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Abstract: Chemical exchange saturation transfer (CEST)
NMR spectroscopy is a powerful tool for studies of slow
timescale protein dynamics. Typical experiments are based on
recording a large number of 2D data sets and quantifying peak
intensities in each of the resulting planes. A weakness of the
method is that peaks must be resolved in 2D spectra, limiting
applications to relatively small proteins. Resolution is signifi-
cantly improved in 3D spectra but recording uniformly
sampled data is time-prohibitive. Here we describe non-
uniformly sampled HNCO-based pseudo-4D CEST that
provides excellent resolution in reasonable measurement
times. Data analysis is done through fitting in the time
domain, without the need of reconstructing the frequency
dimensions, exploiting previously measured accurate peak
positions in reference spectra. The methodology is demon-
strated on several protein systems, including a nascent form of
superoxide dismutase that is implicated in neurodegenerative
disease.

N MR spectroscopy has emerged as an extremely powerful
technique for characterizing protein dynamics over a broad
spectrum of timescales,'] including millisecond motions that
are often important functionally.l"! Central to the emergence
of NMR as a tool for probing slow motions in these
macromolecules has been the development of protein-based
Carr—Purcell-Meiboom-Gill (CPMG) relaxation dispersion
(RD) experiments®! and more recently CEST spectrosco-
py.*7 In both cases the accurate quantification of NMR signal
intensities forms the basis for extracting exchange parameters
from pseudo-3D RD and CEST data sets in which a series of
2D 'H-"N or 'H-"*C correlation planes are recorded as
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a function of different CPMG field strengths or B, field
offsets, respectively. Of the two classes of experiment, CEST
is particularly demanding because a series of up to ca. 100 2D
planes are often needed to generate accurate profiles from
which exchange parameters can be quantified (Figure 1). For
most applications involving small proteins (= 10 kDa) reso-
lution in 2D data sets is not restricting and the majority of
peaks can be analyzed. In contrast, resonance overlap is often
limiting in applications to larger proteins and an obvious
solution is to record a pseudo-4D CEST experiment in which
a series of 3D spectra is obtained. Unfortunately, the
increased resolution of cross-peaks in such data sets does
not decrease the required number of B, field positions that
must be recorded in the pseudo-4th dimension since CEST
profiles must be obtained that are well sampled (Figure 1).
Clearly, the measurement time for recording ca. 50-100
uniformly sampled 3D CEST data sets for each pseudo-4D
experiment would be prohibitive.

Herein we present HNCO-based pseudo-4D CEST spec-
troscopy implemented with non-uniform sampling (NUS) in
both N and "“CO dimensions, that drastically reduces
acquisition times relative to the standard uniformly sampled
4D approach and improves resolution. A large number of

B, offset

CEST planes

Figure 1. Schematic illustration of a “conventional” pseudo-3D CEST
data set (left) and the resulting CEST profiles!®” (right). Experiments
are recorded as a series of 2D spectra where for each spectrum a weak
B, radio frequency field (rf, typically 10-50 Hz) is positioned at

a different frequency (pseudo 3rd dimension). When the rf field is
applied proximal to an excited state peak the resulting perturbation is
transferred to the ground state correlation (shown here as yellow,
green or red peaks), decreasing its intensity. When the rf is applied on
resonance with the ground state peak its intensity disappears. The
resultant profile of the intensity of the ground state peak (/) relative to
the corresponding intensity in the absence of rf perturbation (/) gives
rise to a pair of dips at the resonance positions of the major and
minor conformers. Recording a series of 3D data sets in place of the
2D planes would be impractical in the absence of NUS.
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NUS methods have been proposed with the goal in the
majority of applications to reconstruct the full frequency
domain data set.’'¥ However, in relaxation-based experi-
ments the positions of cross-peaks and their line-shapes
remain invariant with delays or radio-frequency fields and can
be obtained a priori from reference spectra.l'” This signifi-
cantly simplifies the data fitting problem to one involving
reproducing peak intensities, without the need to reconstruct
frequency dimensions. Indeed the process of generating
frequency data that typically involves “filling in” the missing
time domain points using non-linear reconstruction methods
followed by Fourier transformation might potentially lead to
distortions of peak intensities that are critical for the
quantitative analysis described here.

In what follows we explain the approach taken in the
analysis of the time-domain CEST data by focusing on one of
the many 3D HNCO data sets from the pseudo-4D HNCO
CEST experiment. The time domain signal for any of these
data sets can be written concisely as:!'

M
S= 0, VeV e Vi 0

m=1

where a,, is the intensity of the m-th component (cross-peak),
V! is the normalized time-domain shape vector that describes
the evolution of g € {13CO, 15N, 1H} magnetization contri-
buting to the m-th component (see below) and ® denotes
tensor product. Note that three shape vectors are required to
describe the time domain response associated with a peak in
the HNCO spectrum. The directly detected dimension can
always be densely sampled and subsequently Fourier trans-
formed. Thus, it suffices to consider the 2D interferogram
involving the indirectly detected "N and *CO dimensions for
each wy value of interest. This reduces the number of peaks
that must be considered from M to N (N < M),

N
=Y a,V OV )

n=1

where N is the number of (CO,”°N) cross-peaks that
contribute to the signal of the 2D interferogram at wy (e.g.,
within + 0.05 ppm of the chosen 'H frequency). In Eq. (2) V¢
is given by

Vi = exp(ioft; — RIt,) 3)

where w! is the g resonance frequency (rad/s) of a given spin,
R? is its transverse relaxation rate, g € (13CO, 15N), and ¢ is
evolution time given by the sampling schedule (Poisson-gap
sampling!" in the present applications, see Supporting
Information (SI) for details). In the HNCO-based experiment
(Figure S1, SI), the "N chemical shift evolution is recorded in
a constant-time manner so that RN can effectively be set to 0
and each point of the 2D interferogram given by Eq. (2) can
be written as

n i

Si.k _ Za" . e—R}Z3C0 faco Cos(wmco LBCO) COS(wLSN Z’ICSN) (4)
n
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where we have considered only the cosine modulation terms
of the signal. The remaining three quadrature components are
obtained by replacing one or both cosine terms with sine in
Eq. (4). To extract CEST profiles (i.e. a,), the 2D (*C-"N)
non-uniformly sampled time domain data are modeled by
finding min || S™"—S||% where S is the corresponding
experimental NUS data and the fitting parameters include a,
0", "N and R¥. Values of v and N can be pre-
determined accurately from reference spectra and need only
be fine-adjusted (within +5 Hz of the starting values in our
analyses) in the optimization.

As a first demonstration of the methodology we used
anon-TROSY version of the pseudo-4D HNCO-based CEST
experiment (Figure SIA, SI) to study conformational
exchange in a G48A mutant Fyn SH3 domain (7 kDa) that
has previously been shown to exchange between a ground-
state native conformer and a conformationally excited-state
(referred to in what follows as excited-state) that corresponds
to an unfolded ensemble (25°C),"9 GEZE,

Figure 2A shows a comparison of representative N
CEST profiles obtained via “standard” HSQC-based pseudo-
3D CEST!" (blue) and from pseudo-4D CEST (red) that
exploits the NUS approach described above. Values of
(kewpr) of (125+3s7!, 56+0.1%) and (133+5s7!, 5.7+
0.1%) were obtained from pseudo 3D and 4D approaches,
respectively, based on simultaneous fits of profiles as
described in the SI, where k. =kgg+ kg and pg is the
population of the excited (unfolded) state. An excellent
correlation is also obtained for extracted chemical shift
differences between exchanging states (4®), Figure 3 A.

130 120 110
N (ppm)

130 120 110 100 130 120 110 100 130 120 110 100
N (ppm) N (ppm) N (ppm)

Figure 2. >N CEST profiles of selected residues of A) G48A Fyn SH3
and B) L99A T4L derived from the standard pseudo-3D HSQC-based
CEST experiment!”! (blue open circles) and the pseudo-4D HNCO-
based CEST approach (red open circles) described here. Solid lines are
best fits to a two-state exchange model (see Sl for details on
experimental measurements and data analysis). The vertical dashed
lines indicate the positions of minor dips from the excited state.
Samples of 2 mm SH3 and 0.57 mm T4 L were used, along with
recording times of 1.7 and 5.3 days, respectively. An additional study
was performed using T4L data obtained in 2.6 days with similar
exchange parameters and 4@ values obtained (see SI, Figure S3).
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Figure 3. Linear correlation plots of A® values extracted from uni-
formly sampled, Fourier transformed pseudo-3D CEST (X-axis) and
from non-uniformly sampled pseudo 4D HNCO-based CEST (Y-axis)
experiments for A) G48A Fyn SH3 and B) L99A T4L. Error bars smaller
than the size of the symbols are not displayed.

As a second example we considered an L99A cavity
mutant of T4 lysozyme (19 kDa, L99A T4L)"! that inter-
converts between ligand accessible and inaccessible con-
formers.”) The increased size of this protein and its correla-
tion time under the conditions studied (~19ns at 10°C)
challenges CEST applications and we have therefore used
a TROSY™??! version of the pseudo-4D experiment (Fig-
ure S1B, SI). Figure 2B compares a number of CEST traces
generated from pseudo-3D and pseudo-4D data sets and, as
with applications to smaller pro-
teins, very similar profiles are
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becomes clear in the case of overlapping resonances in 2D
'"H-"N spectra that prevents analysis of such residues in
standard CEST applications. Figure 4 A,D show examples of
such cases from both G48A Fyn SH3 (A6, W37) and L99A
T4L (L13, V103). Because the *CO chemical shifts of these
residues are distinct (Figure 4B,E), their CEST profiles can
be readily obtained from pseudo-4D HNCO-based experi-
ments (Figure 4 CF).

As a final example we applied the pseudo-4D experiment
to study conformational dynamics in human superoxide
dismutase (SOD1), a 153 residue 8-stranded (-barrel anti-
oxidant enzyme that is dimeric in its functional, mature form
(Cu,Zn,SOD1%%).24 Each monomer of the symmetric dimer
binds one Cu and one Zn ion, and contains a conserved
disulfide bond. Misfolded conformations of SOD1 originating
from nascent proteins that lack the disulfide bond and/or
bound metal ions have been hypothesized to be important in
the pathology of amyotrophic lateral sclerosis (ALS), a pro-
gressive neurodegenerative disease characterized by muscle
atrophy and eventual death.” In a recent study we have
established that the most immature form of the protein,
apoSOD1*" that is populated prior to metallation and
disulfide bond formation, is in equilibrium with at least four
other transiently populated states.”®! Two of these resemble
conformations adopted by Cu,Zn,SOD1%%, corresponding to
a dimeric form of the protein (Figure 5 A, top) and a con-
formation in which a helix present in the so-called electro-

obtained. Further, excellent agree- A)
ment is noted between fitted
exchange parameters from the
pseudo-3D (28641657, 1.5+ 155
0.1%) and pseudo-4D (292t
30s™!, 1.6+0.1%) experiments
with a good correlation between
extracted A values for 126
|A®|> ~1ppm, Figure 3B. For

smaller values minor state dips are 128
not resolved from the major dip,
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leading to some scattering. This is
not an artefact of the NUS method-
ology but, rather, represents the
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inherent limitations of CEST given
the signal-to-noise and the line-
widths of the dips in the present
application. Indeed, the pattern of
scattering can be reproduced from
fits of a pair of insilico synthetic
L99A T4L CEST data sets that
were calculated with extracted
exchange parameters and shift dif-
ferences obtained from analysis of
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the experimental data and to which
random noise was added to recapit-
ulate the experimental signal-to-
noise (Figure S2, SI).

The advantage of the NUS
pseudo-4D CEST approach
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Figure 4. AD) 2D 'H-"N correlation spectra of A) G48A Fyn SH3 and D) L99A T4L highlighting pairs
of overlapping resonances. B,E) 3D HNCO strips for B) G48A Fyn SH3 ("H=9.22 ppm) and E) L99A
T4L ("H=8.09 ppm) illustrating that the correlations can be separated along the >*CO dimension.
C,F) ®N CEST profiles of these residues obtained from HNCO-based pseudo-4D CEST data sets.
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Figure 5. "*N and *CO CEST profiles of apoSOD1*" residues belong-
ing to the transient native dimerization process (A, process |) and the
local helix folding process (B, process I1). Regions of apoSOD1%"
involved in dimerization and local folding are indicated in gray on the
cartoon representations of the excited state structural models,”® while
N and "CO nuclei giving rise to the CEST profiles illustrated here are
highlighted by blue and red spheres, respectively. Note that these
profiles are derived from residues that are severely overlapped in 2D
spectra (Figure S5). C,D) Correlations between experimentally mea-
sured "°N (blue) and "*CO (red) chemical shifts for probes reporting
on the processes giving rise to dimeric (C) and locally folded (D)
excited state conformers (Y-axis) and the corresponding chemical
shifts® of Cu,Zn,SOD15* (X-axis). The data points obtained in this
work are indicated by filled circles, with the remainder obtained in

a separate study.”

static loop folds locally (Figure 5B, top). These excited states
are populated at 3% and 2 %, respectively, and have lifetimes
of 3 ms and 13 ms, Figure 5. This pair of transitions has been

characterized using pseudo-3D CEST experiments and an
excellent agreement between chemical shifts of the excited
state with those of Cu,Zn,SOD1%% is obtained (Figure 5C,D,
open circles).”! However, the excited state chemical shifts of
key residues (Asp52, Leu67 and Lys136) involved in these
two exchange processes could not be measured because they
were present in overlapped regions of the 'H-"N HSQC
spectrum of apoSODI1*" (Figure S5). By recording NUS
based pseudo-4D CEST experiments the *N and *CO CEST
profiles for these “missing” residues could be obtained and
the extracted chemical shifts are in excellent agreement with
the measured values from Cu,Zn,SOD1%® (Figure 5C,D,
closed circles), further validating the dimeric and locally
folded structural models for these excited states.

In summary, we have presented HNCO-based pseudo-4D
CEST experiments for characterizing slow conformational
exchange in N, °C labeled proteins that provide superior
resolution relative to conventional pseudo-3D experiments.
The non-uniform sampling approach employed reduces the
total experimental time from months to days and importantly
data processing is achieved in a straightforward manner by
analysis in the "N-"C time domains without the need for
Fourier transformation. As such the method exploits chemical
shift information that is already available from reference
spectra, producing higher quality fits than would otherwise be
obtained. The utility of the NUS pseudo-4D CEST experi-
ments was established with applications to a number of
different exchanging systems, enabling measurement of
excited state N and “CO chemical shifts of residues that
are overlapped in 2D "H-""N HSQC spectra. We expect that
the approach of analyzing time-domain NUS data, demon-
strated in the context of the CEST measurements here, will
find wide applications in a range of pseudo-nD NMR studies
that monitor systematic changes of peak intensities, including
a large body of relaxation and real-time NMR experiments.

Keywords: CEST - conformational dynamics -
non-uniform sampling - proteins -
pseudo-4D NMR spectroscopy
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