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Abstract: Dysregulation of post-translational modifications
(PTMs) like phosphorylation is often involved in disease.
NMR may elucidate exact loci and time courses of PTMs at
atomic resolution and near-physiological conditions but
requires signal assignment to individual atoms. Conventional
NMR methods for this base on tedious global signal assign-
ment that may often fail, as for large intrinsically disordered
proteins (IDPs). We present a sensitive, robust alternative to
rapidly obtain only the local assignment near affected signals,
based on FOcused SpectroscopY (FOSY) experiments using
selective polarisation transfer (SPT). We prove its efficiency by
identifying two phosphorylation sites of glycogen synthase
kinase 3 beta (GSK3p) in human Tau40, an IDP of 441
residues, where the extreme spectral dispersion in FOSY
revealed unprimed phosphorylation also of Ser409. FOSY
may broadly benefit NMR studies of PTMs and other hotspots
in IDPs, including sites involved in molecular interactions.

P ost-translational modifications (PTMs) constitute an addi-
tional level of complexity in modulating protein function,
where phosphorylation is the best studied signalling switch,
being abundant and essential in the regulation of intrinsically
disordered proteins (IDPs).['! Phosphorylation is convention-
ally detected and quantified by mass spectrometry, then
validated by mutagenesis or antibody binding assays. This
procedure is expensive, time-consuming, and often fraught
with problems especially for highly charged phosphopeptides,
repetitive sequences, and proximal modification sites, all of
which are hallmarks of IDPs.”!! To address these difficulties,

time-resolved heteronuclear NMR methods have been devel-
oped that also allow to derive the reaction kinetics,®! but
require prior NMR signal assignment for the entire protein.
The latter is obtained from a suite of multi-dimensional
experiments!* with often limited sensitivity, and after several
days of measurement and sophisticated spectra analysis to
resolve assignment ambiguities that may still prove inextri-
cable in highly crowded spectral regions.” Thus, a fast, simple,
and robust NMR approach for tracking PTMs like phosphor-
ylation would be of great benefit for elucidating their role in
proteins with atomic resolution.”! To address this need, we
here introduce FOcused SpectroscopY (FOSY) for local
(instead of global) de novo NMR signal assignment at
structural hotspots, such as PTM sites, based on a minimal
set of frequency-selective experiments that focus on their
sequential vicinity and combine the ultrahigh signal disper-
sion of up to six- or seven-dimensional (6D, 7D) spectra with
the sensitivity, speed, and simplicity of 2D spectra.

Central to our method of focussing onto the few residues
affected by PTMs and solving the spectral dispersion problem
in only two dimensions is to use frequency selection to single
out one coupled nuclear spin system (i.e. a residue) at
a time.? FOSY uses several distinct frequency Selective
Polarisation Transfer (SPT) schemes™® (see details in the
Supplementary Information), which offer an efficiency and
versatility higher than achievable by conventional broadband
experiments.’?) While optimising sensitivity, multiple selec-
tion of known frequencies along a chosen spin system
minimises spectral complexity and makes their lengthy
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sampling in further indirect dimensions redundant. SPT is
a known technique with several clear advantages, but its use
has so far been limited to isolated two-spin systems”*¢1"! like
'H-"N amide groups, allowing a reduction by just two spectral
dimensions. Thus, a 6D could be cut down to a 4D experiment
that would still take impractically long to measure for each
selected residue at a time. Here we introduce frequency
Selective and Spin-State Selective Polarisation Transfer
(S*PT) as a generalized SPT approach for coupled multi-
spin systems, as in isotopically labelled amino acids, which
allows to eliminate several pertaining spectral dimensions as
well as detrimental evolution of competing passive spin
couplings. The novel 2D FOSY spectra (Figure 1) yield
a signal dispersion as in a 6D HNCOCANH ! and 7D
HNCOCACBNH, yet with far superior sensitivity and ease of
analysis.

As a showcase application for the proposed FOSY
approach to monitor PTMs in IDPs, we identify phosphory-
lated residues in vitro by proline-dependent glycogen syn-
thase kinase 3 beta (GSK3p)!'? in the 441-residue long human
hTau40 protein, which comprises 80 serines and threonines as
potential phosphorylation sites. Abnormal hTau40 hyper-
phosphorylation is directly linked to its dysregulation and,
possibly, aggregation that characterises neurodegenerative
tauopathies, such as Alzheimer’s disease."”! As a first step of
our strategy (outlined in Figure 2a), spectral changes from
GSK3B-mediated phosphorylation of hTau40 (150 uM, uni-
formly labelled with 2H,"*C,"*N) in the most sensitive and best
dispersed 3D HNCO spectrum revealed several shifted or
newly appearing signals for p-hTaud40 (peaks a-g in Fig-
ure S4). Due to the abundance of proline and glycine residues
in IDPs (Figure S8 in Supporting Information), we assembled
a list of hTaud0 sequence stretches conforming with the
general motif (P/G)-X"-p(S/T)-X"-(P/G) where X # Pro, Gly.
The list can be further refined based on reported phosphor-
ylation sites or known kinase consensus sequence motifs
(Table S1). This preparatory step concludes with the acquis-
ition of two complementary proline selective 2D experi-
ments!''¥ to identify the residues following (PX-) or preceding
(-XP) prolines (Figure S5).

To start the FOSY assignment process, we focus on signal
0 (Figure 2b) that appears in the 3D HNCO spectrum after
hTaud40 phosphorylation (peak “a” in Figure S4) and likely
corresponds to a phosphorylated serine (pS) or threonine
(pT). The proline selective spectra show that this new signal
derives from a pS or pT preceding a proline (i.e., a p(S/T)P
motif, Table S1). A pair of 2D FOSY hnco(CA)NH and
hncoCA(N)H experiments (Figure 1) is then recorded for
signal 0 using its associated exact 'HN’, NHO 13O
frequencies from the 3D HNCO spectrum. This yields the
BNEAL TN and *C*! frequencies of the preceding
residue X and connects signal 0 with signal —1 (Figure 2b)
to compose a -Xp(S/T)P motif. We continue the FOSY walk
to signal —2 using the "N™~1 THN"! and *C%~2 frequencies
for signal —1 (the latter again derived from the 3D HNCO).
This iteration is repeated until reaching a proline or glycine
signal, the latter identified by the negative intensity (from
constant-time evolution) and characteristic chemical shift of
its '*C* signal. For starting signal 0 we, thus, identify a GXXp-
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Figure 1. Polarisation transfer pathway in the 2D FOSY hnco(CA)NH,
hncoCA(N)H, and hncocacbNH experiments (see Supplementary Fig-
ure S1). Colour code for polarisation transfer steps shown by arrows:
blue—frequency selective (PI-SPT,® HH-S*PT,"># LSF-S*PTE!), red—
broadband (INEPT, ST2-PT!"")). Colour code for atoms according to
their frequency probing: blue—known (e.g., from a 3D HNCO) and
selected by SPT; red—unknown and evolved in a spectral dimension;
striped red/blue—optionally selected or evolved; grey—ignored. Trans-
fer starts with amide proton 'H' magnetization of residue i and ends
with detection on "H'™! of the preceding residue i—1. As key element
of FOSY experiments, we introduce frequency selective and spin-state
selective polarization transfer (S'PT) steps (detailed in the Supplemen-
tary Information) that can be specifically combined to adjust to local
spin system properties like scalar coupling network, chemical shift
ranges, and relaxation.® The experiments start with selective polar-
isation transfer by population inversion (PI-SPT) of the TROSY!""!
component of 'H' magnetization to create 2H. N/, antiphase polar-
isation with a maximal efficiency surpassing all methods for broad-
band polarisation transfer.”™ A subsequent HH-S*PT step implements
separate selective heteronuclear Hartmann-Hahn transfer for both °N
TROSY and anti-TROSY coherences without their mixing, as required
by the TROSY principle,'™ to achieve relaxation optimised fast and
direct 2HIN! — 2CA'CO" conversion. A final LSF-S*PT (instead of
broadband INEPT) step, used only in the FOSY hncocacbNH experi-
ment, employs longitudinal single field polarization transfer for
direct 2C41CO1 — 2CAT'NET conversion and concomitant selective
BB decoupling to probe for its amino acid type specific frequency.
All FOSY experiments ensure maximal preservation of both water and
aliphatic proton polarization to enable fast selective polarization
recovery® for the amide protons. FOSY experiments are designed
primarily for IDPs having sufficiently slow T, relaxation and amide
proton exchange with water to sustain the long magnetization transfer
pathways with high efficiency.

(S/T)P motif that matches with either GYSS'”’P or GDTS**P
stretch in the hTau40 sequence.

To resolve this assignment ambiguity, or in case of several
peaks observed in the 2D hnco(CA)NH and hncoCA(N)H
spectra due to an overlap of the initially selected frequencies
(e.g., the FOSY walk from signal —2 connects with both
signals —3 and —3* in Figure 2b), we furthermore record a 2D
FOSY hncocacbNH experiment (Figure 1) with five fixed
frequencies ("HY, SNHO, 13CO-1 B3CA~1 13CB-1) 16 determine
the preceding residue type. The unknown *C*™! frequency to
be determined is chosen from predicted residue-type-specific
chemical shifts for random coil.!'"! By producing a signal only

www.angewandte.org

Angewandte

intemationalEdition’y Chemie


http://www.angewandte.org

GDCh
~~—~

23542 www.angewandte.org

a)

HNCO Pro-selective p-sites
— T PKKVAVVRTP
/ PX/ ___[_ PP PGSRSRTP
GYSSP PVVSG
- PTAU PKTP_GDTSP
=)
o
2 | | |
identify new or identify all list of putative
shifted signals PX- & -XP residues phosphorylation sites
ie. ag.. Xz#PG i.e. known from
literature
hnco(CA)NH
hncoCA(N)H FOSY

hncocacbNH

Sequential walking over NH-NH links
starting from a new peak in HNCO Resolve ambiguities by

residue type determination

Derived motif is uniquely

mapped on the
X ; Tau primary
A 4 sequence

GXT(S/T)P

« . EIVYKSPVVSGDTSPRHLSNVSSTG. . .

Communications

Angewandte

intemationaldition’y) Chemie

b) —

> T
_310‘\
112k Thr |
reference =1
7Q—\\\f/~
_T403
116 | 4
H
m; pS404 Ser
T reference D402
120} @ X Z oL P .
0 D am>
reference *
V399
124 \@ E
PVVSGDTpSP ®5
8.4 8.2 8.0
"H (ppm)

Figure 2. FOSY NMR assignment strategy (a) and application (b) to assign a phosphorylation site in hTau40. Signal 0 newly appears after hTau40
phosphorylation by GSK3p and corresponds to a residue preceding a proline, as revealed by a proline-selective experiment. The sequential walk
(black arrows) along NH-NH correlations is traced out by successive iterations of 2D FOSY-hnco(CA)NH experiments. Thus connected signals
are numbered by the pertaining FOSY step number, and are gradually coloured as in the associated peptide sequence (below, left). For signal —2,
the 2D FOSY-hnco(CA)NH spectrum also opens an alternative branch of signals indicated by asterisks and connected by dashed grey arrows. To
resolve such ambiguities, preceding residue types were tested using the 2D FOSY-hncocacbNH experiment, which only produces a signal
(inserted 1D "H cross-sections) if the correct residue specific *C®~" frequency is preset. The derived PXXSGXTp(S/T)P motif unambiguously
maps to PVVSGDTS**P and, thus, assigns the phosphorylation site signal 0 to pS**.

if the correct “CP~' frequency is used for selective decou-
pling,® 1 the 2D FOSY hncocacbNH spectrum for signal 0
reveals that the associated p(S/T) residue is preceded by
a threonine. Thus, GDTS**P is the correct assignment and
signal 0 corresponds to pS*™.

Similar 2D FOSY hncocacbNH experiments for the
alternative Gly signals —3 and —3* show that only the
former is preceded by a Ser (signal —4), as in the identified
GDTS*P stretch, while signal —3* is preceded by a Glu
(signal —4*) and, therefore, starts a false branch. Further
FOSY walking leads to signals —5 and —6 that the proline-
selective spectrum shows to succeed a proline (in contrast to
signal —6* on another false branch). This results in
a PXXSGXTp(S/T)P motif that uniquely maps onto the
hTau40 PVVSGDTS**P stretch and, thus, corroborates signal
0 assignment to pS**. Overall, the minimal set of 2D FOSY
spectra (Figure S5) for unambiguous identification of the
pS*™ site comprises three pairs of complementary hnco-
(CA)NH and hncoCA(N)H for the sequential walk plus three
hncocacbNH to identify the preceding residue type, alto-
gether recorded within less than two hours. The short
duration of a 2D FOSY experiment allows a very flexible
allocation of the measurement time in response to the needs
for a specific spin-system, for example, by using the Targeted

© 2021 The Authors. Published by Wiley-VCH GmbH

Acquisition approach.!® Thus, the sensitivity of residues with
a more pronounced signal attenuation from T, relaxation, or
from conformational/chemical exchange may be significantly
increased by more signal accumulation, for example, by
adding several short 2D FOSY experiments. As these highly
selective 2D spectra contain only a single or very few peaks,
their real-time analysis is most straightforward.

Analogous identification of the second phosphorylation
site pS*” by a similar minimal set of 2D FOSY spectra to
compile the unique PRHLpS*” motif is illustrated in the
Supporting Information (Figure S6).

Together, pS** and pS*” account for all newly appearing
and shifted signals (of nearby residues) in the HNCO
spectrum of p-hTau40, proving them to be the only two
phosphorylation sites for GSK3p under our experimental
conditions. Of note, while proline dependent S*** phosphor-
ylation was known from prior studies,'*'”! only the extreme
spectral simplification and dispersion afforded by our new
FOSY approach allowed to also confirm S** phosphorylation
by GSK3p. Although, the latter was detected previously and
suggested to occur in the pre-neurofibrillar tangle state of
hTau, ¥ S409 phosphorylation was so far believed to
require priming phosphorylation by other protein kinases."!

Angew. Chem. Int. Ed. 2021, 60, 2354023544
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In summary, we have demonstrated the de novo identifi-
cation of phosphorylation sites in IDPs by the fast and robust
new FOSY NMR approach. The proposed strategy requires
no lengthy prior signal assignment nor knowledge of the
target sites for PTM. Key to the new approach is its local focus
on the relevant modification sites to identify short motifs for
unambiguous sequence mapping, which is much faster and
broader applicable than the conventional approach of global
NMR signal assignment limited by the size and spectral
complexity of the protein. Analysis is fast and most straight-
forward due to the extreme simplicity of 2D FOSY spectra
that still reflect the enormous signal dispersion of their
conventional complex 6D and 7D counterparts. The great
benefits and versatility of such frequency selective NMR
approaches, here demonstrated by a proof-of-concept study
on IDP phosphorylation, are generalizable and should enable
broad new studies on a plethora of biomolecular hotspots
hitherto inaccessible by NMR.2"!
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