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Abstract

Photo-chemically induced dynamic nuclear polarization (photo-CIDNP) and long-lived spin 
states (LLS) are two nuclear magnetic resonance (NMR) techniques that can be combined to 
achieve large signal enhancements and extended lifetimes of spin order, respectively, and their 
combination is useful for detecting biomolecular interactions. Here, we demonstrate that 
integrating photo-CIDNP hyperpolarization with LLS excitation through spin-lock induced 
crossing (SLIC) enables the highly sensitive detection of signals of ligands at micromolar 
concentrations. Using indole-3-propionic acid (IPA), we show that two of its CH₂ protons 
simultaneously support efficient photo-CIDNP polarization and SLIC-based singlet excitation, 
thus allowing the conversion of hyperpolarized Zeeman order into long-lived singlet order. The 
resulting CIDNP-LLS approach provides a signal-to-noise enhancement of up to 30-fold over 
conventional LLS, enabling the detection of 25 µM IPA in a 3 mm tube within two scans. In 
the presence of the enzyme arylalkylamine N-acetyltransferase (AANAT) at a 100 nM 
concentration, CIDNP-LLS offers superior binding contrast compared to conventional CIDNP 
or CIDNP combined with perfect echo refocusing (CIDNP-PEARLScreen), making it a 
powerful method for monitoring weak protein-ligand interactions. 

Key Words

Photo-chemically induced dynamic nuclear polarization

Long-lived spin states

Spin-lock induced crossing

Ligand-protein binding

Contrast upon binding

Drug screening
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful and versatile 
analytical techniques in chemistry and structural biology, providing atomic-resolution 
information on molecular structure, dynamics, and interactions. However, NMR suffers from 
inherently low sensitivity, arising from the small energy difference between nuclear spin states 
at thermal equilibrium, which results in only a tiny population difference, typically on the order 
of parts per million at standard magnetic field strengths. This sensitivity limitation restricts the 
applicability of NMR, particularly for samples available only at low concentrations, such as 
biomolecular targets relevant to drug discovery. Hyperpolarization methods have emerged as 
a powerful strategy to overcome this barrier, generating non-equilibrium nuclear spin 
polarization that can exceed thermal levels by several orders of magnitude. Among the most 
widely used approaches are dynamic nuclear polarization (DNP),1 para-hydrogen-induced 
polarization (PHIP),2 signal amplification by reversible exchange (SABRE),3 and 
photochemically induced dynamic nuclear polarization (photo-CIDNP),4,5 each offering 
distinct advantages in terms of applications to various molecules, hardware requirements, and 
experimental accessibility.6
However, hyperpolarized spin order is still subject to longitudinal relaxation, decaying with T1, 
which can be on the order of seconds for small molecules. Long-lived spin states (LLS) offer 
a solution to this limitation, providing spin states with lifetimes TLLS that can substantially 
exceed T1 by exploiting symmetry-forbidden relaxation pathways in near-equivalent spin 
pairs.7,8

Long-lived states (LLS) have a growing impact on drug discovery and molecular screening, 
as the LLS lifetimes TLLS decrease upon ligand interaction with an organized environment 
(e.g., protein binding pocket), enabling the observation of binding events between proteins 
and small molecules. Indeed, it has been shown that 1H or 19F LLS can be used for detecting 
binding between small ligands and macromolecular targets.9–11 Furthermore, because the 
contrast of LLS lifetimes caused by binding is independent of the molecular weight of the 
macromolecular target and because the ligand signal can be studied for longer times than 
responses limited by T1, LLS are of particular interest for low-molecular-weight targets and 
systems with fast dynamics, provided the fast exchange condition is fulfilled.
LLS are typically excited in isolated pairs of spins-1/2, where they can be defined as 
population imbalances between the mean populations of the triplet states T+1, T0, and T-1, and 
the singlet state S0.8 The extended lifetimes of LLS are due to the fact that the intra-pair dipole-
dipole mechanism, which can be a dominant contributor to T1 relaxation, cannot relax singlet-
triplet population imbalances. Long-lived states can also be excited in spin systems containing 
more than two spins-1/2,12–14 for example, in aliphatic moieties containing magnetically 
inequivalent methylene protons.15 Such spin systems contain pairs of strongly coupled spins, 
making spin-lock induced crossing (SLIC)16 well-suited for the excitation of LLS.17

A challenge for SLIC-LLS applied to aliphatic chains is its relatively low sensitivity, due to 
the limited conversion of magnetization into LLS. The combination of hyperpolarization with 
LLS is therefore an attractive approach, as it simultaneously addresses the sensitivity and 
timescale limitations of conventional NMR. Indeed, it has been demonstrated how LLS can 
be used to store hyperpolarization achieved by dissolution dynamic nuclear polarization 
(dissolution-DNP).18,19 Additionally, Razanahoera and coworkers have recently shown how 
bullet-DNP can be used to boost LLS signals observed by SLIC when deviating from the high 
spin temperature approximation, and how this can be used to detect binding events.20 Since 
DNP platforms are engineering-heavy and complex to operate, they are not easily accessible 
for high-throughput or routine NMR applications.
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In contrast, photochemically induced dynamic nuclear polarization (photo-CIDNP) provides 
an inexpensive, easy-to-implement, widely available method for hyperpolarization. This 
technique relies on light pulses with a length of typically a few seconds in continuous-wave 
mode (CW photo-CIDNP), using suitable dyes to create transient radical-pair reactions that 
can induce strong nuclear polarization.4,5,21 The chemical space accessible to photo-CIDNP 
has been substantially expanded in recent years, thereby enabling rapid and robust fragment 
screening for fragment-based drug design (FBDD) workflows.22–25 Photo-CINDP enhances 
signals by up to 3 orders of magnitude using standard NMR hardware.26 Photo-CIDNP has 
previously been shown to generate heteronuclear singlet order in 1H-13C spin pairs under zero- 
to ultralow-field conditions, demonstrating that photo-CIDNP and singlet order can in principle 
be combined.27

Building on these advances, this work introduces the first combination of photo-CIDNP and 
SLIC-LLS (CIDNP-LLS). We demonstrate a proof of concept for this approach, selectively 
detecting long-lived states of the CH2

(4) group of indole-3-propionic acid (IPA), and applying 
CIDNP-LLS to reveal the binding interaction of the ligand IPA with the target 
arylalkylamine N-acetyltransferase (AANAT)28, with a dissociation constant KD in the low 
millimolar regime. The performance of CIDNP-LLS is compared to established methods, 
including conventional CIDNP binding assays and the recently introduced PEARLScreen 
method,29 which can also be boosted by CIDNP, as shown in this work. This highlights the 
advantages of CIDNP-LLS for increased binding sensitivity in the context of drug discovery 
and FBDD.

Results and Discussion
Photo-CIDNP enhancement of IPA magnetization and its conversion into LLS

Aromatic amino acids and their analogues, such as tryptophan, tyrosine, and indole derivatives, 
are well known for their strong photo-CIDNP hyperpolarization.22,30 Among these, indole-3-
propionic acid (IPA) serves as a particularly suitable model compound because its indole CH2

(4)  
protons exhibit a large CIDNP enhancement and form a chemically equivalent, but 
magnetically inequivalent spin pair, because of the adjacent CH2

(5)  protons, making it suitable 
for SLIC.17 

Upon 520 nm CW laser irradiation in the presence of 20 µM fluorescein, the CIDNP-1D 1H 
NMR (CIDNP-1D) signal of CH2

(4) of IPA was enhanced approximately 30-fold compared to 
its thermal intensity (Figure 1A). Strong hyperpolarization of CH2

(4) was expected, as this 
methylene position is directly adjacent to the aromatic ring and therefore experiences large 
hyperfine couplings, consistent with the well-established CIDNP behavior of tryptophan and 
its analogues. In contrast, CH2

(5), being one carbon further removed from the ring, exhibits 
significantly weaker hyperfine couplings and consequently only a modest CIDNP 
enhancement.31 

For the SLIC pulse, the optimal amplitude is 𝑣SLIC = 29.5 Hz while the optimal pulse duration 
is 250 ms. Under these conditions, an LLS-derived signal was observed for CH2

(4), as shown 
in the grey spectrum of Figure 1B.
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When the SLIC experiment was preceded by laser irradiation to combine photo-CIDNP 
hyperpolarization with LLS excitation (CIDNP-SLIC), a substantial gain in sensitivity was 
obtained. The resulting spectrum in Figure 1B (black trace) exhibits a signal-to-noise 
enhancement of approximately 32-fold compared to the SLIC-derived spectrum without 
CIDNP (grey). Using only 25 µM IPA in a 3 mm NMR tube with merely two scans, CIDNP-
LLS signals with a signal-to-noise ratio S/N = 19 could be detected for an LLS-relaxation time 
LLS = 0.1 s, decreasing to S/N = 7 after LLS = 5 s (Figure 1C). This clearly demonstrates that 
CIDNP hyperpolarization can overcome the intrinsic sensitivity limitations of SLIC-based 
methods. These results establish IPA as a suitable system for a proof-of-concept, as it 
simultaneously fulfills the two key requirements of being both “CIDNPable” and “SLICable.” 
In the future, this limitation could be mitigated either by expanding the scope of photo-CIDNP 
through the development of new dye-molecule combinations or by coupling photo-CIDNP to 
alternative LLS excitation schemes which allow the excitation of LLS in spin pairs that are not 
chemically equivalent. However, such approaches often require continuous RF irradiation or 
other spin-locking schemes to sustain the singlet order. Spin pairs close to chemical 
equivalence do not require any sustaining. In addition, SLIC allows LLS excitation of several 
molecules in mixtures simultaneously.17 After showing the proof-of-concept that one can 
obtain a hyperpolarized LLS-derived signal using photo-CIDNP, we verified that the LLS 
lifetime is the same for thermal and CIDNP polarization.

Figure 1. Amplified detection of LLS of indole-3-propionic acid (IPA) using photo-CIDNP. (A) CIDNP-1D 
spectrum of 500 µM IPA recorded without (grey) and with laser irradiation of 2 s (black). The CH2

(4) group that 
exhibits CIDNP enhancement (grey dots on the molecular structure of IPA) is also accessible for LLS excitation 
by SLIC. (B) Comparison of LLS spectra of the CH2

(4) group of 500 µM IPA recorded starting with thermal 
Boltzmann polarization (scaled 16x, grey, 4 scans), and boosted by photo-CIDNP (black, 2 scans). Both spectra 
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were recorded with a relaxation delay LLS = 0.1 s. (C) CIDNP-LLS signal of CH2
(4) using 25 µM IPA (3 mm tube, 

2 scans) for LLS = 0.1 s (grey) and LLS = 5 s (black). No signal could be observed using the same setup with 
thermal polarization.

LLS lifetime of IPA under thermal and CIDNP conditions

Using a 5 mM IPA sample, the decay of the LLS excited in IPA was compared with a 
conventional T1 inversion-recovery experiment. As shown in Figure 2A, the LLS decay (TLLS 
= 10.1 s) is significantly longer than T1 = 1.3 s, confirming the formation of a state with an 
extended lifetime, with a ratio TLLS/T1 = 7.8.

To investigate the relaxation properties of LLS in IPA, relaxation experiments were performed 
under both thermal and photo-CIDNP conditions (Figure 2). The presence of the dye might 
have a deleterious effect on the lifetime, for example, if IPA could form a complex with the 
fluorescein dye. When repeating the same measurement under photo-CIDNP conditions 
(CIDNP-LLS) at a 100-fold lower concentration ([IPA] = 50 µM), a similar mono-exponential 
relaxation behavior was observed (Figure 2B). A conventional inversion-recovery experiment 
performed with thermal polarization on the same 50 µM sample yielded T1 = 1.4 s (Figure S2), 
consistent with the value measured at 5 mM. However, a signal-to-noise ratio of only 13 was 
achieved with 8 scans, highlighting that significantly more scans would be required to obtain 
data quality comparable to that of the CIDNP approach. The comparison of thermal-LLS and 
CIDNP-LLS decays underscores that the underlying singlet relaxation properties of IPA are 
essentially preserved under hyperpolarizing conditions. However, the progressive bleaching of 
the photosensitizer upon repeated laser irradiation turns out to be the main factor limiting the 
accuracy and dynamic range of conventional CIDNP-LLS relaxation experiments. Bleaching 
leads to an accelerated apparent signal decay that is unrelated to intrinsic LLS relaxation and 
must be considered for quantitative analysis. Strategies to alleviate bleaching, such as 
interleaved acquisition schemes (as used in this work) or the use of sacrificial reductants and 
radical quenchers (e.g., ascorbate, also known as vitamin C), are therefore relevant for real-
world implementations since such reagents may extend the usable time window of CIDNP-
LLS experiments.32 Here, we propose a different method, using “on-the-fly” CIDNP-LLS 
measurements. As has been demonstrated for bullet-DNP,20 the reconversion SLIC pulse can 
be shortened from the optimum SLIC

opt to SLIC
opt /N so that only a fraction of the LLS is 

converted into observable magnetization. This allowed “on-the-fly” monitoring of the 
relaxation of the LLS within a single scan (Figure 2C). However, the methods suffer from 
losses of signal-to-noise compared to the conventional approach. 
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Figure 2. CIDNP-SLIC pulse sequences. (A) LLS relaxation decay using thermal polarization SLIC-LLS pulse 
sequence (5 mM IPA, 5 mm NMR tube) compared with a T₁ inversion-recovery experiment. The T1 inversion-
recovery curve was normalized and inverted to match the decay of the LLS curve, allowing direct visual 
comparison of the two timescales. (B) CIDNP-LLS relaxation of 50 µM IPA (3 mm tube) obtained by pulse 
sequence shown on the right-hand side. The pulse sequence used to measure the CIDNP-T1 is shown in SI Figure 
S1. (C) CIDNP-LLS decay detected “on-the-fly” for 50 µM IPA (3 mm tube) using a CIDNP-LLS pulse sequence, 
where the SLIC pulse used to convert LLS into observable magnetization is shortened by a factor N = 5 to 
reconvert only a fraction of the LLS.

Comparing CIDNP-PEARLScreen and CIDNP-LLS for the detection of protein-ligand 
binding

The enhanced sensitivity of CIDNP-LLS was exploited to probe the interaction between the 
ligand IPA and the protein target dopamine arylalkylamine N-acetyltransferase (AANAT), a 
small enzyme (25 kDa) involved in melatonin biosynthesis.28 We showed in previous studies 
how CIDNP-1D can be used to detect binding (pulse sequence in SI Figure S1A).23 The 
PEARLScreen experiment has recently been introduced as a sensitive method for 1H-
screening.29 In this work, we show for the first time how CIDNP can be combined with 
PEARLScreen to detect the CIDNP signal attenuation through selective relaxation and the 
enhanced T2 relaxation upon binding in a sequence of experiments (SI Figure S1B). Figure 3 
compares the effect of AANAT addition on the IPA signals by measuring either CIDNP-
PEARLScreen or CIDNP-LLS.
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In the fast-exchange regime, binding-induced NMR contrast is governed by the population-
weighted averaging of relaxation rates, as described by Salvi et al.,9 where contrast is defined 
in terms of changes in relaxation rates ⟨Rᵢ⟩ between free and bound ligand states. As the rate-
based formulation requires access to full relaxation decay curves, which is often impractical in 
drug discovery applications, we introduce the single-point intensity-based contrast parameter 
CBind, defined as:

𝐶𝐵𝑖𝑛𝑑=
𝐼t,+𝑃

𝐼𝑡,𝑓𝑟𝑒𝑒
,(1)

where It,+P and It,free denote the ligand signal intensities at a given relaxation delay t in the 
presence and absence of protein, respectively. For experiments that provide two relaxation 
delays (e.g. PEARLScreen and SLIC), we follow the established notation of the ligand score 
Q29:

𝑄=
𝐼tmax,+𝑃

𝐼𝑡𝑚𝑖𝑛, +𝑃

𝐼tmin,free

𝐼𝑡𝑚𝑎𝑥,𝑓𝑟𝑒𝑒
,(2)

where the ratio between two normalized intensities at time points tmin and tmax (e.g., for 
minimal and maximal relaxation delays) is calculated. 

In all cases, a decrease in the IPA signal intensity was observed when [AANAT] = 10 µM was 
added to [IPA] = 200 µM, indicating binding between ligand and protein. The binding was 
confirmed with [15N, ¹H]-HSQC chemical shift perturbation experiments (see Figure S3 in SI), 
which allowed us to define an affinity with KD = 1.7 mM.

As shown in Figure 3A, CIDNP-1D spectra exhibited only moderate changes (CBind = 0.77 for 
CH2

(4)), whereas CIDNP-PEARLScreen (Figure 3B) and CIDNP-LLS (Figure 3C-D) provided 
significantly higher contrast. For the CH2

(4) resonance of IPA, CBind decreased to 0.3 for CPMG   
= 600 ms, resulting in Q = 0.44 using CIDNP-PEARLScreen.

In contrast, CIDNP-LLS, measured both step-by-step and on-the-fly, revealed a strong 
intensity reduction even at short LLS delays (LLS = 0.25 s) with respective CBind values of 0.36 
and 0.48. After a delay LLS = 5 s, these dropped to 0.11 or 0.2, respectively (Q = 0.31 and Q = 
0.42). The pronounced initial signal attenuation reflects not only enhanced relaxation of the 
long-lived state upon binding but also the fact that CIDNP-LLS uses a relatively long SLIC 
excitation period (SLIC = 250 ms), during which relaxation is already affected by the protein. 

These results demonstrate that boosting LLS by CIDNP can effectively bridge the sensitivity 
issues that have so far limited the use of LLS for drug screening applications. The pronounced 
contrast Q observed for CIDNP-LLS is probably not primarily governed by T2 or NOE-based 
relaxation pathways, but rather by changes in local symmetry, dynamics, and exchange 
processes.33 This distinct mechanism may explain the better performance of CIDNP-LLS in 
this system and highlights its potential utility in cases where conventional relaxation-based 
methods become less discriminative. 
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Figure 3. Signal reduction of CH2
(4) signals of IPA upon addition of the protein AANAT using CIDNP-1D, 

CIDNP-PEARLScreen, and CIDNP-LLS. Each spectrum represents 200 µM IPA in the absence (grey) and the 
presence (black) of 10 µM AANAT. Arrows indicate the intensity drop upon protein addition, and the numbers 
show the intensity ratios of the signal in the presence and absence of the protein (CBind). (A) Single scan CIDNP-
1D spectra of the aromatic and aliphatic regions using 2 s laser irradiation. (B) CIDNP-PEARLScreen spectra 
(only CH2

(4) shown) with relaxation delays τCPMG = 0 and 600 ms using the pulse sequence shown in Figure S1B 
of the SI. The sample was irradiated during 2 s with a CW laser (1.6 W, 520 nm) before each scan. (C) CIDNP-
LLS spectra with τLLS = 0.25 and 5 s, using the pulse sequence shown in Figure 1B. The sample was irradiated for 
1 s with the laser before each scan, and 2 scans were averaged. (D) “On-the-fly” CIDNP-LLS with τLLS = 0.25 
and 5 s, using the pulse sequence shown in Figure 1B. 16 scans were acquired, and the sample was irradiated with 
the laser for 2 s before each scan.

CIDNP-LLS shows the highest binding contrast at low protein concentrations

To illustrate the sensitivity of CIDNP-LLS to ligand-protein binding, the LLS decays obtained 
for [IPA] = [L] = 200 μM and various AANAT concentrations were fitted to mono-exponential 
functions (titration of Figure 4A). Even for a very low concentration [AANAT] = 100 nM, a 
significant relaxation enhancement is observed (TLLS

P+ = 7.83 ± 1.34 s < TLLS
free = 11.09 ± 1.93 

s). In the presence of [AANAT] = 10 µM, the lifetime decreases to TLLS
P+ = 2.95 ± 0.53 s. Note 

that for a relaxation period LLS > 10 s, it is impossible to detect any LLS-derived signals.

The binding contrast can be compared for (i) CIDNP-1D enhanced conventional spectra, (ii) 
CIDNP-enhanced perfect echoes (CIDNP-PEARLScreen), (iii) CIDNP-LLS by 
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using CBind or Q: CBind for the CIDNP-1D experiment was calculated according to Eq. 1. Eq. 2 
was used to determine Q for CIDNP-PEARLScreen and CIDNP-LLS. Thereby, either 0 or 20 
refocusing cycles (SI Figure S1B) with a spacing of t = 5 ms were used, resulting in a total 
relaxation delay tCPMG of tmin = 0 ms or tmax = 400 ms. The longest delay was chosen to be on 
the order of half of the transverse relaxation time of the free ligand (T2, free = 1.2 s). 

For the LLS experiments, storage delays of τLLS = 5 s and 10 s were used, corresponding 
approximately to 0.5*TLLS, free and TLLS, free, respectively. As illustrated in Figure 4, a binding 
contrast for all three methods is visible at [AANAT] = 10 µM. At low protein concentrations, 
the binding contrast for LLS is clearly superior to the other methods, regardless of relaxation 
delay. At low protein concentrations, the difference between τLLS = 5 s and τLLS = 10 s is 
relatively small within the experimental uncertainty. This is mainly due to the reduced signal-
to-noise ratio at long storage delays, which leads to larger error bars and limits the precision of 
the extracted contrast values. In the range 0.1 < [AANAT] < 1 µM, little contrast is visible for 
the CIDNP-1D or CIDNP-PEARLScreen methods, but Q < 0.8 for CIDNP-LLS.

The titrations in Figure 4 highlight the central advantage of CIDNP-LLS for binding detection: 
the gain in contrast at low protein concentrations, where conventional CIDNP and CIDNP-
PEARLScreen show poorer contrast. A practical trade-off of this approach is that full LLS 
decay curves inherently require longer experimental times than T2-based methods, simply 
because the signal decays more slowly. However, as is common in fragment-based screening, 
the acquisition time can be significantly reduced by sampling only a minimal number of LLS 
delays (e.g., a single short and a single long delay LLS) instead of recording a complete 
relaxation curve. In combination with CIDNP hyperpolarization, this strategy retains much of 
the enhanced binding contrast while keeping the overall experiment time compatible with the 
demands of NMR screenings. Thus, although CIDNP–LLS introduces some additional 
complexity compared to standard CIDNP-1D or CIDNP-PEARL, its enhanced binding contrast 
makes it a compelling addition to the toolbox of NMR-based drug discovery.
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Figure 4. Binding contrast of CIDNP-1D, CIDNP-PEARLScreen, and CIDNP-LLS as a function of the 
concentration of the protein AANAT. (A) Normalized CIDNP-LLS relaxation decay curves of 200 µM IPA 
recorded with different AANAT concentrations. Data were fitted to mono-exponentially decaying functions. Error 
bars represent the signal-to-noise ratio (SNR). (B) Contrast parameters CBind (Equation 1) for CIDNP 
measurements and Q (Equation 2) for CIDNP-PEARLScreen and CIDNP-LLS measurements for different 
AANAT concentrations.

Conclusion and Outlook

The present work demonstrates the feasibility of combining photo-CIDNP and LLS excitation 
to enhance the sensitivity of SLIC-LLS and detect LLS at micromolar ligand and nanomolar 
protein concentrations. This enables the detection of weak protein-ligand interactions with 
higher binding contrast than established NMR methods such as CIDNP-1D or 
PEARLScreen.23,29 The approach benefits from the complementary advantages of both 
techniques: photo-CIDNP provides rapid, non-invasive hyperpolarization only requiring an 
inexpensive light source and a compatible dye-molecule pair, while LLS offers slow relaxation 
and sensitivity to molecular symmetry and dynamics, being sensitive to minor changes in the 
molecular environment of the long-lived state over a time window that is longer than in 
conventional NMR methods.

Although CIDNP-LLS provides better binding contrast than established CIDNP-1D and 
PEARLScreen, these and other screening methods, such as STD-NMR34 or WaterLOGSY35, 
provide highly efficient detection of weak binders, often with excellent throughput and minimal 
experimental complexity. The added value of CIDNP-LLS, therefore does not lie in replacing 
established approaches, but in complementing them with a fundamentally different contrast 
mechanism. In addition, the use of competition-based assays, as demonstrated previously, can 
help mitigate the chemical-space limitations inherent to CIDNP-LLS.

CIDNP-LLS is particularly attractive for systems in which traditional contrast mechanisms 
become less discriminative, such as low-molecular-weight proteins, binding events that induce 
pronounced symmetry changes in the ligand, or targets with ill-defined binding pockets. In this 
context, the method may provide a useful tool for probing the drugability of IDPs, where global 
tumbling changes are minimal, but local or symmetry-related perturbations can be significant.

Materials and Methods
Expression of His-AANAT

The plasmid encoding N-terminal His-tagged AANAT and kanamycin resistance was 
transformed into E. coli BL21(DE3) Star. For expression, two precultures (25 mL each) were 
grown overnight in LB medium at 37 °C. These were used to grow a 15N labelled M9 minimal 
culture, which was incubated at 37 °C until reaching an optical density (OD₆₀₀) of 0.6. The 
temperature was reduced to 25 °C and expression was induced at OD₆₀₀ = 0.75 by the addition 
of 1 mM IPTG, allowing growth to continue at 25 °C overnight. Cells were harvested by 
centrifugation, and the pellet was re-suspended in 20 mM Tris-HCl (pH 7.9), 500 mM NaCl, 
and 5 mM imidazole, 5 mM β-mercaptoethanol (BME). The suspension was filtered and lysed 
using a microfluidizer. Cellular debris were removed by centrifugation at 20,000 rpm for 30 
min at 4 °C, followed by filtration of the supernatant. The lysate was applied to a Ni²⁺-NTA 
affinity column equilibrated with the same buffer. The column was washed with lysis buffer to 
remove non-bound proteins. His-AANAT was eluted using lysis buffer containing 500 mM 
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imidazole. The protein was concentrated to 500 µM and buffer-exchanged into NMR buffer 
(20 mM sodium phosphate, 100 mM NaCl, pH 7.0), flash frozen, and lyophilized for long-term 
storage. (Please note that the protein is not stable for more than 2 days in solution). All NMR 
experiments were performed in the NMR buffer containing 100 % D2O (pD = 7.0)

NMR experiments
All NMR experiments were carried out on a Bruker Advance III HD 600 MHz equipped with 
a Cryoprobe. All photo-CIDNP experiments were conducted using the commercial CRIO-X 
setup equipped with a 1.6 W laser at 520 nm.26

¹H-CIDNP and ¹H-CIDNP-PEARLScreen experiments were recorded with varying laser 
irradiation times and CPMG delays. Each spectrum was acquired with 16384 complex points 
in the direct dimension, corresponding to a total acquisition time of 0.85 s. Residual water was 
suppressed using WATERGATE.36 The intervals τ between the CPMG refocusing pulses were 
chosen to be 5 ms. Unless stated otherwise, 2 s of laser irradiation was applied before each 
scan.

SLIC-based experiments were acquired with delays 0.1 < τLLS < 30 s, 2 scans, and 16384 
complex points in the direct dimension (acquisition time of 0.85 s). LLS for IPA was excited 
using a SLIC pulse length of 250 ms with an attenuation of 54.38 dB (ca. 29.6 Hz radio-
frequency amplitude, near 2Jgeminal). In “on-the-fly” measurements, the duration of the second 
SLIC pulse was shortened by a factor N = 5 or 3, according to the number of LLS delays 
acquired, using 16 scans. For CIDNP-LLS experiments, 1 s of laser irradiation was applied 
before each scan to reduce bleaching effects, unless otherwise specified.

All photo-CIDNP measurements were performed in the presence of 5 mM glucose, 20 µM 
fluorescein, and 200 nM each of glucose oxidase and catalase, as previously reported.37

Peak picking and SNR determination for all experiments were performed using Mestrenova 
software (Mnova, Mestrelab Research). Data analysis was performed using Python.

[15N, ¹H]-HSQC spectra of 120 µM AANAT were acquired with 200 x 2048 points (t₁max = 41 
ms, t₂max = 0.121 s), and 44 scans per increment. The IPA concentrations were 0, 100, 250, 
500, 1000, 2000, and 5000 µM. Peak picking was performed with CCPNMR 3.3.2.138, and 
subsequent analysis was carried out in Python.

Chemical shift perturbations (CSPs) were calculated according to:39

∆𝛿𝑜𝑏𝑠 =
𝛿𝑜𝑏𝑠,𝐻-𝛿𝑓𝑟𝑒𝑒,𝐻

2 + 0.14 𝛿𝑜𝑏𝑠,𝑁-𝛿𝑓𝑟𝑒𝑒,𝑁
2

2 (3)

where 𝛿𝑜𝑏𝑠 and 𝛿𝑓𝑟𝑒𝑒are the chemical shifts in the 1H and 15N dimensions of the [15N, ¹H]-
HSQC of the protein AANAT in the presence or absence of IPA. Dissociation constants were 
determined by fitting the observed CSPs to 
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∆𝛿𝑜𝑏𝑠=∆𝛿𝑚𝑎𝑥
𝐾𝐷+𝐿𝑡𝑜𝑡+𝑃𝑡𝑜𝑡- (𝐾𝐷+𝐿𝑡𝑜𝑡+𝑃𝑡𝑜𝑡)2-4𝐿𝑡𝑜𝑡𝑃𝑡𝑜𝑡

2𝑃𝑡𝑜𝑡
,(4)

where ∆𝛿𝑚𝑎𝑥 is the maximal chemical perturbation upon full saturation of the protein, Ltot and 
Ptot are the total IPA and AANAT concentrations in the sample, and KD is the dissociation 
constant of the complex of IPA and AANAT.
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NMR data of Figures 3 and 4 are available at Zenodo at 10.5281/zenodo.18743676. Other 
additional results are shown in the supplementary information.
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