 09
RS (s 56 + 39 83 + 28 79 + 27
R, (s™H™ 0.63 £ 0.02 0.63 £ 0.01 0.63 £ 0.01
Reduced x>  0.82 0.93 0.69
Asn 104
Kex 571 81 + 38 91 + 35 112 + 21
Py (%) 0.5+ 0.3 0.5+ 0.2 0.5+ 0.1
A3 (ppm) 2.6 £ 0.1 25+04 240 + 0.07
Ré (s7H) 242 £ 0.2 24.0 £0.3 239 4 0.2
RD (s7') 59 + 25 112 + 44 102 + 19
R, 7)™ 0.402 4+ 0.004  0.397 4+ 0.006  0.403 + 0.003
Reduced x>  0.95 1.11 0.98

Fitting parameters obtained from the analysis of CEST experiments
for Val 38, Asn 75, Trp 77, and Asn 104 of OAA, using a reduced
dataset, an FT-extended dataset and a conventional dataset

* CEST profiles were fitted assuming a two-state model, such that
Pa+Pb= 1

™ The longitudinal relaxation rate (R) is assumed to be the same for
both states

profiles, but the same principles apply for DEST experi-
ments. Our strategy enables improved characterization of
the minor state and shorter acquisition times. These
advantages over the conventional method are particularly
important for the study of metastable systems, such as
amyloid proteins.
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