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ABSTRACT: NMR studies of intrinsically disordered proteins (IDPs) at
neutral pH values are hampered by the rapid exchange of backbone amide
protons with solvent. Although exchange rates can be modulated by
changes in pH, interactions between IDPs that lead to phase separation
sometimes only occur at neutral pH values or higher, where backbone
amide-based experiments fail. Here we describe a simple NMR experiment
for measuring amide proton chemical shifts in cases where 'H" spectra
cannot be obtained. The approach uses a weak 'H B, field, searching for
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elusive "H resonance frequencies that become encoded in the intensities of
cross-peaks in three-dimensional 'H”-detect spectra. Applications to the CAPRIN1 protein in both dilute- and phase-separated states
highlight the utility of the method, establishing that accurate '"H™ chemical shifts can be obtained even in cases where solvent

hydrogen exchange rates are on the order of 1500 s™".

he structure and dynamics of biomolecules are governed

by complex energy landscapes, with excursions between
minima leading to potentially siéniﬁcant changes in con-
formation and hence in function.”” The conformers that are
produced during this process, often of biological relevance,
may only be sparsely populated and transiently formed so that
they are invisible to many biophysical methods, including
standard solution NMR approaches. The study of these elusive
conformers has become possible, however, with the develop-
ment of spin relaxation-based NMR experiments for their
indirect detection®™ or via the introduction of perturbants,
such as pressure, that can rapidly change their populations to
bring them into a window where they can be directly
observed.® “Seeing the invisible” also becomes of critical
importance in applications where signals from highly populated
ground states cannot be directly measured. For example,
consider the well-known case of rapid solvent hydrogen
exchange that leads to broadening and disappearance of labile
amide "H" resonances in NMR spectra of proteins. Although
in some cases it is possible to lower the pH or temperature to
decrease exchange rates so that amide correlations reappear, in
other cases this is not feasible, as the system under study may
only be stable at pH values greater than neutral and in a
prescribed temperature range. In such cases, and especially for
intrinsically disordered proteins (IDPs) or intrinsically
disordered regions (IDRs) of folded proteins, standard amide
proton-detect experiments are likely to fail.

Such a situation is encountered in the study of phase
separation when the molecular players only associate at neutral
pH or higher. One example is provided by the interaction
between CAPRINI and FMRP, two highly expressed RNA-
binding proteins present in cytoplasmic condensates.””'* We
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have previously shown that the low complexity, intrinsically
disordered region of CAPRIN1 (residues 607 to 709, referred
to in what follows as CAPRIN1) and the phosphorylated, low-
complexity C-terminal region of FMRP (amino acids 452—
632) only co-phase separate at pH values close to neutral or
above.”'" At these pH values, however, the quality of amide-
based NMR spectra is very poor (Figures S1 and S2) so that
"HN chemical shift assignments are difficult to obtain, as
illustrated by the 'HN-'*N correlation spectrum of isolated
CAPRINT1 recorded at pH 7.4 (Figure S1). Herein we describe
a simple approach for measurement of these elusive chemical
shifts, building upon ideas that have emerged for obtaining
chemical shifts of nuclei in sparsely populated states of proteins
and upon experiments for measuring rapid solvent hydrogen
exchange rates in amino acids and proteins."*"* Our method
shares some features with off-resonance decoupling schemes
that have been used to reduce the dimensionality of
experiments by calculating chemical shifts from peak
splittings;'°™'® however, in the present case rapid solvent
hydrogen exchange would preclude such an analysis.
Consider first an isolated "HN-"N spin pair. In the absence
of solvent exchange, the evolution of '*N magnetization leads
to a well-known doublet spectrum with components separated
by Yun (Hz), where Jyyy is the one-bond 'HN-N scalar
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coupling constant. Application of a strong 'H decoupling field
collapses the >N doublet, while a weak 'H radio frequency
field of strength v, Hz leads to a doublet separation of J,, =
A/ (A% (ref 20), where A is the offset (Hz)
between the position of the decoupling field and the resonance
frequency of the HY spin in question. In contrast, when
solvent exchange occurs the evolution of '*N magnetization is
more complex. Neglecting intrinsic relaxation and for v; = 0
(see Supporting Information)

Ny(t) = Ny,()e_ke"t/2 cos(7] . t) + Zk%sin(n']eﬁt) g = l]HN\/(I —a?)
”eff
(1)

with & = ko/ (271" Junl), and k, is the rate of solvent exchange.
In the case where a < ~1, slow to intermediate exchange,
Fourier transformation of eq [1] results in a pair of phase-
distorted Lorentzian lines, while in the fast exchange limit («
> 1) a single Lorentzian line with a width of k./(47a®) is
generated (see Supporting Information). In the limit that k.,
becomes infinitely fast (@ — o0) the contribution from
exchange to the '°N line width goes to zero, as expected. Note
that the exchange time scale in this case is defined relative to
the difference in separation between N multiplet compo-
nents, k., versus 27'Jyyl. Exchange events, corresponding to
the interconversion of multiplet components, occur when an
amide proton and a water proton with different spin states
exchange; these happen with a frequency of k. /2, and not &,
since half of the solvent exchange events preserve the spin state
of the amide proton.

Building on these simple ideas, we construct the element in
Figure 1A, which, in turn, forms the building block in a triple
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Figure 1. Indirect detection of invisible amide proton resonances. (A)
Pulse sequence building block used to establish the resonance
positions of invisible amide protons in proteins. The scheme is
inserted into the haCONHA triple resonance experiment'' that
allows read-out in a 3D mode by recording *CO, "N, and 'H”
chemical shifts (Figure S3). The intensity of in-phase "N magnet-
ization (I), N,, is measured at the end of a spin-echo (SE) element of
duration 27, typically set to an odd multiple of 0.5/"];y, with weak 'H
irradiation (v;) applied at an offset A from the unknown 'HY
resonance position; a series of spectra is recorded as a function of
A. A reference spectrum (I,) is obtained with high-power 'H
WALTZ-16 decoupling (W-16) (~6.25 kHz). (B) Simulated I/,

profiles for different & values, as indicated.

resonance pulse scheme that is used to indirectly measure "HY
chemical shifts (Figure S3). Focusing on Figure 1A and
starting from transverse BN y-magnetization, Ny, we consider a
simple spin—echo sequence, with 27 set to 0.5/'Jyy, and
monitor the amount of y-magnetization present at the end of
the echo. A series of experiments is recorded, where the
position of a relatively weak continuous wave (cw) B, field (v,
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~ 200—500 Hz), applied continuously during each of the 7
delays, is varied across the spectral region of interest, one offset
per spectrum (Figure 1A, left). In the absence of solvent
hydrogen exchange (@ = 0), and when the position of the B,
field is far from the resonance position of the amide proton in
question, N, is completely converted to antiphase x-magnet-
ization during the echo and subsequently eliminated so that no
signal is observed (N,(27) = 0). As the B, field approaches the
amide proton resonance, J,; is decreased (see above),
effectively slowing scalar coupled evolution so that a
component of y-magnetization remains at the end of the
echo, giving rise to observable magnetization. When the B,
field is on-resonance with the 'HY spin, J,; = 0 Hz, and,
neglecting relaxation during the spin—echo, there is no loss in
signal from the echo period. The resultant profile is the
turquoise curve of Figure 1B, with a maximum at the resonance
position of the 'HY spin (set to 0 Hz in this example). As a
increases (i.e., finite solvent exchange), Ny(ZT) # 0, even far
off-resonance, where the effects of the 'H decoupling field are
small, as illustrated in Figure 1B for offsets (Av) of +1.5 kHz
(see Supporting Information). Although eq [1] does not apply
for v; # 0, a reasonable approximation for the evolution of N,
can be obtained by substituting ], for 'Jiy in eq [1], so long as
v, > ~350 Hz and k., < ~200 s™'. As the B, field becomes
increasingly close to the resonance position of the 'H spin the
effective coupling, ], is decreased, and a larger component of
the detected magnetization, N, results. To an excellent
approximation, when the B; field is on resonance scalar
coupled evolution is suppressed, solvent hydrogen exchange
therefore no longer contributes to the relaxation of nitrogen
magnetization, as there is no buildup of antiphase magnet-
ization, and the intensity of the desired signal (N,) is a
maximum. Figure 1B establishes that, even for a = 2,
corresponding to k. ~ 1200 s™', a noticeable maximum in
the intensity profile is still observed, suggesting that accurate
"HN chemical shifts can be obtained at these high exchange
rates (verified experimentally below). Notably, as @ increases
further to values of ~3 and beyond, the profiles become
increasingly flat (red and blue curves in Figure 1B), as the
effective "HN-'*N coupling is now significantly attenuated, and
eventually solvent hydrogen exchange becomes sufficiently
rapid so as to lead to a self-decoupling effect with no loss of
magnetization during the echo period. In these cases, k., rates
become too large to accurately measure 'HY chemical shifts
using 27 = 0.5/, vy = 370 Hz. It is thus clear that, although
not the primary goal of the experiment in our case, it is also
possible to obtain estimates of solvent exchange rates (note the
dependence of the offset of the curves as a function of @ in
Figure 1B). Indeed, Pelupessy and co-workers have developed
related experiments for measuring ultrafast solvent exchange
rates for 'HN protons in side chains of amino acids and
proteins (~10° s7!),"*~'* and Dass et al. have extended this
approach to applications involving backbone amides in
proteins.'> As a final note, an additional experiment is
recorded with a strong 'H decoupling field applied during
the complete echo period (Figure 1A, right). The ratio of
intensities I/I; as a function of Av (Figure 1B) thus produces a
plot extending from O to 1 in this case, where intrinsic
relaxation during the scheme is canceled out. The above
discussion is qualitative. Exact profiles of I/, can be generated
by considering the evolution of {N,, 2N,H,, 2N,H,, 2N,H,}
resulting from scalar coupling, solvent hydrogen exchange, and
the application of a 'H B, field of strength v, (see Supporting
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Information), where A; is the j component of A magnet-
ization."

The proposed experiment borrows ideas from chemical
exchange saturation transfer (CEST),”" where a field is swept,
one frequency at a time, in search of a maximum perturbation
to the intensity of the observed major state correlation that
occurs when the B; field is on-resonance with the
corresponding spin in the excited state.” For the application
described here, the field is swept so as to maximize the signal
intensity. This occurs when the position of the B, field is
coincident with the resonance frequency of the "HN spin in the
ground state, allowing its chemical shift to be obtained even if
the peak itself cannot be observed.

The pulse scheme that has been developed for the
measurement of 'HY chemical shifts in cases where "HY-"N
correlations are not observed in heteronuclear single quantum
coherence spectroscopy (HSQC) spectra is illustrated in
Figure S3 and described succinctly by the following magnet-
ization transfer scheme

lHa _]_H_C) 13Ca ]CaCO 13C0(t1) ]NCO lsN(tz) ]NCO 13CO

Jea )i
CaCO 13Ca iC) lHa(t3)

where the active couplings are indicated above each arrow, and
t; denotes an acquisition time. The spin—echo element of
Figure 1A is inserted immediately after "N chemical shift
evolution (t,) so that the resultant intensities of (**CO, N,
'H%) correlations, linking *CO and 'H” chemical shifts of
residue j with the N shift of residue j+1, are modulated in the
manner shown in Figure 1B. This experiment is closely related
to an haCONHA scheme that was recently proposed as part of
a suite of pulse sequences for backbone assignment of
intrinsically disordered proteins,'' and we refer to the
experiment here as SE_haCONHA, to denote the fact that a
spin—echo (SE) is inserted that enables the indirect measure-
ment of "HY shifts.

To validate the methodology, we first applied our approach
to a sample of CAPRIN1 that is not phase-separated (referred
to as a dilute sample in what follows). Under the conditions of
our experiment (pH 5.5, 25 °C) high-quality HNCO data sets
can be recorded so that the 'HN chemical shifts measured
directly can be compared with those obtained indirectly using
the SE_haCONHA method. Nineteen three-dimensional (3D)
SE_haCONHA data sets of CAPRIN1 were measured, with
the weak 'H B, field (392 Hz) separated by 150 Hz in each
spectrum so as to span the range of possible 'HY chemical
shifts (Table S1). To minimize the net measurement time, we
used nonuniform sampling in the indirect dimensions”*~** and
then fit the time domain directly, after Fourier transformation
of the direct detect dimension, using a procedure described
previously” and discussed in the Supporting Information. The
resultant I/I; profiles were found to be more accurate than the
corresponding curves generated from fits of frequency domain
data. Figure 2A illustrates typical profiles obtained for four
residues in CAPRIN1 (blue circles) and the corresponding fits
(orange curves) that take into account the scalar coupled and
chemical shift evolution of '*N magnetization during the spin—
echo period of Figure 1A, as well as the effects of solvent
hydrogen exchange (see Supporting Information). A linear
correlation plot of "HN chemical shifts measured either from
HNCO or SE_haCONHA data sets is shown in Figure 2B,
with excellent agreement obtained. Notably, we obtained 'HY
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Figure 2. Accurate determination of 'HY chemical shifts from
SE haCONHA data. (A) Representative experimental data (blue
circles) and best-fit curves (orange lines) from measurements
recorded on a dilute-phase CAPRIN1 sample (0.5 mM) dissolved
in 25 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH
5.5, 25 °C. Under these conditions 'HN chemical shifts can be
measured in an HNCO experiment for validation. (B) Linear
correlation plot of "HY chemical shifts as measured in a 3D HNCO
data set or determined from fits of SE_haCONHA data (parameters
listed in inset). Error bars in (A, B) are smaller than symbols.

shifts for all residues in CAPRIN1 (pH $.5) using our new
approach. Consistent with the results of Figure 2B, we
established that the small variation in 'Jy;y values in proteins
(=93.7 + 1.1 Hz for maltose binding protein®® and between
—94.2 and —93.0 Hz in the unfolded protein Tau’’) has no
influence on extracted 'HN chemical shifts and only small
effects on measured solvent hydrogen exchange rates (see
below), Figure S4.

Having validated the method, we next recorded experiments
on a dilute CAPRIN1 sample at pH 7.4 (25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)) and
30 °C, where the solvent exchange rates were much higher,
and the quality of "HN-"*N-based spectra very significantly
reduced (Figures S1 and S2). Data were recorded for a pair of
7 values, 27 = 0.5/ T, 1.5/ Jin, and at three 'H B, fields, v, =
196, 392, and 530 Hz. Figure 3A,C shows profiles obtained for
a pair of residues with high and low k., rates (S615, k., = 1500
+ 40 s7'; G627, k., = 85 + S s7') using different 7 and v,
values, as indicated. As expected for amides with large k., rates,
the peak for S615 is broad, and the baseline is elevated (see
Figure 1B); better dynamic range can be obtained by using a
longer 27 value and a stronger 'H v,, as shown. In this context,
as long as sensitivity is not limiting, 27 &~ 1.5/'Jyy is preferred
over 0.5/' gy, as errors in extracted parameters are
smaller. It is of interest to note how the baseline for G627
(a =~ 0.15) changes with 'H B, field offset for the case where
27 ~ 1.5/Yux. This can be understood most easily
in the limit where k, = 0 s, in which case the intensity
profile is reasonably approximated by cos(6), where
0 = 27],,t = 1.57 J,1/"Jun, with 0 varying from 1.5z ("H B,
field far off resonance) to 0 (on resonance). In contrast, when
27 = 0.5/"Jyyn, O ranges from 0.5z to 0, and cos(0) is always
non-negative. Figure 3B,D presents correlation plots of
extracted 'HN chemical shifts or k,, values, with excellent
agreement noted between the different experiments, and the
level of agreement did not degrade when only ~50% of the
data were analyzed to extract parameters (Figure S5). In
comparison to an HNCO data set for measuring "H chemical
shifts, recorded on the same sample and under the same
conditions, the SE_haCONHA approach is superior, yielding
87 shifts relative to 48 for the HNCO out of a total of 92
amide protons in CAPRINI. It is noteworthy that the HNCO
was optimized using an approach previously described for
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Figure 3. Robust fits of "H™ chemical shifts and k. (A, C) I/I, profiles (blue circles) and best-fit curves (orange lines) are shown for residues S615
and G627 of CAPRIN1 (dilute phase sample, 25 mM HEPES buffer, pH 7.4, 30 °C; only poor-quality HNCO spectra can be recorded under these
conditions). The data were acquired with the SE_haCONHA scheme of Figure S3 using different experimental parameters, as indicated to the right
of the panels. (B, D) Linear correlation plots of extracted "HY chemical shift or k., values fit from SE_haCONHA spectra recorded with different
parameters, as indicated. The larger errors in the parameters for amides with downfield "HY shifts correlate with higher water exchange rates.

recording HSQC data sets of unfolded proteins,”® where
exchange of amide proton magnetization with water in the
initial polarization transfer from 'HY to N increases the
sensitivity of the experiment. Of the five 'H" shifts that could
not be obtained from analysis of the 3D SE_haCONHA data,
two are due to peak overlap, two peaks, derived from IsoAsp-
Gly linkages,'" are eliminated by '*C” decoupling (see Figure
$3), with k., too large to obtain reliable fits for the remaining
amide (R608). Notably, when a set of two-dimensional (2D)
N—"H” planes (Figure S3) was recorded with 27 ~ 2.5/'Jiy
and v; = 1960 Hz, it was possible to measure both the "HY
chemical shift and k,, = 7100 + 700 s™" for this residue (Figure
S6).

A set of comparative experiments, as in Figure 2, was also
performed on a sample of the condensed phase of CAPRIN1
(25 mM sodium phosphate, 100 mM NaCl, pH 7.4, 40 °C),
prepared as described previously.'" The large concentration of
protein in the phase-separated state (~15 mM) challenges the
measurements, because the high sample viscosity leads to a
significant reduction in spectral sensitivity. We were able to
obtain 65 and 55 'HN shifts from the SE_haCONHA and
HNCO experiments, respectively, recorded with the same
measurement times, with 26 chemical shifts unique to the
SE_haCONHA experiment. Notably, the same 65 shifts could
be measured robustly when successive frequency points were
excluded from the analysis (Figure SS). Figure 4A highlights
profiles from residues S615 and G679 of CAPRIN1 recorded
with 27 &~ 0.5/'Jyy and v, = 392 Hz. Extracted "HY chemical
shifts from HNCO (blue circles) and SE_haCONHA profiles
(open circles) are plotted in Figure 4B as a function of residue
number. Both experiments are complementary in that amide
proton shifts for some residues in one experiment are
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Figure 4. An application to a condensed-phase CAPRINI sample.
(A) Experimental I/I, profiles (blue circles) and best-fit curves
(orange lines) for S615 and G679 of CAPRIN1 (condensed phase
sample, ~15 mM protein of which ~2 mM is "*C,'"*N-labeled, 25 mM
sodium phosphate, 100 mM NaCl, pH 7.4, 40 °C). (B) Plot of 'HY
shifts, as measured from SE_haCONHA (65 residues, open circles; v,
=392 Hz, 27 = 5.44 ms) or from peak positions in an HNCO data set
(55 residues, blue circles). (C) Linear correlation plot of the common
set of "HY shifts in (B).

sometimes not observed in the second; in total 81 chemical
shifts were obtained. 'HN shifts that were available from both
experiments are shown in the linear correlation plot of Figure
4C, establishing that, even for condensed-phase samples,
reasonably accurate chemical shift values can be measured.
Figure S7 plots "HN chemical shifts for dilute and phase-
separated CAPRIN1 samples, showing only small differences.
The 'HY resonances of a number of Gly residues are
noticeably upfield shifted (Table S2), suggesting that
CAPRINTI is not a complete random coil. Notably, for these
glycines other backbone nuclei do not show chemical shift
perturbations. The importance of amide proton chemical shifts
as structural probes, in general, is made clear by the fact that
"HN and other backbone chemical shifts are powerful reporters
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of secondary structure, 'HY chemical shifts are sensitive to
hydrogen bond lengths, and their temperature dependencies
are indicators of hydrogen bonding.””~*

In summary, we have described an approach for obtaining
amide proton chemical shifts, using an indirect method in
which intensities of correlations in an 'H%based triple
resonance scheme are modulated by a weak 'H B, field that
“searches” across the 'HN spectral region for the chemical
shifts of interest. The experiment fills an important void in
providing 'HY chemical shift assignments for disordered
proteins or disordered regions of folded proteins, in either
dilute or condensed phases, in cases where solvent hydrogen
exchange rates are sufficiently rapid to preclude the recording
of high-quality "HY-"N correlations.
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