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Abstract

Although NMR spectroscopy is routinely used to study the conformational dynamics of biomolecules, robust analyses of
the data are challenged in cases where exchange is more complex than two-state, such as when a ‘visible’ major conformer
exchanges with two ‘invisible’ minor states on the millisecond timescale. It is becoming increasingly clear that chemical
exchange saturation transfer (CEST) NMR experiments that were initially developed to study systems undergoing slow inter-
conversion are also sensitive to intermediate—fast timescale biomolecular conformational exchange. Here we investigate the
utility of the amide '>’N CEST experiment to characterise protein three-state exchange occurring on the millisecond timescale
by studying the interconversion between the folded (F) state of the FF domain from human HYPA/FBP11 (WT FF) and two
of its folding intermediates I1 and I2. Although >N CPMG experiments are consistent with the F state interconverting with
a single minor state on the millisecond timescale, >N CEST data clearly establish an exchange process between F and a pair
of minor states. A unique three-state exchange model cannot be obtained by analysis of >N CEST data recorded at a single
temperature. However, including the relative sign of the difference in the chemical shifts of the two minor states based on
a simple two-state analysis of CEST data recorded at multiple temperatures, results in a robust three-state model in which
the F, I1 and 12 states interconvert with each other on the millisecond timescale (k,, 7, ~ 550 s, Ko rp ~ 1200 s, koo
~ 5000 s~"), with I1 and 12 sparsely populated at~0.15% and ~0.35%, respectively, at 15 °C. A computationally demanding
grid-search of exchange parameter space is not required to extract the best-fit exchange parameters from the CEST data. The
utility of the CEST experiment, thus, extends well beyond studies of conformers in slow exchange on the NMR chemical
shift timescale, to include systems with interconversion rates on the order of thousands/second.

Keywords Protein folding - Conformational exchange - Chemical exchange - CEST - CPMG - FF domain - Folding
intermediates
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but exchange between different conformations over a range
of time-scales (Bahar et al. 2017; Frauenfelder et al. 1991).
These different conformational states have important roles
in protein function, folding, misfolding, aggregation and dis-
ease (Bahar et al. 2017; Karplus and Kuriyan 2005; Sekhar
and Kay 2019). Notably, in many cases interconversion
occurs between a major conformational state (so called visi-
ble state) and one or more sparsely populated states that can-
not be detected using traditional NMR techniques (invisible
states). Over the past several decades a number of different
NMR-based approaches have been developed, including R ,
(Deverell et al. 1970), Carr—Purcell-Meiboom-Gill (CPMG)
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relaxation dispersion (Carr and Purcell 1954; Meiboom and
Gill 1958), Dark state exchange saturation transfer (DEST)
(Fawzi et al. 2010, 2011) and chemical exchange saturation
transfer (CEST) techniques (Forsen and Hoffman 1963), that
enable detection of invisible conformational states populated
to as low as~0.1% by manipulation of the visible state mag-
netization. These methods have been adapted and developed
to study various biomolecular processes including folding,
conformational exchange, ligand binding and aggregation
(Anthis and Clore 2015; Gopalan et al. 2018a, b; Palmer
and Koss 2019; Palmer et al. 2001; Rangadurai et al. 2019;
Sekhar and Kay 2013; Tugarinov and Clore 2019; Vallu-
rupalli et al. 2017; Yuwen et al. 2018a, b; Zhuravleva and
Korzhnev 2017). The choice of the specific NMR technique
appropriate for a given study is largely dictated by the time-
scale of the exchange process, with biomolecular intercon-
versions ranging between tens of ps to seconds now ame-
nable to investigation (Gopalan et al. 2018a, b; Massi et al.
2005; Rangadurai et al. 2019; Reddy et al. 2018; Valluru-
palli et al. 2012; Yuwen et al. 2018a, b). In favourable cases
structural models (Sanchez-Medina et al. 2014; Sugase et al.
2007) and even atomic resolution structures of the minor
states can also be obtained (Bouvignies et al. 2011; Grey
et al. 2003; Korzhnev et al. 2010; Neudecker et al. 2012).
Insights into the shape of the free energy surface and how
proteins explore the surface in performing a variety of func-
tions can also be deduced from the experimentally detected
states and interconversion rate constants (Bezsonova et al.
2006; Korzhnev et al. 2007; Sekhar et al. 2014; Tiwari et al.
2021), particularly in conjunction with computational tech-
niques (Chung et al. 2015; Kukic et al. 2017; Vallurupalli
et al. 2016).

In most NMR studies exchange data have been inter-
preted using a two-state interconversion model. Analysis
using exchange models involving three or more conforma-
tional states remains a challenge since the experimental
data is often not of sufficient quality to robustly extract the
exchange parameters, or if it is, the y? fitting surface can be
rugged, further complicating the fitting of accurate intercon-
version rates and populations of states. Consequently, new
NMR techniques and analysis strategies are actively being
developed to study biomolecular conformational exchange
processes involving multiple states (Grey et al. 2003; Korzh-
nev et al. 2005; Koss et al. 2017; Lim et al. 2014; Overbeck
et al. 2023; Palmer and Koss 2019; Tiwari et al. 2021; Val-
lurupalli et al. 2019).

The CEST class of experiments (van Zijl and Yadav
2011; Ward et al. 2000) that were originally developed
over six decades ago to study slow exchange between
‘visible’ states in small molecules (Forsen and Hoffman
1963) have now emerged as a powerful tool to study bio-
molecular conformational exchange between ‘visible’
and ‘invisible’ conformers (Vallurupalli et al. 2017). In
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CEST-based experiments an intensity profile is obtained
for each site probed in the biomolecule, comprising a
major dip at the resonance position of the spin in the major
state, and smaller dips centred at resonance frequencies of
the corresponding spin in the minor state conformations.
Recent studies have established that CEST experiments
can also be used to study exchange processes occurring on
the intermediate to fast timescale in which case the CEST
intensity profile does not contain well-separated dips
but, often, a single asymmetric dip that can be analysed
to study biomolecular dynamics occurring on the 100 us
timescale (Khandave et al. 2023; Rangadurai et al. 2020).
Additionally, we have shown that the width of the minor
state dip can be used to uncover other sparsely populated
states that are in intermediate to fast time-scale exchange
with the minor state, even when they do not give rise to
distinct dips in CEST profiles (Tiwari et al. 2021). It is
this particular case that we wish to further examine here,
focusing on whether additional information can be used
to achieve robust fits using three-state exchange models
without a priori knowledge of the exchange process.

The 71 residue four helix bundle FF domain from human
HYPA/FBP11 (WT FF) and a large number of FF mutants
have emerged as model systems for protein folding studies,
and have been extensively investigated using stopped flow
(Jemth et al. 2004, 2008) and NMR techniques (Korzhnev
et al. 2007, 2010). Burst phase analysis detected folding
intermediates for 32 out of the 33 FF mutants (Jemth et al.
2008). Although a folding intermediate was not detected
for the A39G FF domain by fluorescence, our CEST studies
confirmed that at 1 °C this variant folds from the unfolded
(U) state to the folded conformer (F) via two intermediates
I1 (p;~0.3%, lifetime ~0.2 ms) and 12 (p,,~0.2%, life-
time ~ 0.7 ms) along two separate pathways (Tiwari et al.
2021). Here we re-examine the folding pathway of WT FF,
where a previous CPMG study defined a single on-path-
way folding intermediate, I1, (Korzhnev et al. 2007, 2010)
using I>N-CEST. We show that data recorded at 15 °C,
where the exchange between states varies from~ 1100 s~
(F,I2) to~5000 s~! (I1,12), clearly report on both I1 and
12 intermediates despite the fact that CEST profiles with
only a single minor dip are observed. While multiple three-
state exchange models satisfy the data, a unique solution
involving exchange between states F, I1 and 12 is obtained
from analysis of the >N CEST data by introducing the
temperature dependence of the positions of the minor state
dips obtained from a simple two-state analysis of '’N CEST
profiles recorded at different temperatures. This solution is
obtained without performing an extensive grid search over
parameter space, suggesting that CEST data may prove more
robust than the corresponding CPMG profiles in the analysis
of some multi-state (>2) systems, even when exchange rates
are in the many hundreds to thousands per second.
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Materials and methods
Protein samples

NMR samples consisted of approximately 2 mM [U-!N]
protein (WT FF or A39G FF) dissolved in 50 mM sodium
acetate, 100 mM NaCl, 2 mM EDTA, 2 mM NaNj;, (5%
A39G FF; 10% WT FF) D,O (pH 5.7). [U-'°>N] A39G
FF and WT FF were over-expressed in Escherichia coli
BL21(DE3) cells transformed with the appropriate plasmid
grown in M9 media with '’NH,Cl as the sole nitrogen source
and purified as described previously (Tiwari et al. 2021; Val-
lurupalli et al. 2009).

NMR spectroscopy

All NMR experiments were carried out on a 700 MHz
(16.4 T) Bruker Avance III HD spectrometer equipped with
a cryogenically cooled triple resonance probe. The N
CEST experiments were recorded using a pulse sequence
(Vallurupalli et al. 2012) in which 'H decoupling is car-
ried out during the 7y period using 90x240y90x compos-
ite inversion pulses (Levitt 1982), thus effectively reducing
the >N—'H spin-system to an isolated >N spin. Each two-
dimensional >’N—'H plane was recorded with 24 complex
points (16.9 ppm sweep-width) in the indirect '°N dimen-
sion. Additional details are listed in Table S1. The strength
of the N B, field applied during the T}y period was cali-
brated using the nutation method (Guenneugues et al. 1999).

Data analysis

SN CEST data were processed using the NMRPipe software
package (Delaglio et al. 1995), with Sparky used to visualize
and label peaks (Goddard and Kneller 2008; Lee et al. 2015)
in the '’N—'H correlation maps, and PINT used to extract
peak intensities from the '’N—'H datasets (Ahlner et al.
2013). ChemEx (Bouvignies 2011), that numerically inte-
grates (Korzhnev et al. 2004) the Bloch—-McConnell equa-
tions (McConnell 1958) for various exchange models, was
used to obtain the best-fit exchange parameters by minimiz-

2
. . T i—Icac, .
ing the target function, y> = ¥~ (M > . Here I, is

i=1
the measured experimental intensity ofa peak, I, is the
corresponding calculated intensity, o is the uncertainty in
the experimental measurement and the summation extends
over all the experimental measures (i) being considered in
the fitting process. For each site at a given temperature o was
estimated from the scatter in the intensities in the flat parts
of the >N CEST profiles recorded at the lowest B, value
because CEST profiles recorded with high B, values some-
times did not contain flat regions (Khandave et al. 2023;

o

Vallurupalli et al. 2012). The minimum value of ¢ was set to
0.2%. Uncertainties in the best-fit parameters were deter-
mined using 100 bootstrap or Monte-Carlo trials (Choy et al.
2005; Press et al. 1992). In the bootstrap procedure “new”
realisations of the experimental datasets were generated by
selecting experimental data points randomly with repetition
from each ’N CEST profile, such that the total number of
datapoints remains constant. The intensity from the refer-
ence plane was always included in the datasets. In the Monte
Carlo procedure synthetic datasets were generated by adding
random Gaussian error corresponding to the uncertainty in
the measured intensities to the intensities calculated using
the best-fit parameters.

In the two-state analysis of the "N CEST data the global
fitting parameters that are common for all residues are the
exchange rate and the minor state population. The residue
specific fitting parameters were the major and minor state
chemical shifts, R, and R, values of spins in the major state,
and in some cases, as described in the text, the R, values
of spins in the minor state (in other cases fits were carried
out with the same R, values for corresponding spins in both
states). The value of R, for a given spin was constrained to
be the same for both states.

When analysing the !N CEST data using three-state
exchange models the global fitting parameters were the
two minor state populations and the three exchange rates,
while the residue specific fitting parameters were the
major and minor state chemical shifts, and major state R,
and R, values. R, and R, values were constrained to be the
same for all three states. To prevent unphysical solutions
IAw gy = @y — wp| and 1Ay, were constrained to
be <20 ppm, where M1 and M2 refer to different minor
states, as described in the “Results and discussion” section.
Ay, Was initialised to Aw ,, obtained from two-state (F
= M) fits of the '’N CEST data. When the best fit procedure
was carried out in the absence of Aw ), sign information
Aw ,;,» Was initialised to 0 ppm, i.e., both w,,, and w,,, at
the minor state dip position in the >N CEST profiles. When
the sign of Aw,,,, was available, Aw,,;,, was initialised
to+2 (—2) ppm when Aw,;,,, Was positive (negative).

Synthetic >N CPMG data were generated for an isolated
spin %2 nucleus by propagating the Bloch—-McConnell equa-
tions according to the 'HY decoupled >N CPMG sequence
(Hansen et al. 2008). The Liouvillian was constructed using
the CEST derived three-state kinetic parameters and Aw gy,
and A, values. To minimise the off-resonance effects,
Wy was set on resonance with the carrier and the length of
the refocusing 7 pulses was 2 ps. R, and R, were set to 1
and 10 s™! for all residues in all states, T}y was set to 20 ms,
and vpy, values ranged from 50 to 1000 Hz. To account
for noise in the measurements Gaussian random errors cor-
responding to the 2% of the effective relaxation rates (R, )
were added to the calculated intensities. When 2% of the
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effective relaxation rate was less than 0.4 s™! the minimum
error in R, - was set to 0.4 sl

When analysing the synthetic '’N CPMG relaxation-dis-
persion profiles using a two-state exchange model, the global
fitting parameters were the minor state population and the
exchange rate; residue specific fitting parameters were the
minor state chemical shift and the major state R, value. The
ground state chemical shift was fixed to the input value, R,
was constrained to be the same for both states, R, was the
same for both states and fixed to the input value. Here input
values refer to the values used to generate the synthetic data.

In the case of WT FF, >N CEST data from 11 sites {K26,
K41, 143, S50, L52, A53, L55, S56, K59, V67, Q68} showed
clear evidence of exchange (see “Results and discussion”
section) at 15 °C. Unless specified, these 11 residues, termed
“set11”, were used for the analysis at all temperatures. In the
case of A39G FF data from 13 sites {T13, K26, K28, R29,
N33, E37, K41, M42, 143, S50, L52, L55, L59} were ana-
lysed, chosen because |Aw;, | >4 ppm (Tiwari et al. 2021).

Results and discussion

The width of the minor state CEST dip is sensitive
to interconversion with additional minor
conformers

In a typical CEST experiment chemical exchange is quanti-
fied by recording the evolution of longitudinal (Z) magneti-
zation for a period of fixed duration, Ty, during which a
weak B, field is applied over a range of frequencies (typi-
cally one frequency at a time per experiment), ‘searching’
for resonance frequencies of spins in invisible state(s). For
simplicity we start by considering a two-state exchange reac-

tion (A Z B) in which the major state A exchanges slowly
AB

with the minor state B (k,, 45/|Aw,5| < 1) (Cavanagh et al.
2006). In what follows we define k,, 45 = k,p + kp,, With the
fractional population of state B(A) given by pg = kyp/k,, 45
(P = kpa/koap) s0 that p, + pp = 1. The chemical shifts
(ppm) of states A and B are defined as w, and @, respec-
tively, with Aw,, = wy — w,. Similarly, ®, and wgz denote
the resonance frequencies (rad/s) of states A and B, respec-
tively (Aw,pz = g — ,). As mentioned above, the B, field
is applied at specific offsets to cover the entire chemical shift
range of interest and a plot of the normalised intensity (//1,)
vs the frequency at which the B, field is applied (@, for N
CEST) produces a profile with dips at both w, and w, aris-
ing from states A and B respectively, that are in exchange
with each other. This is illustrated in Fig. 1a where the
B, =52 Hz "N CEST profile that has been calculated for an
exchange process with k,, 45 =75 s7!, py=2%, ®,= 0 ppm
and @z = 7 ppm (16.4 T) has clear intensity dips at 0 and

@ Springer

7 ppm. Here I, is the intensity obtained from an experiment
without the Ty delay. The exchange parameters (k,, 45 and
Pg), the chemical shifts (w,, W), and the transverse relaxa-
tion rates (R, 4, R, ) of each spin in the two interconverting
states can be obtained by analysing CEST intensity profiles
recorded using different B, values that typically range
between ~5 and 300 Hz (Rangadurai et al. 2020; Yuwen
et al. 2018a, b). CEST experiments have been developed to
study exchange at all backbone and most side-chain sites
(Bouvignies and Kay 2012; Bouvignies et al. 2014; Cabrera
Allpas et al. 2023; Hansen and Kay 2014; Karunanithy et al.
2020; Pritchard and Hansen 2019; Tiwari and Vallurupalli
2020; Vallurupalli et al. 2012; Vallurupalli and Kay 2013;
Yuwen et al. 2017), so that NMR spectra of the minor states
(typically the predominant minor conformer) of a protein
can be reconstructed and in some cases detailed structural
information obtained (Madhurima et al. 2023). In cases
where exchange is more complex than two-state, additional
minor dips can be obtained so long as each exchange process
is slow on the chemical shift timescale, as illustrated in
Fig. 1b where separate dips are observed for spins in states
B and C.

The Ty delay in the CEST experiment is usually in the
300 to 1000 ms window while the corresponding delay in a
CPMG experiment is in the 20 to 100 ms range. The CEST
experiment is thus sensitive to exchange processes that are
either too slow to be detected by CPMG or involving minor
states with populations about an order of magnitude smaller
(~0.1%) than those typically detected by analysis of CPMG
profiles (~ 1%) (Ramanujam et al. 2019; Rangadurai et al.
2019; Tiwari et al. 2021). What is less commonly appreci-
ated is that CEST can be used effectively to study multi-
state interconversion processes where exchange between the
invisible states is rapid, as for the WT FF domain considered
here, so that only a single minor state dip is observed. To
illustrate this, we have calculated a CEST profile for a three-
state interconverting system in which the third state C (w
=4 ppm) is in fast exchange with state B. While there is no
dip at w, the B state dip at w in the case of slow two-state
exchange (Fig. 1a) has now broadened and shifted towards
. (compare Fig. 1c with Fig. 1a). This provides a sim-
ple means for identifying exchange between minor states,
termed minor exchange (Trott and Palmer 2004), because
the CEST profile of Fig. 1c cannot be analysed using the
simple condition of equal transverse relaxation rates, R, 4, =
R, p (Tiwari et al. 2021; Vallurupalli et al. 2012; Vallurupalli
and Kay 2013). The condition R, 4 = R, pis valid, in general,
only for a two-site exchange process where spins relax with
similar transverse relaxation rates, such as for the intercon-
version between a folded state and a folding intermediate,
but not when the ‘CEST-visible’ minor state exchanges with
‘CEST-invisible’ conformers which would increase the
effective relaxation rate of the CEST-visible minor state,
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Fig.1 SN CEST profiles calculated in the case of two-state (a, d)
and three-state exchange (b, c, e, f), with exchange models and asso-
ciated parameters as indicated. The profiles were calculated using
the following parameters: By=16.4 T, B;=52 Hz, Tgx=450 ms,
R =R z=Rc=1s" Ry =R p=R,=10s."", @, =0 ppm,
wy =7 ppm and w, = 4 ppm (or w, = 10 ppm in panel f). Note

and certainly not in the case of aggregation where one state
is a monomer and the second a large aggregate (Tugarinov
and Clore 2019). Exchange between species with very dif-
ferent masses but identical chemical shifts (Allerhand and
Thiele 1966) are studied using the DEST class of experi-
ments (Tugarinov and Clore 2019).

Figure la—c show examples where the interconverting
states A and B are in slow exchange on the NMR chemical
shift timescale, believed to be an optimal case for CEST. We

oy (PPM)

that when minor states B and C exchange in the intermediate to fast
regime only a single minor dip is observed (c, e, f) and its position is
sensitive to the B, C interconversion (compare a with ¢, and d with e
and f; that is the minor dip contains information about both states B
and C)

wondered whether the linewidths of the minor dips could
still be used as an indicator of additional exchange pro-
cesses between CEST-visible and CEST-invisible conform-
ers when the A, B interconversion rate increases and where
the populations of the minor species are reduced. To this
end we calculated >N CEST profiles for systems exchang-
ing on the millisecond timescale (Fig. 1d—f). In the case of
a two-site exchanging system with k,, .5 = 1000 s™' and pj
= 0.5% the N CEST intensity profile (Fig. 1d) has a large
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«Fig.2 >N CEST establishes that WT FF populates more than one
minor state at 15 °C. a The native structure of the FF domain (PDB:
1UZC; Allen et al. 2002) has four helices: H1 (T13 to K28: green),
H2 (S35 to N45, cyan), H3 (D46 to L52, magenta), and H4 (K54
to T69, orange). b The ’N-'H correlation map of WT FF (15 °C,
16.4 T) is well resolved; peaks are labelled according to the resi-
due from which they arise. Red peaks are aliased in the '’N dimen-
sion. ¢ A simple two-state exchange model where corresponding
spins in the major and minor states have the same R, value does not
account for the (B;=20.8 and 52 Hz) 5N CEST data ()(fed = 1.9).
d Fits are greatly improved when allowing for different major and
minor state R, values (;(fed =0.74, k,, gy = 1020 £ 15 s land p,, =
0.5+0.01%). In ¢ and d, the red circles correspond to experimental
measures while the black line is calculated using the best fit param-
eters. Comparison of WT FF two-state Awp,, values with A39G FF
Awp, (e) and A39G FF Aw g, (f) values, as determined previously
(Tiwari et al. 2021)

dip at O ppm (w,) and a shoulder at 7 ppm (wp), in contrast
to the case when k, 45 = 75 s™! (Fig. 1a) where distinct
dips are present at 0 and 7 ppm. Nonetheless, on introduc-
ing state C with &, g = 5000 s™' and w, = 4 ppm (Awye
=—3 ppm), the minor state dip becomes slightly more nar-
row and shifts towards w (Fig. le), while if Awgz- =3 ppm,
a sharpened (relative to the case where Awyz- = —3 ppm)
dip is observed at ~ 8 ppm, again shifted in the direction of
the resonance position of the spin in state C (Fig. 1f). It is
clear that for three-state interconverting systems where only
a single minor dip is observed valuable information about
the exchange between the minor states, in particular chemi-
cal shifts, is encoded in the minor dip linewidth (and posi-
tion). We show below that this information, at least in some
cases, can be sufficient to extract out all of the parameters
defining the exchange process.

WT FF populates more than two states at 15 °C

Figure 1 shows that even in cases where only a single minor
dip is observed in CEST profiles that report on multiple-
site (>2) interconversions insight into the exchange process
can still be obtained from the width of the minor dip. We
wondered whether an analysis of CEST profiles recorded
on the WT FF domain where only single minor dips were
observed might, therefore, reveal the pair of intermediates I1
and 12 that were detected in previous studies of the A39G FF
domain (Tiwari et al. 2021). As mentioned in the Introduc-
tion, CPMG dispersion profiles of WT FF could be well-fit
to a two-site exchange process (F < I1), with no evidence of
a second intermediate. Figure 2a shows the structure of the
native state of the WT FF domain that consists of a disor-
dered N-terminal tail (residues 1-10) followed by four heli-
ces (Allen et al. 2002). The amide ’N-"H correlation map
of WT FF is very well resolved at 15 °C (Fig. 2b, 16.4 T)
and '°N CEST profiles could be quantified for 55 out of
59 non-proline ordered residues (11-71). Eleven residues
showed clear evidence of exchange (referred to as setl1 and

listed in “Materials and methods” section) since a model
that did not include such contributions could not account
for SN CEST profiles recorded with B, =20.8 and 52 Hz
( )(rze 4 = 5). A global (common exchange rates and popula-
tions for all sites) two-state exchange model in which the F
state exchanges with a single invisible minor state (M), sub-
ject to the constraint that the transverse relaxation rates for
corresponding spins in the interconverting conformers are
the same (R, ;= R, ), also could not explain the SN CEST
data (;(rzed= 1.9, B;=20.8 and 52 Hz; Fig. 2c) for the setl1
residues. However, when the constraint on the R, values is
not imposed, the two-state model accounts for the '’N CEST
data (;(rzed=0.74; Fig. 2d) with k,, ), = 1020+ 15 s~! and
py=0.50£0.01%. The large differences in R, ), and R, &
rates observed for some residues in the fits is not consistent
with two-state exchange in this case as folded and folding
intermediate conformations are expected to have similar
tumbling times, but rather reflects a more complex exchange
process. Notably, the best-fit two-state Aw , values are in
reasonable agreement (RMSD 1.5 ppm; Fig. 2e) with the
A39G FF Aw gy, values obtained previously (Tiwari et al.
2021) but are not in agreement (RMSD 2.9 ppm; Fig. 2f)
with the A39G FF Aw;, values, suggesting that WT FF
populates the 12 state at 15 °C.

Multiple three-state solutions satisfy the WT FF '°N
CEST data recorded at 15 °C

Having established that WT FF exchanges between the
folded state and at least two minor states we proceeded to
analyse the 15 °C 5N CEST data (B,=20.8, 52, 104 and
208 Hz) from the 11 setl1 residues using a triangular three-
state model in which the major state (F) and the two minor
states (M1 and M?2) interconvert with each other. The tri-
angular three-state model, subject to the constraint R, 5, =
Ry yn= Ry 1. fits the data well (y2 = 0.97) and py;+ p,
(0.5+0.01%) is in good agreement with the minor state
population obtained above (p,, = 0.5%). In Fig. 3, the
results from 100 bootstrap trials are plotted and it is clear
from Fig. 3a that the obtained p,,; (0.3 +0.03%) and p,,,
(0.2+0.03%) values are correlated, with the relative popu-
lations of M1 and M2 (p,,,/pu) varying from 1 to 2.75
(Fig. 3b; note that the two minor states are labelled M1 and
M2 such that p;; > pys). The lack of a unique three-state
solution is further exemplified in Fig. 3c, where the best fit
values of Awp,,; and Aw,, ., obtained for each residue
from the 100 bootstrap trials are plotted. Unlike p,,; and p,,,
that are correlated and adopt a range of solutions (Fig. 3a),
Awpy, and Aw ,,,, are sometimes also correlated but tend
to cluster around two distinct (Aw gy, A7) pairs for
several sites; the reason for plotting Aw,,,, values rather
than the customary Aw,,, shift differences will become
clear in the next section. The lack of a unique three-state
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Fig.3 Unique exchange parameters cannot be extracted when the
WT FF >N CEST data recorded at 15 °C is analysed using a trian-
gular three-state exchange model. a Plot of p,,, and p,,, generated
from 100 bootstrap trials. b Histogram showing the distribution of

solution reflects the presence of multiple minima along the
;(rze , surface and the rugged energy landscape that prevent
convergence to a global minimum. In previous analyses
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D1 /P obtained from 100 bootstrap trials. ¢ Awpy, and Aw 0
values (ppm) obtained from 100 bootstrap trials for different sites, as
indicated. d Distribution of py 0 /k,. ar1a Obtained from 100 boot-
strap trials

of CPMG data recorded on systems undergoing three-site
chemical exchange the global ;(fe , minimum could only
be obtained through extensive grid search procedures
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(Korzhnev et al. 2004; Neudecker et al. 2006). In some
cases, noise in the data can lead to similar or better-quality
fits in spurious minima complicating extraction of the cor-
rect exchange parameters (Korzhnev et al. 2004; Neudecker
et al. 2006). These complications were circumvented to a
large extent in a previous study of the folding of A39G FF
using >N CEST experiments where analysis of the data uti-
lised the I1 chemical shifts based on CPMG studies (Kor-
zhnev et al. 2010) as well as the predicted U state chemical
shifts (Nielsen and Mulder 2018) as initial guesses with only
a limited grid search to determine the 12 state chemical shifts
(Tiwari et al. 2021). The goal of the study here is to ascertain
whether it is possible to reconstruct the energy landscape
of the WT FF domain without a prior knowledge of the
chemical shifts of any of the intermediate states and without
resorting to a computationally expensive grid search.

Degeneracy in the sign of Aw,,,,, leads to multiple
three-state solutions

As a first step to develop a protocol for obtaining accurate
three-state exchange parameters we attempted to understand
why multiple sets of parameters could satisfy the '’N CEST
data (Fig. 3). As mentioned before Aw ), and Aw ,,,,, can
be correlated but are typically clustered around two sets of
values. Notably the clusters are centred about Aw,,,, val-
ues with similar magnitudes but opposite signs (Fig. 3c);
that is |Aw | is reasonably well defined but the sign
of Aw s, 1s not. The degeneracy can be understood by
recognizing that the width of the visible minor state dip
(state M1) is used to detect the CEST-invisible state M2.
For an M1 = M2 interconversion process that is reason-
ably fast on the NMR chemical shift timescale, as is the
case for WT FF (see below), the observed minor state dips
(from M1) will be broadened by an amount proportional to
PP D@’ [k priara (Palmer 2004). The width, thus,
depends on Awﬁl1 o and not on Aw 10, and the necessary
sign information to correctly position resonance frequencies
of states M1 and M2 is not available (Gopalan and Valluru-
palli 2018; Skrynnikov et al. 2002; Vallurupalli et al. 2011).
AS paniPaa/ Kexsriar 18 reasonably well defined by the fitting
procedure (1.04 +0.15x 10~ s; Fig. 3d), Aw,,,, clusters
around two values with opposite sign rather than adopting
a continuous distribution of values. Neglecting the effect of
the F state, when the exchange between states M1 and M2
is fast, the minor state dip position in the '’N CEST profiles
is shifted from w,,, towards w,,, (compare Fig. la and c)
by ~ (Pya A y1002) / (Part + Pagy )» s that the position of the
minor state dip occurs at wM1+(pM2AwM1M2)/(pM1 +pM2)
and not w,,; as would be the case in the absence of the M1
= M2 interconversion. In order to fit the position of the
minor state dip when the data only constrains |Aw ;! and

not Aw 1,0, @ pair of w,,, values results, { @14, @15}

such that wMIA+(pM2AwM1M2)/(le+pM2)=leB

_(pMZAleMZ)/(le +I’M2)~ Hence Aw gy and Aw 0
are clustered around two distinct pairs of values. This is

illustrated in Fig. 4, where a three-state (A = B = C) model
was fit as a function of Aw - to CEST data generated with
w,= 0 ppm, wz= 6 ppm, w-= 3 ppm and exchange param-
eters as illustrated in Fig. 4a. The . vs Awp plot has
two minima (Fig. 4a), with the first occurring at the correct
Aw g, value of —3 ppm, in which case the best fit Aw
= 6 ppm (Fig. 4b), while the second minimum occurs at
Awg- = 2.6 ppm (~3 ppm) to produce a best fit Aw,, of
3.4 ppm (Fig. 4c). Note that for the second (false) mini-
mum that occurs with the sign of Aw - inverted (~3 ppm
vs.—3 ppm), Aw 45 is modified such that the best fit profile
is nearly identical to the corresponding profile obtained with
the correct fitted parameters (Fig. 4c). In Fig. 4a, the ;(rze ,at
the wrong minimum is higher by 0.36 than the value at the
correct minimum and this difference reflects the fact that the
exchange parameters were fixed to the input values during
the fitting procedure. This small difference will be reduced
or vanish while analysing experimental data as the exchange
parameters are unknown and can only be simultaneously
determined along with chemical shifts during the course of
the fit. Global analysis of data from several residues will
alleviate this problem to some extent but the two-fold degen-
eracy for each Aw,;,,, will remain so long as the M1, M2
interconversion is fast, as is the case when only a single
minor state dip is observed for all residues.

The (relative) signs of Aw,,,, can be obtained
from the two-state analysis of >N CEST profiles
recorded at multiple temperatures

While the width of the minor state dip does not depend on
the sign of Aw ,,,, the position of the dip does (Fig. 1a—c).
Hence the sign of Aw,;,, can be determined if the ratio
Dan /P 18 Varied in a controlled manner in a set of experi-
ments and the position of the minor state dip followed. As
P/ P increases the minor state dip moves towards w,,,
as illustrated in Fig. 5a, b, where the minor state dip that is
close to wy (8 ppm) in Fig. 5a moves towards w, (3 ppm)
in Fig. 5b when the ratio of the minor state populations
DPc/pgis increased from 0.25 (Fig. 5a) to 0.5 (Fig. 5b). The
ratio of the minor state populations can be modulated by
changing the pH, using additives or most conveniently by
varying the temperature. This suggests that the sign of the
difference between minor state chemical shifts can be
obtained by analysing '°N CEST profiles recorded at multi-
ple temperatures using a two-state exchange model in which
the transverse relaxation rates are not constrained. To empir-
ically determine if this is the case, we initially analysed '°N
CEST profiles (B, ~20 and ~50 Hz; Table S1) recorded on
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Fig.4 The shape of the SN CEST profile is relatively insensitive
to the sign of the chemical shift difference between the minor state
resonances. a Synthetic '’N CEST data were generated for the lin-
ear A = B = C exchange model as shown with w,= 0 ppm, w=
6 ppm, and we= 3 ppm, R, =Rz =R, =1 s, R,y =Ry =
Ry =10 s71, and fit to a three-state model as a function of Aw .
The resulting ;(fe 4 VS Awpc plot contains two minima, with the
deeper minimum occurring at the correct Awg. value of —3 ppm
while a second more shallow minimum occurs at Awg- = 2.6 ppm
(~3 ppm). Representative plots of the fits corresponding to the global

a sample of A39G FF at 1, 2.5, 5, 10 and 15 °C for which
detailed folding studies have previously been published
(Tiwari et al. 2021). In the case of A39G FF, the minor state
dip in the >N CEST profiles arises largely due to the U state
that in turn is in rapid exchange (k,, ;;;, ~ 8500 s at 1 °C)
with the I1 state (Fig. 5c). Data at all five temperatures were
analysed using a two-state model in which the F state
exchanges with the U state. For all 13 sites analysed here
Ay, is negative and we find that for 12 sites the fitted two-
state Aw ;;; values monotonically decrease with temperature
(become more negative) presumably because p;/py
increases with temperature. On the other hand, if p,, /py
were to decrease with temperature, the behaviour seen in
Fig. 5¢ would imply that all the Aw ;; values are positive.
For any new system studied the temperature dependence of
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and local minima are shown in b and ¢ respectively. To make the
;(rze 4 VS Awge plot 5N CEST profiles (By=16.4 T) were generated
with four B; (Hz)/Tgy (ms) values (20.8/475, 52/450, 104/350 and
208/350) and the resulting profiles subsequently fit. No noise was
added but an uncertainty of 0.3% in the intensities was assumed to
calculate the ;(rzg 4 values. Three-state fits to the synthetic data were
carried out with the exchange rates and populations fixed to the input
values, while w,, @, @, R 4 and R, , were allowed to vary. Con-
straints R p = R - = Ry 4 and R, 3 = R, - = R, 4, were imposed during
the fitting procedure

Dara/ Py 18 not known, so that there are two possible values
for each Aw ;. In the case of A39G FF and in the absence
of any a priori knowledge there would be 2!? possible sets
of signs for Aw;,, as Aw ;, for each residue can be either
positive or negative. However, using the temperature
dependence depicted in Fig. 5S¢ (and neglecting prior knowl-
edge about absolute signs) all of the 12 Aw ;, values would
be either positive or all would be negative. Of course, if the
sign of Aw ;, for one residue is known then the signs for all
the other Aw ;, values would be available as well. In prin-
ciple, therefore, generating the correct signs for Aw ;o
involves considering only two (and not 2'?) possibilities and
choosing the best solution by comparing )(rze , values obtained
in fits of the CEST profiles. In practice, we will show below
that there is no need to perform two fits and a grouping of
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Fig.5 The temperature dependencies of the minor state dip positions
can be used to obtain the relative signs of the chemical shift differ-
ences between the minor state resonances. a, b '’N CEST profiles
calculated using the indicated exchange parameters, By=16.4 T,
By =52 Hz, Tpy=450 ms, Rj 4, = Rz = Rc =1 s, Ryy = Ry
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minor state dip that is close to wp in a shifts towards @ in b because
Dc/pp has increased from 0.25 in a to 0.5 (b). ¢ Variation of the
A39G FF two-state Aw ;; values as a function of temperature

residues according to dA;e—’Z;"“ is sufficient. Note that for L55

Aw , is temperature independent (Fig. 5c) so that the sign
of Awy;, is not available from this data. This strategy of
obtaining the relative signs of Aw ., from the two-state
analysis of '’N CEST profiles recorded at multiple
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Fig.6 Variation of the WT FF two-state Awp,, values from dif-
ferent sites as a function of temperature. "N’ CEST data (B,~20
and ~50 Hz; Table S1) recorded at 15, 20, 25 and 30 °C were ana-
lysed using a two-state model (F = M) with different R, values for the
major and minor states to obtain the Aw,, values

temperatures implicitly assumes that the chemical shift dif-
ferences between different states have a very weak tempera-
ture dependence.

Unique three-state solution from relative signs
of AW 12

The temperature dependencies of Aw,,, values obtained
from global two-state fits of '’N CEST profiles (B, ~ 20
and ~ 50 Hz; Table S1) of the setll residues from WT
FF are plotted in Fig. 6. The Aw,, values for K26, 143,
V67 and Q68 monotonically increase with temperature,
while Aw,,; of S56 monotonically decreases. Residues
K26, 143, S56, Q68 and V67 for which the relative signs
of Aw, ., are available will be referred to as the set5
residues, while the set6 class of residues consists of K41,
S50, L52, A53, LS55 and K59 for which relative signs are
not available, as the two-state Aw ;,, values do not mono-
tonically vary with temperature (Fig. 6). Based on the
above discussion one possible constraint is that Aw ;.
values for K26, 143, Q68 and V67 are all positive, while
for S56 Aw 1,0 < 0. A unique three-state solution (p,,; =
0.36 £0.01%, py;, = 0.15+£0.01%, k, = 1174 £ 63 s,
Kewparo = 533158 871, Ky pipn = 4895 £295 s7'; Fig. 7)
with )(rzed= 0.74 emerges in this case when the '°N CEST
data from the set5 residues are analysed. This is illus-
trated in Fig. 7 where the results from 100 bootstrap trials
obtained with the Aw,,,, constraints are plotted in blue,
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@ Springer

without (grey) Aw ), sign constraints. ¢ Awyy,, and Aw ,,, val-
ues (ppm) obtained from 100 bootstrap trials with (blue crosses) and
without (grey circles) Aw . sign constraints. The best fit param-
eters (a, ¢) and the distribution (b) shown in grey are from Fig. 3,
obtained by analysing N CEST data from 11 residues without the
AWy, Sign constraints
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while for comparison results from Fig. 3 obtained without
knowledge of the signs of Aw,,,,, are shown in grey. It
clear that there is far less correlation between p,,; and
DPan (Fig. 7a) and py,/pasn is now better defined (1.85 to
3.4; Fig. 7b). Note that unlike the case in Fig. 3 where the
condition p,;; > p,;, was imposed to label states M1 and
M2, there is no constraint on the relative magnitudes of
the populations in the analysis when the signs of A ;1,0
are constrained. Importantly, the twofold degeneracy in
each Aw,;,,, and Awy,,, pair that is noted when the
signs of Aw,» values are not available is lifted once
the sign information is incorporated in the fits, as expected
(Fig. 7c).

The analysis presented in Fig. 7a—c is based on the
assumption that Aw,,,,,, values for one group of residues
are positive and the second group negative. In principle, the
temperature dependent data of Fig. 6 only provides the rela-
tive signs of Aw ., for each group. Therefore, we repeated
the analysis as described above with the signs of Aw ,,,, in
each group inverted. The same unique three-state solution
was obtained with the exception that the labels M1 and M2
were interchanged (Figs. S1, S2). Thus, despite having two
possible sets of consistent Aw,,,,, values, only one three-
state solution emerges, and there is, therefore, no need to
perform model selection from two separate fits. Analysis of
x>, surfaces suggests that inclusion of the signs of Aw
eliminates wrong spurious minima and smoothens the result-
ing surface so that the minimiser can find the global mini-
mum (Fig. S2), without the need to resort to an extensive
grid search. In the future we will also explore the utility of
CEST experiments recorded with specific B, fields applied
at particular offsets informed by theoretical results to obtain
the Aw ;3 sign information (Auer et al. 2009; Koss et al.
2023).

It is noteworthy that exchange parameters were only very
poorly defined in studies of a number of different exchang-
ing protein systems when single-quantum >N CPMG data
recorded at a single temperature were analysed using a three-
state model, with precise three-state exchange parameters
obtained only by analysis of a combination of single and
multiple-quantum CPMG data using an extensive grid-
search over fitting parameter space to identify the global
minimum in the ;(fe J surface (Korzhnev et al. 2005; Neu-
decker et al. 2006). Similarly, an analysis of single-quantum
SN CPMG data recorded at multiple temperatures and ana-
lysed using a three-state model that assumes that the chemi-
cal shift differences between corresponding spins in different
states are temperature independent only converged when an
extensive grid search procedure was used (Korzhnev et al.
2004; Neudecker et al. 2006). It appears, therefore, that
CEST experiments may be preferred over CPMG data in
many cases for the robust analysis of three-state exchanging
systems.

WT FF populates both 11 and 12 at 15 °C

Having a robustly defined set of exchange parameters we
next sought to obtain the @, and w,,, values for the set6
residues (K41, S50, L52, A53, L55 and K59) for which the
signs of Aw,,,, were not available. Here we used a boot-
strap procedure with 100 trials where in each trial the global
three-state exchange parameters (py1, Pyos Kex rar1> Kexramos
k.. m1a2) Were fixed to one of the realisations from the boot-
strap analysis of the set5 residues (Fig. 7), while the residue
specific parameters (Aw ), AW gy, and R, r) were fit. The
100 best-fit Aw ,, and At ,,,,, values for each residue are
shown in Fig. 8. Aw,,, and Aw,;,,, values are now well
defined (blue crosses) for K41 and K59. In the case of S50
and A53 there is a (Aw gy, Aw ) pair that is preferred
in greater than 75% of the cases (Fig. 8b) and greater than
90% of the cases when the analysis is performed on data
recorded at 20 °C (Fig. S3). In what follows; therefore, we
take the preferred shift pair for each of these residues to be
the correct one. In the case of L52 there is a broad distribu-
tion of Aw s, values around ~2 ppm, however, the second
solution at an expected position of approximately —2 ppm
has been eliminated (Fig. 8b). Aw,,; and Aw ,,,, are still
poorly defined for L55 so that the minor state shifts can-
not be established for this residue. Taken together, chemical
shifts for M1 and M2 are available for 10 (set10) of the 11
residues that were analysed.

Analysis of the '’N CEST profiles recorded at 15 °C
using a two-state model of chemical exchange with variable
transverse relaxation rates for corresponding spins in each
state established that one of the interconverting conforma-
tions was the A39G FF 12 state (Fig. 2e). Not surprisingly,
the CEST derived '°N chemical shifts of residues in one
of the WT FF minor states (M1 state) determined from the
three-state analysis described above correspond to those of
A39G FF 12 (RMSD 0.7 ppm; Fig. 9a); these shifts are dis-
tinct from those of the A39G FF I1 state (RMSD 4.6 ppm;
Fig. 9b). Notably, the CEST derived chemical shifts of the
second WT FF minor state (M2) are not similar to those of
the A39G FF 12 state (RMSD 5.6 ppm; Fig. 9c) but, rather,
are well correlated with the shifts of the A39G FF I1 state
(RMSD 1.6 ppm; Fig. 9d). Thus, analysis of the >N CEST
data clearly establishes that WT FF populates both I1 and
12 states on the millisecond timescale at 15 °C. The sensi-
tivity of these '°N CEST datasets to multiple states is made
clear by the fact that the combined population of I1 and 12
at 15 °Ciis just~0.5%.

The backbone >N Aw ;, and Aw;, values for the WT
FF domain, obtained from analysis of the CEST data
recorded at 15 °C, are listed in Table S2. The very large
Aw y, and A, values for S56 stand out and we wondered
how critical the data from this residue are in defining the
exchange parameters and the chemical shifts of the
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interconverting states. When the "N CEST data (B;=20.8 fits improved ( x>, =13100.7) when the constraint R, ,, =

and 52 Hz) from 10 residues (setl1 excluding S56) were R, .. was removed showing that the data from S56 are not
analysed using a two-state (F = M) model the quality of the
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«Fig.8 Analysis of WT FF >N CEST data (15 °C) for residues with
minor state dips showing little temperature dependence such that the
relative signs of Aw,,,, are not available. a Aw,; yn Vs. Awpy,
plots for different sites from 100 bootstrap trials. The exchange
parameters were fixed to those obtained from fits of profiles for K26,
143, S56, V67 and Q68 for which the relative signs of Aw,,, are
available (see text and Fig. 7) and the resulting shift differences are
shown in blue, superimposed on the distributions from Fig. 3 (in
grey) where sign information was not available. b Distribution of
Aw 1, values from the 100 bootstrap trials in a. Unique Aw 0,
Awypy,, solutions emerge for K41 and K59, while Aw ,, Aw gy,
values can also be extracted for S50, L52 and A53 (see text) but not
for L55

needed to establish that WT FF populates at least two minor
states at 15 °C. However, while performing a three-state
analysis of the '’N CEST data using only the four residues
(other than S56) for which the relative signs of Aw/,,, are
available (Fig. 6) the populations, p,,; and p,,,, were less
well defined (Fig. S4) and the exchange rates were substan-
tially altered. However, qualitatively correct Aw;, and
Aw ;, values still result (Fig. S4). This is due to the fact that
the width of the minor state dip provides insight into the
relative shift differences of the corresponding spins in I1 and
12 in the case of rapid exchange between the states, with a
broad (narrow) dip indicating large(small) Aw,, shift dif-
ferences. Thus, accurate shifts can be obtained even when
exchange rates are not well defined. In this regard, CEST is
preferred over CPMG where in the latter robust estimates of
chemical shifts are predicated on fitting accurate exchange
parameters. We have further investigated whether removal
of other residues from set5 ({ K26, 143, S56, Q68 and V67}),
one at a time, would impact the extracted rates and popula-
tions as was the case for S56. Notably, however, the fitted
parameters were robust, and the effects were small (Fig. S5;
Table S3). The special importance of S56 and the results
summarized in Table S3 are not surprising. The uniquely
large Aw sy, and Aw;, values for S56 ensure that I1 and 12

kex.ll 12

are distinguishable despite the rapid I1/12 exchange (| Y
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1) and the large Aw , enables k,, r;, to be fit robustly. In the
absence of S56, k., is effectively not defined. In a similar
manner, 143, V67, and Q68 are responsible for ensuring that
an accurate value of k, r;; can be obtained. However,
because of the redundancy removal of any one of these resi-
dues has only a relatively small influence on the extracted
exchange parameters.

The I1 state cannot be detected from analysis of °N
CPMG experiments recorded at 15 °C

Having established that both of the I1 and 12 minor states
that had been observed previously in studies of A39G
FF (Tiwari et al. 2021) could be detected through the
analysis of >N CEST experiments recorded on WT FF

we next asked whether analysis of the corresponding
CPMG data could also provide an avenue for detection
of the two folding intermediates. To this end synthetic >N
CPMG relaxation dispersion profiles (B, fields of 11.7
and 18.8 T) were generated using the >N CEST derived
three-state exchange model (Fig. 10a, b) for the 10 sites
(set10) for which the ’N CEST derived I1 and I2 chemi-
cal shifts are available at 15 °C. The sizes of the R,
dispersions [R, ,;(50Hz)-R, ,;(1000Hz)] in the synthetic
SN CPMG data are small (<5 s~!) because the popula-
tions of the minor states are small (p,,=0.36%, p,, =
0.15%). The data were well fit globally to a two-state
exchange model with an exchange rate of 920 + 128 57!
and a minor state population of 0.47 +0.04% (;(fgdz 1).
The fitted two-state Aw values (Awgy ) are in good
agreement (RMSD 1 ppm; Fig. 10c) with the '’N CEST
derived values of the M1 (I2) state but not with the corre-
sponding shift differences from the M2 (I1) state (RMSD
5.2 ppm; Fig. 10d), indicating that the I1 state is invisible
to CPMG data recorded at 15 °C. Notably, >N CPMG
experiments (11.7 and 18.8 T) recorded on WT FF that
were carried out between 20 and 35 °C (and analysed
together assuming temperature invariant chemical shifts)
were sensitive to I1 and not I2 (Korzhnev et al. 2007).
Thus, unlike the ’N CEST data for which there is a clear
indication from two-state fits that additional conformers
are present (Fig. 2), the >N CPMG data (Fig. 10a, b and
in the work of Korzhnev et al. 2007) are well satisfied
with a model involving only a single minor conformer.
The distinction arises because the width of a minor state
CEST dip is particularly sensitive to exchange processes
involving extra conformers.

15N CEST supports WT FF populating at least two
minor states at 30 °C

The exchange parameters extracted from the CEST data
recorded at 15 °C ranged from k,, g, ~ 500 s to Ko a1z
~ 5000 s~!. We wondered whether systems with higher
rates could also be analysed to produce robust models of
exchange, and specifically in the present case whether both
I1 and I2 could still be detected. To this end we recorded °N
CEST data of WT FF at 30 °C using B, values of 21, 52.3,
104.6 and 209.3 Hz. As with the profiles recorded at the
lower temperature, the data are incompatible with a simple
two-state exchange model (;(fedz 2.2; Fig. 11a) where the
major and minor states have the same R, values. Analysis
of the data using a three-state exchange model in which the
F state and the minor states M1 and M2 exchange with each
other resulted in reasonably good fits ( ;(rze ,= 1.3; Fig. 11b).
However, in contrast to the analysis of the 15 °C data, p,,,
and p,,, could not be defined despite imposing constraints
on the signs of Aw,,,,, (purple circles Fig. 11c) presumably
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Fig.9 Aw values from analysis of >N CEST data establish that WT
FF populates two folding intermediates, I1 and 12, at 15 °C. Compari-
son of the CEST derived Aw,,, values of WT FF with the A39G FF
Awp), (a) and A39G FF Aw;, (b) values. Comparison of the CEST

because M1 and M2 are in very rapid exchange. Next, we
analysed the !N CEST data as before but with Aw,,,
and Awp,,, constrained to be within 1 ppm of the values
obtained at 15 °C (Table S2). More precise best-fit exchange
parameters were now obtained (p,,; = 0.96+0.05%,
Pu = 0.83+0.05%, ko ppyy = 3567167 57", kyy papn =
946 +208 s, Koxsrinn = 18,444 £ 1543 s™!; compare purple
and green circles in Fig. 11c) without degrading the quality
of the fits (2 = 1.3).
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derived Awy,, values of WT FF with the A39G FF Aw, (¢) and
A39G FF Aw gy, (d) values. A39G FF Aw;; and Awp;, values were
obtained previously by fitting a four-state model to "N CEST data
recorded at 1 °C (Tiwari et al. 2021)

Finally, we generated >N CPMG data (B,=11.7 and
18.8 T; Fig. 12a, b) using the three-state model parameters
obtained above. The simulated '’N CPMG data could be
well fit using a two-state exchange model with an exchange
rate of 2263 +55 s~' and a minor state population of
1.7+0.02% ()(rzed= 1.1), with the fitted Améﬁ,ﬁm values in
good agreement with Aw;, previously obtained (RMSD
0.4 ppm; Fig. 12c) using CPMG experiments (Korzhnev
et al. 2007). Thus, the analysis of the 5N CEST data carried
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Fig. 10 The I1 state for WT FF at 15 °C as observed through >N
CEST cannot be detected through N CPMG experiments. N
CPMG data were generated (see “Materials and methods” section) for
static field strengths of 11.7 and 18.8 T using CEST derived three-
state exchange parameters based on analysis of ten residues (see text;
set10). A two-state model with an exchange rate of 920+ 128 s! and
minor state population of 0.47+0.04% satisfies ( ;( .= 1) the syn-

out here clearly shows that the WT FF populates two minor
states at 30 °C, corresponding to the folding intermediates 11
and I2. It is also the case that the rapid interconversion rates
at 30 °C (k. pr1ar2 ~ 18,000 s~!) preclude a robust analysis
of exchange parameters that was possible at 15 °C (k,, 371312
~5000 s7h.

Concluding remarks
Here we have explored the utility of >N CEST experiments

to characterise conformational exchange between three
distinct states of WT FF, where the two minor conformers

A gpye (PPM)

thetic CPMG data. In a and b, the circles are simulated CPMG data
while the black line is drawn using the best fit two-state exchange
parameters. Comparison of Aw values obtained by fitting a two-state
model (Awéglm) to the synthetic three-state CPMG data with the
5N CEST derived WT FF Aw ,, (¢) and Aw ,,, (d) values. Signs

of AwSl ~ were set to those of "N CEST derived two-state Aw

values (Fig. 2e)

are populated at levels of 0.35% and 0.15% and where the
exchange between them is on the order of 5000 s~!. Under
these conditions only a single minor state dip is observed
in CEST profiles, yet fits of the data to a two-state inter-
conversion model clearly establish that an additional con-
former is present. Using the linewidth of the minor dip and
its temperature dependence it is possible to map the energy
landscape and to obtain chemical shifts of all three inter-
converting states from analysis of >N CEST data recorded
at a single temperature rather than an involved (simultane-
ous) analysis of data recorded at multiple temperatures.
Notably, complex and time-consuming grid searches over
parameter space that have previously been used in the
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Fig. 11 >N CEST data recorded at 30 °C can only be explained on
the basis of WT FF populating at least a pair of minor states. a WT
FF >N CEST data recorded at 30 °C is not well fit by a two-state
exchange model with equal transverse relaxation rates in the intercon-
verting states ( ;(rze 4= 2.2), but is reasonably well-satisfied by a three-
state exchange model (y2 = 1.3) using Aw,,,, sign constraints,

red”

where F exchanges with minor states M1 and M2 (b). ¢ Best fit p,,,

analysis of multi-site exchange using CPMG experiments
were not required because the relative signs of Aw,,,, that
are obtained by analysing the '’N CEST data recorded at

@ Springer

and p,,, values obtained from 100 bootstrap trials with constraints
on the signs of Aw,,, (purple circles) or by constraining Aw
and Aw,,, to within 1 ppm of the values obtained at 15 °C (green
circles). Addition of the Awy,,, and Awp,,, constraints (d) did not
affect the quality of fits ( ){rze ;= 1.3) but resulted in better defined p,,
and p,,, values (compare purple and green circles in ¢)

different temperatures removes the two-fold ambiguity in
each Aw ., value, simplifying the ;(rze , surface so that the
global minimum can be achieved.
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Fig.12 Synthetic N CPMG data generated using a three-state
model of exchange along with parameters based on fits of 30 °C '°N
CEST data are well-fit to a two-site interconversion process. °N
CPMG data were generated using static magnetic fields of 11.7 (a)
and 18.8 T (b) with CEST derived three-state exchange parameters
obtained from fits of profiles for a set of ten residues (set10) recorded
at 30 °C. A two-state model (exchange rate: 2263 +55 s~!, minor
state population: 1.7+0.02%) fits the synthetic CPMG data well
( )(rze 4~ 1.1), indicating that the CPMG experiment is not sensitive to

Traditionally CPMG experiments have been used to
study systems with exchange rates between states on the
order of many hundreds/second or greater, while CEST
analyses have focused on molecules that exchange between
conformers with rates less than a few hundred per second.
The present study clearly indicates that CEST can be useful
to explore faster processes and that, at least in some cases,
there may be distinct advantages over CPMG. For example,
in the case of WT FF where '’N CEST data clearly indi-
cates an exchange process between more than two states at
15 °C, the corresponding >N CPMG data were consistent
with a two-state interconversion. In addition, extraction of

the extra minor state that is observed through analysis of CEST data.
Simulated CPMG data is represented using circles in a and b while
the black line is based on the best-fit two-state exchange parameters.

Comparison of the Aw values (Awg,ﬁm) obtained by fitting a two-

state model to the synthetic three-state CPMG data with Aw;, val-
ues derived from >N CPMG data recorded on a [U-'>N] WT FF sam-
ple (Korzhnev et al. 2007) over a 20-35 °C temperature range. Signs
for all the Aw values are from Korzhneyv et al. (2010)

robust parameters for exchanging systems involving con-
formers with different transverse relaxation rates is more
readily achieved with CEST data because linewidths are
available simply by inspection, while CPMG-based profiles
do not report directly on the minor state linewidths (Hansen
et al. 2009) and consequently are often analysed, sometimes
erroneously, by assuming that corresponding spins in dif-
ferent conformers have equivalent relaxation times. Finally,
the long Ty delays that can be used to measure exchange
where relaxation of the signal of interest is governed by R,
rather than R, as for CPMG, increases the range of CEST
experiments to studies of exchanging systems with lower
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populations (as low as 0.1%; Ramanujam et al. 2019; Ranga-
durai et al. 2019; Tiwari et al. 2021) than typically explored
through CPMG measurements. It is likely that the utility of
CEST-based applications will continue to increase, adding
to the NMR tool-kit for studies of biomolecular conforma-
tional exchange.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10858-023-00431-6.
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