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ABSTRACT: ""F NMR spectroscopy is a powerful probe of protein conformation and dynamics but is intrinsically limited by low
sensitivity common to other NMR techniques. Here, we integrate photochemically induced dynamic nuclear polarization (photo-
CIDNP) with genetically encoded '°F labels to enhance sensitivity by up to 220-fold, enabling the detection of 100 nM protein
within 6.5 min. This approach employs commercially available, cost-effective '*F-labeled amino acid analogues and is broadly
applicable to proteins ranging from 6.6 to 54.2 kDa. It allows rapid analysis of conformational changes and ligand binding in the low-
micromolar range within minutes. Notably, it can readily characterize interactions with dissociation constants below S M, which are
challenging to access using conventional NMR. The combination of photo-CIDNP-induced sensitivity enhancement with the
environmental responsiveness of '>’F NMR establishes a practical platform for protein structural and interaction studies.

Nuclear magnetic resonance (NMR) spectroscopy serves
as a powerful tool for characterizing protein structure
and dynamics. Coupled with selective isotope labeling
strategies, it significantly simplifies spectral complexity and
enables site-specific conformational tracking."” Nevertheless,
sensitivity remains a fundamental limitation, rendering the
detection of low-expression proteins or low-abundance
conformational states time-consuming and often infeasible.’
To overcome this constraint, hyperpolarization techniques,
such as dynamic nuclear polarization (DNP), parahydrogen-
induced polarization (PHIP), and signal amplification by
reversible exchange (SABRE), have garnered increasing
interest for their capacity to enhance NMR signal intensities
by orders of magnitude. Despite these advances, most methods
are primarily applicable to small molecules.*™® Achieving
hyperpolarization for biomacromolecules like proteins and
nucleic acids under mild, aqueous conditions without
compromising their native structure and function continues
to pose a significant challenge.” ">

Photochemically induced dynamic nuclear polarization
(Photo-CIDNP) emerges as a promising technique for in
situ substrate polarization via light-activated triplet-state
sensitizers under ambient conditions, offering advantages in
both biocompatibility and instrumental simplicity.'”"* Tradi-
tionally, the methodology has been applied to investigate
protein folding and surface accessibility.">™'" Recent opti-
mizations in pulse sequences and polarization systems have
extended its application to metabolite identification and
fragment screening.zo_24 However, to explore its potential
for protein signal enhancement, novel detection schemes are
still needed to overcome the limitations of conventional 'H
NMR, such as signal overlap and low polarization efficiency.
"H-detected "*C hyperpolarization offers a promising approach
for improved spectral resolution and signal enhancement, with
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its primary implementation challenge lying in the specialized
and costly synthesis that ideally requires position-specific '*C
labels.”>~**

The "F nucleus is a highly attractive candidate for photo-
CIDNP studies. It exhibits high sensitivity to its local chemical
environment, enabling high-resolution conformational analysis
via 1D spectra while circumventing polarization transfer losses
and the need for expensive isotopic Iabeling.zg_32 Furthermore,
substituting 'H with '°F in organic radicals typically leads to
higher electron spin density at the same position, resulting in
larger hyperfine coupling constants and consequently, greater
induced nuclear spin polarization.'””* Nevertheless, ”F-based
polarization systems remain relatively unexplored, and the
development of highly efficient polarization platforms is
urgently needed to unlock the full potential of this approach
for protein structural biology.”*~**

Herein, we demonstrated an up to 220-fold signal-to-noise
enhancement (SNE) in proteins by employing commercially
available fluorinated amino acids as efficient photo-CIDNP-
active '"F probes. Leveraging the boosted '"F NMR, we
enabled rapid detection of protein conformational changes and
their interactions with substrates or drug ligands in low
micromolar concentration (<S5 uM). The combination of
versatile '"F probes with high-sensitivity photo-CIDNP is
anticipated to substantially broaden the applicability of this
technique in biomacromolecule studies.
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Figure 1. (A) Schematic illustration for the polarization of '°F probe. The
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fluorescein undergoes reversible photochemical reaction with the '°F

probe, generating polarization via the radical-pair mechanism. The resulting sensitivity-enhanced '°F NMR enables the monitoring of protein
events, such as ligand binding. (B) '°F NMR spectra of monofluorinated Trp and Tyr (30 uM) in the presence of fluorescein (10 uM). All spectra
were acquired in photo-CIDNP buffer under illumination with a fiber-coupled 488 nm laser (1.28 W, 1.5 s) and are normalized to the same noise
level hereafter (Supporting Information). The numbers in parentheses denote SNEs, where the negative sign indicates emission peaks.
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Figure 2. 'F NMR spectra of GB1 labeled with (A) 3-F Tyr (125 uM) or 6-F Trp at (B) 125 uM and (C) sub-1 uM concentrations. No photo-
CIDNP activity was observed for endogenous Trp and Tyr residues. *Signal from F~ ion.

While Tyr and Trp are established as efficient photo-CIDNP
probes, the optimal site of fluorination for polarization remains
unclear.”® We therefore first tested their monofluorinated
analogs using the commonly employed polarization reagent
flavin mononucleotide (FMN). Our prior work suggested that
the F polarization efficiency at different sites could be
predicted from the radical's 'F spin density.”* Density
functional theory (DFT) calculations indicated that the spin
densities on '°F spins followed the order 6-F > 4-F > 7-F > S-F
for monofluorinated Trp radicals, and 3-F > 2-F for
monofluorinated Tyr radicals (Tables S1 and S2), in good
agreement with the experimental results (Figures S1—S3).
Nevertheless, even the best-performing analogs, 3-F Tyr and 6-
F Trp, exhibited only moderate SNEs for low-concentration
samples (30 uM), showing enhancements of 12-fold and 36-
fold, respectively. This limited polarization is consistent with
the inefficiency of FMN for low-concentration samples (<100
UM), a consequence of its short triplet-state lifetime.***'

We then selected fluorescein (FL) as the sensitizer for its
favorable polarization performance for low-concentration
samples.”” Under identical irradiation conditions, the overall
SNEs obtained with FL were significantly higher than those
with FMN (Figure 1). Using 6-F Trp as an example, the '°F
NMR signal intensity increased linearly with concentration (R?
> 0.99) within the 1—60 M range and gradually saturated at
concentrations exceeding 120 uM (Figures S4—S6). Both 6-F
Trp and 3-F Tyr exhibited substantial SNEs of 245-fold and
44-fold, respectively. Interestingly, S-F Trp (SNE 27-fold)
demonstrated better polarization performance than 7-F Trp
(SNE 12-fold), a trend that contrasted with the order
predicted by their respective '’F spin densities. This
discrepancy can likely be attributed to differences in photo-
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reaction kinetics resulting from the lower oxidative ability of
FL compared to FMN." For comparison, the photo-CIDNP
enhanced signal-to-noise ratios (SNRs) and corresponding
SNEs for aromatic 'H spins were lower than those for '’F spins
at identical molecular sites, despite the higher Larmor
frequencies of 'H spins on the same 700 MHz spectrometer
(Figures S7, S8). The appreciable SNEs of 3-F Tyr and 6-F
Trp with FL at low concentrations prompted us to explore
their applicability in proteins.

Previous studies have demonstrated the efficient incorpo-
ration of monofluorinated Trp/Tyr analogs into proteins via
metabolic labeling.'”**~** We first evaluated their polarization
performance in proteins by mutating the highly dynamic
residue T11 in model protein GB1 (streptococcus protein G Bl
domain) into Trp or Tyr (Figures S9—S11),* thereby
providing an identical microenvironment for both probes.
The resulting variants showed high SNEs of 216-fold for 6-F
Trp and 38-fold for 3-F Tyr, closely approaching the level of
free-state probes (Figure 2). Notably, GB1(T11W) achieved a
detection limit (SNR > 3) of 200 nM with 32 scans, and 100
nM with 256 scans, constituting one of the highest sensitivities
reported to date for solution NMR of proteins.”

We then turned to the SH3 (N-terminal SH3 domain of
Drosophila melanogaster Drk), containing endogenous Trp
(W36) and Tyr (Y52, Y37) residues (Figure 3).°° The folded
and unfolded states could be readily resolved in ’F NMR
spectra for both probes. Upon illumination, all F spins
exhibited polarized NMR signals. For 6-F Trp-labeled SH3,
both states remained discernible at a concentration as low as
1.0 uM (256 scans; Figure S12), comparable to the sensitivity
for '3C-Trp-labeled SH3.° However, the incorporated °F
probes exhibited lower SNEs (50 ~ 70-fold for 6-F Trp and 6
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Figure 3. (A) Structures of SH3 (PDB: 2A36), Pinl (PDB: INMV), reduced PDI (PDB: 4EKZ) and oxidized PDI (PDB: 4EL1), highlighting Trp
(green) /Tyr (pink) residues. (B, C) '’F NMR spectra of SH3 labeled with 6-F Trp or 3-F Tyr (125 uM). (D, E) "’F NMR spectra of 6-F Trp-
labeled Pinl and its substrate-bound complexes (125 uM). (F, G) 'F NMR spectra of reduced and oxidized states of 6-F Trp-labeled PDI (125
uM). Spectral assignments are provided in Supporting Information (Figures S15—S18).
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Figure 4. (A) Proportion of ligand-binding pockets containing Trp or Tyr residues (data source: PDBbind Database, v2020).%° (B) Structure of
BD2 (PDB: 7USK). (C) "F NMR spectra of 6-F Trp-labeled BD2 (125 uM). (D) F NMR spectra of 6-F Trp-labeled BD2 ($ uM) in the
presence of different ligands. (]@ 'F NMR spectra of 6-F Trp-labeled BD2 (125 4M) in the presence of GSK-778. (F) Titration of 6-F Trp-labeled
BD2 (S uM) with GSK-778. VSignal from the ligand.
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~ 12-fold for Tyr) than those in GBI1. This attenuation
primarily results from reduced FL collision probability due to
limited solvent-accessible surface area, unfavorable electro-
statics, and side-chain orientation (Figure S13, S14, Table S3).
Reduced dye accessibility was more pronounced in the folded
state, as evidenced by unfolded-state SNEs equaling (YS2) or
exceeding (W36, Y37) those of the folded state. These findings
confirm that both 3-F-Tyr and 6-F-Trp function as photo-
CIDNP probes under FL-mediated polarization, though 3-F-
Tyr exhibits significantly lower polarization efficiency due to
differences in radical pair dynamics.”" Subsequent studies were
accordingly centered on 6-F Trp.

To evaluate its broader applicability, we next applied the
polarization system to larger proteins: Pinl (peptidyl-prolyl
isomerase NIMA-interacting 1, 19.1 kDa) and PDI (human
protein disulfide-isomerase, 54.2 kDa). Pinl contains one Trp
(W73) residue in its PPlase domain and two additional Trp
(W11 and W34) residues in its WW domain.”> Upon
illumination, only W34 exhibited polarized NMR signal with
a SNE of 66-fold. Its location in the substrate-binding WW
domain renders W34 a sensitive probe for monitoring binding
events. Upon addition of two phosphorylated substrates,
FFpSPR and pCDC25¢,”’ the F signals of W34 were
broadened and shifted from —122.3 to —122.7 and —121.1
ppm, respectively. As these substrates themselves lack photo-
CIDNP-active units, the decreased SNEs (39-fold for FFpSPR
and 53-fold for pCDC25c, Figure S19), likely due to reduced
dye accessibility to W34 upon substrate binding, serves as an
additional indicator of microenvironmental change, comple-
menting information from chemical shift and line shape.

PDI, characterized by its two -CGHC- redox-active motifs,
contains tryptophan residues (W52, W396) proximal to these
sites.”® The two '"F-labeled Trp residues, which exhibited
identical chemical shifts, could function as sensitive reporters
of protein redox state, displaying a 0.25 ppm downfield shift
upon addition of oxidized glutathione. Both states displayed
significant polarization, with SNEs exceeding 66-fold. For this
medium-sized protein, conventional detection at 125 uM
required 4096 scans (1.5 h) to achieve a SNR of 5.2, whereas
the photo-CIDNP technique achieved a comparable SNR of
5.3 in a single scan (2 s), dramatically reducing the acquisition
time. But the '’F signals of the W364 and W407 residues
showed moderate enhancements (~20-fold) and were
insensitive to the redox state. These results demonstrated
that photo-CIDNP-enhanced 'F NMR provided a sensitive
and rapid method for detecting protein conformational
changes, prompting by its potential generality, an evaluation
of its utility for drug discovery.

A database analysis revealed that a substantial proportion of
ligand-binding pockets contain photo-CIDNP-polarizable
residues, such as Trp and Tyr (Figure 4), suggesting the
potential of photo-CIDNP-enhanced ’F NMR for protein-
based drug screening. This method directly provides structural
information regarding the ligand binding site and allosteric
effects, while traditionally requires high protein concentrations
for sufficient SNR.** We demonstrated this approach using
BD2 domain of BRD4 (bromodomain-containing protein 4),
which contains a solvent-accessible Trp (W26) located around
the region of high interest for current drug design.”” 6-F Trp-
labeled BD2 showed an intense signal (line-width: 0.10 ppm)
with a high SNE of 120-fold. Upon adding potential ligands
(RVX-208,”® BAY-299,”” GSK-620," and GSK-046°"), sig-
nificant changes in chemical shift, line shape, and signal
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intensity were observed, even at S uM protein with only 64
scans, substantially lowering the typical requirement for
protein concentration (>100 yM) and acquisition time.
Compared to ligand-polarization-based screening,”’~>* our
method accommodates ligands without photo-CIDNP-active
moieties (Figures S20, S21), and for photo-CIDNP-silent
cases, allosteric effects can in principle be harnessed via Trp
mutations at proximal sites to generate reporters for conforma-
tional changes,” collectively expanding the applicability of
photo-CIDNP-based screening.

Moreover, photo-CIDNP technology holds promise for
measuring binding affinities of protein complexes with
dissociation constants (Kp) below S yM—a range where
traditional NMR methods often require substantial time or lack
sufficient sensitivity. For example, after binding GSK-778, 6-F
Trp-labeled BD2 showed a broadened resonance (line-width:
0.29 ppm) with a downfield shift of 2.1 ppm. The binding
ligand (not photo-CIDNP-active, Figure S22) reduced FL
accessibility, resulting in a lower SNE of 82-fold. By
monitoring '°F signal intensity, we determined a Kp of
approximately 1.26 uM for this complex, consistent with the
reported value (0.67 uM by TR-FRET assays)."!

In summary, we have systematically investigated the
polarization performance of 'F at distinct sites within the
aromatic rings of Tyr and Trp, establishing the 6-F Trp/FL
combination as a highly efficient polarization system. This
cost-effective system achieves signal enhancements exceeding
200-fold for proteins, enabling photo-CIDNP-enhanced '°F
NMR spectroscopy to rapidly detect protein conformational
changes within minutes at low-micromolar concentrations (<$
uM). We anticipate that further advances in the development
of efficient polarizing reagents (e.g,, for Tyr, His, and Met) and
targetable substrates will broaden the method’s applicability,
particularly for high—throu%hput fragment screening integrated
with automated platforms.”"**
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