ARCHE-NOAH: NMR Supersequence with Five Different CEST
Experiments for Studying Protein Conformational Dynamics
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An NMR NOAH-supersequence is presented consisting of five CEST
experiments for studying protein backbone and side-chain
dynamics by 15N-CEST, carbonyl-13CO-CEST, aromatic-13C,-CEST,
13C,-CEST, and methyl-13C,.CEST. The new sequence acquires
these experiments in a fraction of the time required for the
individual experiments saving over four days of NMR time per
sample.

NMR is the method of choice for studying conformational
exchange of biomolecules in solution providing atomic-
resolution information of dynamics over timescales ranging
from picoseconds to seconds.12 Various NMR experiments exist
for the study of chemical exchange, including line shape
analysis, Rip, Carr-Purcell-Meiboom-Gill (CPMG), Chemical
Exchange Saturation Transfer (CEST).3 CEST is a powerful
experiment providing both kinetics and thermodynamics
parameters of exchange processes (kex, Pa, Pb) between the
ground state a and the “invisible” excited state b, structural
information in terms of their chemical shift differences (AQ)
and laboratory frame relaxation parameters R;, R, of the ground
state.* For example, CEST derived relaxation parameters can
then be used to calculate S2 order parameters via a lean model-
free approach (MFA) with good accuracy.* Furthermore, the
chemical shifts of the excited states can be used to develop
realistic models of the excited state structure.>

The most common NMR spin probes for CEST in proteins are
15N and methyl-13C; however, other spin probes such as 13C,
13Cg, and 13CO have been reported as well.>"10 These less
commonly used NMR probes can give complementary
information about the dynamic processes. For example, 13C4
and 13CO chemical shifts are very sensitive to protein backbone
secondary structure.”® The most used probe, >N does not
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report the dynamics of proline residues and is more susceptible
to HN exchange with the water solvent, thereby losing dynamic
information due to solvent exchange. For the study of aromatic
residues, aromatic carbon probes have also been reported, but
only for CPMG relaxation dispersion type experiments,!!
despite their facility to form clusters and their important role in
protein-protein interaction interfaces.12 Clearly, there is much
conformational exchange information that can be gained for
each residue of a protein using all available nuclei as probes.
However, CEST experiments are rather time consuming to
perform, since they are ran in a pseudo-3D manner for the
added resolution, taking a day to a week of experiment time for
each type of spin. Hence, measuring the less commonly used
spin probes can be prohibitively expensive in terms of
spectrometer time, despite the complementary information
one can obtain from each of them.

In recent years, NMR by Ordered Acquisition using 1H-
detection (NOAH) supersequences have gained popularity for
studying small molecules.13-16 The basic idea behind NOAH is to
combine multiple separate pulse sequences (modules) into a
supersequence, which employs only a single recovery delay (d;)
throughout the pulse program. Because d; is by far the longest
time delay in an NMR experiment, a supersequence consisting
of two separate pulse sequences with only a single recovery
delay instead of two would effectively render the second
experiment for “free” provided that other delays of the second
experiment are minimal compared to d; as is almost always the
case. These supersequences are designed to use “leftover”
magnetization from previous modules in subsequent modules
without the lengthy d; delays between modules to recover
magnetization via spin-lattice relaxation. It is therefore critical
to ensure that suitable pulse-sequence elements are employed
that preserve unused magnetization for subsequent modules of
the supersequence. Recently, small molecule applications of
NOAH included as many as ten experiments, thereby drastically
reducing the total experimental time,’” and NOAH
supersequences have been developed for complex mixture
analysis in metabolomics.18-20

Despite much progress of NOAH for small molecule NMR,
only few applications exist for biomacromolecules. Early work
of sequential NMR acquisition for proteins has been proposed



for protein resonance assignment based on a non-standard
assignment strategy.21.22 The NOAH approach was also applied
to drug-protein interactions by combining 2D *H-13N HSQC for
the 1>N-labeled protein with a 1H-13C-BIRD-HSQC for the ligand
present at natural abundance.?3 Recently, our group proposed
a combination of two CEST pulse sequences using the NOAH
approach for uniformly 13N, 13C-labeled proteins. The NOAH-
(*5N/13C)-CEST produced the same dynamics results as two
independently acquired 15N-CEST and methyl-13C-CEST
experiments, but required only a fraction of the time needed in
the traditional approach.2* A key element of the approach is to
use a 13C-start methyl CEST experiment that follows a regular
IHN start 15N-CEST. In this way, HN magnetization is exhausted
during the first module while retaining fresh 13C magnetization
for the second module. While one would expect some major
sensitivity loss when starting with thermal 13C instead of 1H
magnetization, 'H composite-pulse decoupling during the
extended saturation period Tex typically between 100 ms — 500
ms in the 1>N-CEST leads to a heteronuclear Nuclear Overhauser
Effect (hetNOE) resulting in a significant enhancement of the 13C
spin magnetization at the start of the 2" module.

Here, we report a new NOAH supersequence, named
ARCHE-NOAH for All-Residue-CHemical-Exchange-NOAH, that
measures 5 protein CEST modules in a single experiment with a
single recovery delay d; (Figure 1). It acquires CEST experiments
of nearly all usable probes of amino-acid residues in proteins,
namely backbone 15N-CEST, 13C,-CEST, and 13CO-CEST along
with side-chain 13C-aromatic-CEST and 13C-methyl-CEST in a
substantially accelerated manner. ARCHE-NOAH uses band-
selective pulses for all carbons, thereby carefully preserving the
starting 13C magnetization for the subsequent CEST module (see
below). NMR experiments were performed on an 850 MHz
Bruker Ascend magnet equipped with an Avance Ill HD console
and a triple resonance inverse cryoprobe. In order to assess the
performance of the ARCHE-NOAH supersequence, it was
compared with the individual modules as standalone 1H-start
sequences recorded with the same parameters applied to 1 mM
colicin E7 immunity protein Im7 in 97%/3% H,0/D,0 at 298 K.
The resulting spectra were processed using NMRPipe, followed
by peak-picking, peak assignment, and cross-peak
quantification. CEST profiles were analyzed using the ChemEx
software (http://www.github.com/gbouvignies/chemex). More
details of the methods and NMR acquisition parameters can be
found in ESIT.

The comparison of the sensitivity of the supersequence and
NMR time with its standalone H-start counterparts is
summarized in Table 1. As should be expected from the
aforementioned hetNOE enhancement, the 13C-CEST module
experiences most enhancement from 'H-decoupling blocks in
the preceding sequences. We find differential hetNOEs for the
different types of 13C atoms, namely 13Cpet > 13Co = 13C,, > CO,
which can be explained by the number of protons attached to
the carbon consistent with the literature.?®

2 | J. Name., 2012, 00, 1-3

Eacklbone
| ]

|
—9 .l “NGEST Wwf°COCEST pomiic, -CEST ] °C,CEST ol °C, .. CEST %L{]

n
Figure 1. Modular representation of ARCHE-NOAH. Each module corresponds to a
CEST experiment for a total of five modules, three for backbone and two for side-
chain dynamics information (Car=aromatic carbons, Ca=alpha carbons,
Cmet=methyl carbons). One scan is accomplished by using only one single
recovery delay (d1) and the supersequence is repeated for n number of scans.

Alpha carbon alnd side-chain

The total experiment time saving of the ARCHE-NOAH
sequence is 65% corresponding to almost 100 hours (> 4 days)
of instrument time. Shorter experiment times are especially
critical for samples with limited lifetime for which ARCHE-NOAH
provides an efficient way to acquire five different CEST types. In
fact, the acquisition time of the new supersequence is faster
than acquiring the two most used CEST sequences, 1>N-CEST
and 13Cmet-CEST, as standalone experiments, while providing
three extra CEST experiments that carry unique information,
albeit at a lower sensitivity.

One way to compare measurement times and sensitivity is
to scale down the signal-to-noise of the 5 standalone
experiments to the signal-to-noise of the ARCHE-NOAH
experiment and calculate how much experimental time would
be needed to match their signal-to-noise. In this case, the time
saving is 29%. While in theory this is an accurate way of
calculating the time saved by our method, in practice one
cannot reduce the experimental time of the standalone
experiments to this extent, since each experiment requires a
minimal number of total scans. For example, it is not possible to
lower the number of scans of the 13CO-CEST by a factor of 10 to
obtain the desired experimental time to match the signal-to-
noise even with non-uniform-sampling methods. Therefore, in
practice the time saving is much closer to 65%.

Table 1. Signal-to-noise ratios of standalone and ARCHE-NOAH experiments and their
individual and combined experiment time.

i Experiment Scaled experiment
NMR experiment S/N2 . A A X
time (h min) time (h min)®

15N-CEST 1086 32 h 25 min 27 h 52 min
13CO-CEST 299 29 h 17 min 2 h 41 min°
13C,-CEST 331 28 h 35 min 5h 42 min°©
13Co-CEST 454 29 h 59 min 5 h 34 min°©
3Crmet-CEST 980 29 h 57 min 32 h 46 min
Total experiment . .

A 150 h 13 min 74 h 35 min
time

NOAH-5N-CEST 1007

NOAH-13CO-CEST 90

NOAH-13C,-CEST 148 52 h 59 min -
NOAH-13C,-CEST 196

NOAH-13Cret-CEST 1025

a Average signal-to-noise of all non-overlapped signals of the respective sequence.
Noise was calculated by taking the median absolute deviation (MAD) of the
processed NMRPipe files in an empty region with no signals.

bScaled experiment time (h min) for the standalone NMR experiments obtained
S/NNoAH*tstandalone 2

by the formula ( S/Nstandalone

¢Due to minimal sampling requirements for these pseudo-3D CEST experiments,
this projected measurement time is not feasible in practice.
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Additionally, it is worth nothing that if we were to leave out
the least sensitive experiment 13CO-CEST, our time savings after
applying the correction done above would be 33% for a 1>N-13C,,
-13Co-13Cmet-CEST sequence. If a 2nd CEST block is left out, the
corrected time savings would be 33% for 1>N-13C4-13Cp,et-CEST
and 36% for a 1>N-13C4r-13C,et-CEST. If both 13CO- and 13C,-CEST
are left out, the resulting time saving for 1>N-13Cpe-CEST is 37%
(Table 2). Thus, leaving out one or several CEST blocks that have
lower sensitivity only results in a modest time gain, while losing
the protein dynamics those
experiments. Nevertheless, our sequence is sufficiently flexible

information contained in
that if one is not interested in a particular CEST module, the
module can be left out and one still benefits from an overall
time savings with the remaining modules. In practice, this
means that if one has a uniformly 15N,13C-labeled protein and is
planning to acquire a 15N-CEST and 13C-methyl-CEST, there is no
actual time gain by not acquiring all five CEST experiments with
ARCHE-NOAH with the added benefit of obtaining
complementary protein dynamic information.

Next, we demonstrate that the CEST profiles we obtained
using the NOAH supersequence are essentially identical to the
profiles obtained by the corresponding standalone !H-start
sequences. For backbone CEST profiles (Figure 2), we have the
15N-CEST and 13CO-CEST experiments, which form the first and
second block of the supersequence. Unlike 13CO-CEST, 1>N-CEST
does not suffer from signal-to-noise losses as is best visible in
the baseline of the profile. Despite the increased noise level of
the 13CO-CEST profiles, they accurately match the reference
profiles, and the asymmetry of the main dip reflecting the
presence of exchange can still be clearly discerned. A
comparison between standalone and NOAH of these two
experiments can be found in ESIT (Figures S1-S2).

Table 2. Signal-to-noise ratios of standalone and NOAH experiments and their individual
and combined experiment time in hours and minutes.

ARCHE-NOAH Time savings Scaled time savings
supersequence? (%) (%)
NOAH-(N-CO-Car-Ca-Cimet) 65% 29%
NOAH-(N-Car-Co-Crmet) 60% 33%
NOAH-(N-Ca-Crnet) 53% 34%
NOAH-(N-Car-Crmet) 53% 36%
NOAH-(N-Crmet) 39% 37%

aEach CEST module on the NOAH supersequence is defined in the following way:
N = 15N-CEST, CO = 13CO-CEST, Car = 13Car-CEST, Ca = Ca-CEST, and Crmet = Cmet-CEST.
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The a-carbons, aromatic carbons, and methyl-CEST profiles
are shown in Figure 3. Their slightly lower signal-to-noise is less
of an issue. However, the 13C,-CEST, both when part of ARCHE-
NOAH and as standalone experiment, has a significant residual
water signal that perturbs the baseline of nearby peaks;
therefore, we limited the comparison to residues further away
from the water resonance (4.7 ppm > 1H chemical shifts and 1H
chemical shifts > 4.9 ppm). The largest difference in our profiles
is seen in a slight baseline offset of the methyl carbons. This is
because of two 180° pulses that perturb them in the preceding
13Co-CEST module during the INEPT transfers, tipping the
aliphatic carbon magnetization to -z. Despite using selective
180° pulses to get the methyl carbon magnetization back to +z
shortly after the INEPT transfers, they result in minor 13C-R;
relaxation rate differences. This difference is about ~0.1 s'* and
only occurs if the C,-module is used. The shoulder peaks in all
these profiles, even if minor, are however accurately
reproduced. Lastly, although not visible in the profiles
themselves, a small systematic chemical shift variation of about
0.005 ppm (4.2 Hz) can be seen in the NOAH versus the
standalone spectra. This effect, which is due to extra heating
during the decoupling in each CEST block in the supersequence,
is inconsequential for the analysis. A comparison between
standalone and NOAH is given in ESIT (Figures S3-S5).

The majority of the NMR acquisition parameters used to run
the 1H-start standalone sequences are the same as those used
in the ARCHE-NOAH supersequence. One unavoidable
difference between standalone and the NOAH-CEST is the
mandatory use of band-selective pulses in the 13CO-, 13C,,-, and
13C,-CEST modules. The replacement of regular broadband
pulses by selective pulses is necessary to preserve carbon
magnetization for the next modules of the supersequence. We
used common selective pulses available in Topspin and their
implementation can be automated using the WaveMaker app
in Topspin 3.6 and above. Additionally, module-specific delays
have unique identifiers to improve readability and ease of use
and, as suggested in Table 2, the user can specify which of the
inner-most CEST modules, i.e. 13CO-, 13C,,-, or 13C,-CEST, should
be included (or excluded). More information about the selective
pulses employed in the ARCHE-NOAH supersequence can be
found in Table S1 of the ESIt.
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Figure 2. Representative N-CEST profiles (left side) for Im7 residues D35 and V27, and
13CO-CEST profiles (right side) for residues A13 and V36 from the supersequence (red,
solid line) and the standalone 'H-start sequence (blue, dotted line). Each panel shows

residues that undergo two-site exchange with a second minimum, “shoulder” feature, or
asymmetry in the profile.
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Figure 3. Representative 13C,-CEST profiles (left side) for Im7 residues H40 and H47, 13C,-
CEST profiles (middle) for Im7 residues E66 and F41, and 13C,,-CEST profiles (right side)
for residues 17 and L3 from the supersequence (red, solid line) and the standalone H-
start sequence (blue, dotted line). Each panel shows residues that undergo two-site
exchange with a second minimum, “shoulder” feature, or asymmetry in the profile.

The ARCHE-NOAH can be applied to obtain chemical shifts
of an “invisible” excited state of five NMR probes in one single
supersequence for a uniformly 15N,13C-labeled sample. Three of
these probes (13CO, 13C,,, or 13C4) have been seldomly used in
the past due to the additional spectrometer time requirements,
whereas the new NOAH sequence collects them for “free”.
Moreover, the total time of the ARCHE-NOAH with all five
modules (53 h) is less than acquiring the 15N- and 13Cye-CEST
experiments as standalone 1H-start experiments (62 h). The
chemical shifts from the probes obtained from our sequence
provide a unique window into the structure of excited states of
proteins.26 Although our method focused on covering most
NMR probes encountered in amino-acid residues, a variation of
our sequence with the four CEST modules (>N, 13CO, 13C,, 13C,)
can be directly applied to uniformly 15N,13C-labeled RNA/DNA
samples. In this case, the 13N, 13CO, 13C,, modules report on the
nitrogenous base and the 13C, module covers the ribose moiety
offering a comprehensive view of their dynamics.27.28

In summary, the ARCHE-NOAH approach introduced here
merges five different CEST modules (1>N-CEST, 13CO-CEST, 13C-
aromatic-CEST, 13Co-CEST, 13C-methyl-CEST) into a single
supersequence with only a single recovery delay. The reported
time savings are about 65%, which amounts to a saving of about
100 hours of high-field NMR instrument time. Hence, it is most
advantageous to use ARCHE-NOAH when experiment time is of
the essence, for example due to protein stability, for the
screening of protein dynamics in active enzyme-ligand systems,
or when studying a protein under different experimental
conditions, such as variable temperature or pressure. The only
requirement is a uniformly 15N,13C-labeled protein sample,
which can be the same sample used for backbone and side-
chain resonance assignments and can be produced using a well-
established and most economic labelling strategy. Moreover,
the band-selective pulses used in the supersequence are readily
available on standard Bruker spectrometers. The resulting
spectra and CEST profiles compare well with the standalone
experiments and are void of artifacts. The ARCHE-NOAH
sequence facilitates the exploration also of less commonly
studied atomic sites in amino-acid residues, providing novel
complementary information on protein dynamics never studied
before. It offers the comprehensive analysis of biomolecular
dynamics and exchange processes that one would otherwise
miss or simply choose not to pursue due to instrument time
constraints.
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