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Abstract

Photochemically induced dynamic nuclear polarization (photo-CIDNP) is a powerful approach for
sensitivity enhancement in NMR spectroscopy. In liquids, inter-molecular photo-CIDNP depends
on the transient bimolecular reaction between photoexcited dye and sample of interest. Hence the
extent of polarization is sample-concentration dependent. This study introduces fluorescein (FL)
as a photo-CIDNP dye whose performance is exquisitely tailored to data collection at extremely
low sample concentrations. The photo-CIDNP resonance intensities of tryptophan in the presence
of either FL or FMN (i.e., the routinely employed flavin mononucleotide photosensitizer) in the
liquid state show that FL yields superior sensitivity and enables rapid data collection down to an
unprecedented 1 micromolar concentration. This result was achieved on a conventional
spectrometer operating at 14.1 Tesla, and equipped with a room-temperature probe (i.e., non-
cryogenic). Kinetic simulations show that the excellent behavior of FL arises from its long
excited-state triplet lifetime and superior photostability relative to conventional photo-CIDNP
sensitizers.
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Liquid-state nuclear magnetic resonance (NMR) spectroscopy is a prime tool to investigate
molecular structure and dynamics at atomic resolution under non-perturbative conditions.
NMR structural studies typically encompass a wide array of molecules, ranging from the
fields of material science and organic chemistry to structural biologyl—4. Unfortunately, the
low intrinsic sensitivity of NMR spectroscopy imposes severe limitations to the number of
detectable nuclear spins, and typical liquid-state samples are in the high-micromolar to
millimolar concentration regime. Over the last few decades, a number of advances
contributed to mitigate the low sensitivity of NMR spectroscopy. These include high applied
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fields, pulsed Fourier-transform techniques and cryogenic probes. More recent approaches
focused on generating hyperpolarization by transiently shifting the Boltzmann distribution of
nuclear spin states®’. These strategies include dissolution dynamic nuclear polarization
(DNP)8, para-hydrogen-induced polarization (PHIP) coupled with signal amplification by
reversible exchange (SABRE)®11, optical pumping213, methods relying on the Haupt
effect!®, Overhauser dynamic nuclear polarization (DNP)® and photo-chemically induced
dynamic nuclear polarization (photo-CIDNP)16:17_ Given its short hyperpolarization time
(~1078 s) and highly non-perturbative nature, photo-CIDNP has recently received
considerable attention as a hyperpolarization tool for aromatic amino acids, polypeptides
and proteins in solution’-18-24,

Nuclear spin hyperpolarization by photo-CIDNP in liquids is governed by the radical pair
mechanism16:25.26 which involves a reversible electron transfer between the molecule of
interest and a photo-excited triplet state photosensitizer in the context of a transient triplet
ion pair.

Although photo-CIDNP in the solid state, which typically proceeds via a different
mechanism!827 has previously reached low concentrations down to ~100 nM?28, photo-
CIDNP studies in solution have not pushed the low-concentration limit to date. As a result,
typically photo-CIDNP studies in liquids employ ~1 mM or higher sample
concentration26:29:30, Recent developments by Cavagnero and coworkers enabled photo-
CIDNP data collection at 5 uM in the presence of catalytic amounts of oxygen-scavenging
and reducing enzymes?2. However, overall, there is still an unfulfilled critical need for
efficient data collection at even lower concentrations, in liquid-state nuclear magnetic
resonance.

In this work, we introduce the photo-CIDNP sensitizer dye fluorescein, primarily active in
its dianion form (FL), and we show that its photophysical properties are exquisitely tailored
to photo-CIDNP data collection at low sample concentrations. We demonstrate that efficient
data collection down to 1 uM sample concentration can be achieved on a commercially
available narrow-bore 14.1 Tesla (600 MHz) NMR spectrometer equipped with a room-
temperature probe and adapted to accommodate laser-enhanced data collection.

Previous usage of the FL dye in the context of photo-CIDNP was limited. The only reported
studies were performed at low field (2.1 Tesla, i.e., 90 MHz) and at high sample
concentration3:32 (10-100 mM).

Experimental Methods

Amino acids

and photo-sensitizers

13C-15N-labeled Trp was purchased from Sigma-Aldrich (574597) or from Cambridge
Isotopes (CNLM 2475-H-0.1). 13C-15N-labeled Tyr (607991) and His (608009) were
purchased from Sigma-Aldrich. The photo-CIDNP sensitizers flavin mononucleotide (FMN,
F8399) and fluorescein (FL, F6377) were purchased from Sigma-Aldrich.

J Phys Chem B. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okuno and Cavagnero Page 3

Oxygen-scavenging enzymes

The enzymes glucose oxidase (GO, from Aspergillus niger, catalog number G7141, Enzyme
Commission classification code: EC 1.1.3.4) and catalase (CAT, from bovine liver, catalog
number C40, EC 1.11.1.6) were purchased from Sigma-Aldrich (St. Louis, MO), and nitrate
reductase (NR, from Arabidopsis thaliana, catalog number AtNaR, EC 1.7.1.1) was acquired
from NECi (Lake Linden, MI). All enzymes, provided in freeze-dried form, were separately
dissolved in 30 mM potassium phosphate (pH 7.0). Separate single-use GO and CAT stock
solutions (ca. 5.5 —6.2 and 4.2-5.2 UM, respectively) were prepared and stored at —80 °C
after flash-freezing in liquid nitrogen. The concentration of GO and CAT were measured
using extinction coefficients of 267,200 M~1cm1 at 280 nm33 and 912,500 M~cm=1 at 276
nm33, respectively. The activity of GO and CAT was found to vary significantly from batch
to batch. The specific activities of GO and CAT batches used in this work were 100,000-
250,000 units/mg and 2,000-5,000 units/mg, respectively. One unit of GO is defined as the
amount of enzyme able to oxidize 1.0 pmole of -D-glucose to D-gluconic acid and H,O»
per minute at pH 5.1 at 35 °C. One unit of CAT is defined as the amount of enzyme required
to decompose 1.0 pmole of H,O, per minute at pH 7.0 at 25 °C. When relevant, the NR
enzyme was also used. 10 units/mL NR stock solution was used. One unit is defined as the
amount of enzyme that reduces 1.0 umole of nitrate to nitrite per min at pH 7.5 and 30 °C,
with NADH serving as the substrate. Enzyme aliquots were thawed in a water bath at room
temperature before use.

NMR sample preparation

All NMR samples contained 5-10 % D,0 and 10 mM potassium phosphate (pH 7.0 £ 0.1).
The photo-CIDNP experiment in the presence of the GO and CAT enzymes included 5 mM
D-glucose (158968, Sigma-Aldrich), and 0.24-54 uM and 0.15-0.30 uM of GO and CAT,
respectively. The enzyme concentrations were adjusted to provide optimal photo-CIDNP
intensities on a reference sample containing 20 UM Trp every time new enzyme stocks were
made. When relevant, 0.3 units per 700 uL of NR was used in experiments employing the
FMN sensitizer, where the full NR-GO-CAT tri-enzyme system was used?2. All the samples
used for photo-CIDNP experiments were incubated in the NMR spectrometer for at least 15
min for the oxygen concentration to reach a steady state.

Photo-CIDNP NMR experiments

All photo-CIDNP NMR experiments were carried out with an argon ion laser (2017-AR,
Spectra-Physics-Newport Corporation, Irvine, CA) in multiline mode (main lines at 488 and
514 nm). The laser light was focused into an optical fiber using a convex lens (LB4330,
Thorlabs, Newton, NJ) and a fiber-coupler (F-91-C1-T, Newport Corporation). The optical
fiber was guided into a glass NMR-tube coaxial insert (WGS-5BL, Wilmad-Labglass,
Buena, NJ), which was then inserted into the NMR tube and adjusted to be 5mm above the
receiver coil region. The nominal laser power was assessed with a power meter prior to the
NMR experiments, at the optical fiber tip to be inserted in the NMR tube. A 1D version of
the 13C-PRINT pulse sequence?® (with 13C chemical-shift evolution time set to zero) was
used for all photo-CIDNP experiments, unless otherwise stated. The experiment was run in
constant-time mode, with the total evolution time in the indirect dimension set to 13 and 27
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ms for side-chain and C® carbons, respectively. The spectral width was set to 9,000 Hz with
2,700 complex points. Unless otherwise stated, all photo-CIDNP data were collected at

25 °C on a Varian INOVA 600 MHz (14.1 Tesla) NMR spectrometer equipped with a triple-
resonance TH{13C 15N} triple-axis gradient room-temperature (i.e., not cryogenic) probe.
Laser irradiation time was set to 0.1 s. This value was chosen after performing sample
experiment testing the S/N dependence of laser irradiation time (Fig. S1). The relaxation
delay was set to 10 s and 2.5 s for all single-scan and the other experiments, respectively. All
1D time-domain data were apodized with a 5 Hz exponential line-broadening function and
baseline corrected with a multi-point baseline routine using the Mesternova Software (V.
10.0, Mestrelab Research, SL, Santiago de Compostela, Spain).

Non-laser-assisted reference NMR experiments

Higher-field non-laser-enhanced NMR experiments were performed on a 900 MHz (21.2
Tesla) Agilent NMR spectrometer (Direct Drive2 900 console) equipped with a 5

mm TH{13C15N} cryogenic probe. All NMR samples contained 5 % D,0 and 10mM
potassium phosphate (pH 7.0). No GO-CAT enzymes nor D-glucose were added to the
samples. All measurements were performed at 25 °C.

Determination of S/N and cumulative S/N

The signal-to-noise ratio (S/N) was determined according to

S
S/N=2.5 x N O

PTP

where S denotes the NMR signal, i.e., the resonance intensity riding above the noise
envelope., and Np7p denotes the peak-to-peak noise amplitude. The latter was evaluated
within the 67 and 8-9 ppm ranges for aromatic resonances, and from the 2.0-3.5 ppm
range for aliphatic resonances. The cumulative S/N was evaluated as
> S
S/N=25 x —==L

n 5 (&3]
Z (NPTP)k
k=1

where n denotes the number of transients, Sy denotes the signal intensity of interest, and
NpTp denotes the peak-to-peak noise amplitude of the kth experiment.

Electronic absorption spectroscopy

Electronic absorption data were collected with a Hewlett-Packard 8452A diode-array
spectrophotometer. Unless otherwise stated, samples were removed from the NMR tube
after NMR data collection, thoroughly mixed and transferred to a disposable cuvette (14—
878, Fisher Scientific, Pittsburgh, PA) for electronic absorption data collection. Some
absorption spectra were also recorded directly in the NMR tube as described?2. Briefly, the
NMR tube containing the sample of interest was inserted in a disposable cuvette (14-955,
Fisher Scientific, Pittsburgh, PA) and secured to the bottom of the cuvette via a glued NMR
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cap. The interstitial space between the cuvette and the NMR tube was then filled with
water?2,

Trp fluorescence emission spectroscopy

All Trp fluorescence emission data were collected at 25 °C on a PC1 fluorimeter (ISS,
Urbana Champaign, IL) upon excitation at 280 nm. Quartz cuvette (Hellma GmbH & Co.
KG, Mullheim, Germany) was used, and slit widths of both excitation and emission channels
were set to 0.5 mm, corresponding to a 4 nm bandwidth.

Kinetic Simulations

The procedures followed for the kinetic simulations carried out in this work are described in
the Supporting Information.

Results and Discussion

FL is an effective photo-CIDNP sensitizer in the presence of catalytic amounts of glucose
oxidase and catalase

The structures of FL and typical photo-CIDNP dye flavin mononucleotide (FMN) are shown
in Figure 1. Previous studies?2 showed that photo-CIDNP significantly decreases in the
presence of molecular oxygen. This phenomenon is likely due to the quenching of the
photoexcited triplet dye by ground-state oxygen (30,) and substrate photodegradation by the
resulting singlet oxygen (10,). Hence, we minimized the deleterious effect of O, upon
addition of catalytic amounts of the glucose oxidase (GO) and catalase (CAT) enzymes to
NMR samples as described?2. This operation was further justified by the explicit report that
molecular oxygen quenches the photoexcited T triplet state of FL1234, the photo-sensitizer
analyzed in this work. As expected, the 1D 13C PRINT photo-CIDNP NMR spectrum of Trp
in the presence of FL (under laser-on, i.e., /ight conditions) yields higher S/N in the presence
of catalytic amounts of the GO-CAT enzymes (Fig. 1c).

FL is a more effective photo-CIDNP sensitizer than FMN, at low Trp concentration

Next, we established an explicit comparison between the Trp concentration dependence of
photo-CIDNP in the presence of optimized amounts of either the FMN or FL dyes. Single-
scan 1D 13C PRINT photo-CIDNP23 data were collected and the results are reported in
panels a and b of Figure 2. At high Trp concentration, close to the millimolar range, FMN is
a better photosensitizer than FL. However, as the Trp concentration approaches 100 uM or
lower, FL outperforms FMN. This result is best appreciated by noting that the low
concentration range yields ratios of signal-to-noise (S/N) values > 1, as shown in panel b of
Figure 2. It is worth noting that under our experimental conditions FMN yields a S/N of zero
at <5 uM Trp concentration, corresponding to no detectable signal. However, a good-quality
spectrum is obtained in the presence of FL. Clearly, FL is a much better photo-CIDNP
sensitizer than FMN at low Trp concentration. In all, the above data show that FL is
particularly well suited to the analysis of low-concentration NMR samples, enabling NMR
data collection at unprecedented sensitivity.
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Remarkably, a comparison between the S/N achieved with the 1D 13C PRINT photo-CIDNP
pulse sequence experiments for the 13C12-1H Trp side-chain and the 13C®-1H Trp backbone
resonances at 14.1 Tesla (i.e., with a 600 MHz spectrometer) shows good S/N, at the very
low 5 uM Trp concentration (Fig. 2c).

An additional evaluation of the excellent nature of the enhancement is provided by a
reference sensitivity enhanced HSQC experiment (*H-13C SE-HSQC26) performed on an
identical sample at the higher field of 21.2 Tesla (i.e., on a 900 MHz spectrometer) on a
magnet equipped with a cryogenic triple-resonance probe. This experiment yielded no signal
(Fig. 2c). A comparison between the 14.1 and 21.2 Tesla experiments shows that remarkable
sensitivity can be rapidly achieved via H-13C photo-CIDNP in the presence of FL even on a
routinely available NMR spectrometer.

Long-term data collection is feasible

Next, we show that FL yields excellent results upon long-term data collection. As shown in
Figure 3, 300 consecutive photo-CIDNP scans were successfully collected on the same
sample in the presence of either FL or FMN. We also acquired laser-off reference data
consisting of a sensitivity-enhanced 1H-13C HSQC (SE-HSQC) experiment3®. An
enhancement factor up to 21-fold was obtained for 1D 13C PRINT relative to SE-HSQC, and
over 300 scans could be acquired with only moderate signal losses due to photodegradation.

Both Tyrosine (Tyr) and Trp undergo effective photo-CIDNP at low micromolar
concentration in the presence of FL

To investigate whether FL may be an effective photo-CIDNP sensitizer for amino acids other
than Trp, we tested two other residues known to undergo 13C photo-CIDNP, Tyr and
histidine (His), in the presence of FL at 5 UM concentration. Interestingly, Tyr exhibits
substantial S/N enhancement upon laser irradiation (light conditions) relative to laser-off
data collection (dark conditions), as shown in Figure S2. No significant photo-CIDNP
enhancement was observed in the case of His (Fig. S2). The reasons behind the lack of
photo-CIDNP responsiveness exhibited by the latter amino acid are presently unknown and
beyond the scope of this study. The excellent results exhibited in the presence of Trp and Tyr
highlight the potential usefulness of the FL photosensitizer for the selective detection of Trp
and Tyr at low micromolar concentration in biologically relevant systems.

Photo-CIDNP measurements can be extended down to 1 micromolar Trp concentration

Encouraged by this result, we proceeded to examine photo-CIDNP at the extremely low Trp
concentration of 1 UM in the presence of an optimized total concentration of FL (2.4 uM)
and the oxygen-scavenging GO-CAT enzymes, at 14.1 Tesla. While single-scan experiments
did not yield a particularly large S/N, a moderate degree of signal averaging (8 scans) was
carried out, so that a better S/N could be obtained while minimizing photodegradative
processes (Fig. 4). Under these conditions we could rapidly achieve good sensitivity in only
a few seconds. The photo-CIDNP enhancement is extremely high, though not directly
quantifiable due to the lack of measureable signal in the corresponding dark (i.e. laser-off)
experiment. A reference non-laser-assisted SE-HSQC experiment, carried out on an
equivalent 1 pM Trp sample with a {*H,23C, 15N} cryogenic triple-resonance probe at 21.2

J Phys Chem B. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okuno and Cavagnero Page 7

Tesla, (i.e., one of the highest presently available fields for NMR data collection), yielded no
signal (Fig, 4a). Interestingly, in order to achieve a comparable S/N in the absence of laser-
assisted technology, we had to resort to data collection at 21.2 Tesla for 15,872 scans (Fig.
4b). Hence our photo-CIDNP setup in the presence of FL enables efficient data collection at
1 uM concentration, with a time saving of more than 1,980-fold over data collection with
state-of-the-art high-field instrumentation equipped with a cryogenic probe.

Kinetic simulations provide insights into the origin of FL effectiveness of as a photo-
CIDNP sensitizer

In order to gain additional insights into the origin of FL’s effectiveness as a photo-CIDNP
sensitizer we carried out Kinetic simulations according to the reaction scheme of Figure 5a.
The corresponding energy diagram, listing the main relevant kinetic steps, is shown in
Figure 5b. In all simulations, we focused on evaluating the triplet-state concentration of the
photo-CIDNP dye ([T1D]) upon continuous laser light irradiation. Given that we observed
that dye concentration needs to be optimized for each photo-CIDNP experiment at any given
laser power/irradiation time/total Trp concentration, we decided to probe the effect of overall
dye concentration ([D]iot) on the photoexcited triplet-state dye under steady-state conditions.
Steady-state was reached after about 10 ms, i.e., much earlier than the experimental laser
irradiation time of 0.1 s (Fig. S3), thereby supporting that steady-state conditions have fully
been achieved in all experiments presented here. First, we considered the limiting behavior
of the photo-CIDNP dye at very low total Trp concentration, by setting [Trp]tor— 0. This
condition corresponds to neglecting all kinetic steps involving Trp in the kinetic scheme of
Figure 5a. A Jablonski-type energy diagram is also shown in Figure 5b. As shown in Figure
5c, a very high concentration of the triplet-state dye T1D is computationally predicted, in
case the intermolecular processes depopulating 1D (including dye-to-dye intermolecular
collisions) and light absorption by the dye throughout the length of the NMR sample are
neglected. This scenario is illustrated in the solid line of Figure 5¢. On the other hand, when
dye-to-dye intermolecular collisions are included in the calculations (short-dashed line of
Fig. 5¢), strong deviations from the idealized curve are present. When both dye-to-dye
collisions and light penetration throughout the NMR sample are taken into account, the T1D
concentration is predicted to decrease dramatically, with a global maximum at low-
micromolar dye concentration. In contrast, at high total Trp concentration (1 mM, Fig. 5d)
the dye-to-dye collisions are not as important for depletion of the 71D population. This result
stems from the fact that the photo-CIDNP-favoring collision of XD with Trp is much more
frequent at high total Trp concentration.

When laser-light penetration through the NMR sample is taken into account (long-dashed
lines of panels ¢ and d of Fig. 5), it is clear that the population of the T1D state is much
lower, regardless of Trp concentration. This phenomenon is a consequence of the large
absorption cross section of FL. To provide a realistic account of our experimental conditions,
all the simulations in panels e through h take both collisional quenching and light
penetration through the NMR sample into account.

Next, we performed simulations at a low total Trp concentration. As shown in Figure 5e, at
the optimized total FL concentration of 3—-4 pM (close to the experimentally detected value
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of 6 UM), the rate constant ks, pertaining to the nonradiative processes that decrease the
triplet dye (T1D) (and that do not depend on dye-to-dye collisions), has a large influence on
the steady-state concentration of T1D. Hence this rate constant is predicted to be an
important parameter for any photo-CIDNP-active dye targeting efficient NMR data
collection at low sample concentration. In contrast, at high total Trp concentration (1 mM,
see Fig. 5f), it is clear that the kg rate constant is not a critical parameters, since the triplet
dye concentration is only negligibly dependent on the value assigned to kts.

Panel g of Figure 5 shows a superposition of the simulated and experimental data for photo-
CIDNP at 10 uM total Trp (see also Fig. S9). A good agreement between computations and
experiments is observed, suggesting that our simulations properly capture the nature of the
phenomenon. As shown in Table 1, the experimentally determined known value 36 of kg for
the FL dye is 50 s=1, which is 98-fold smaller than the corresponding value for FMN. The
small known value of kyg of FL, together with the simulations in Figure 5e and the generally
good agreement between simulated and experimental data in Figure 5g highlight the fact that
the long excited-state triplet lifetime of FL is likely an important contributor to the favorable
photo-CIDNP behavior of this dye.

Next, we estimated the predicted dependence of the steady-state triplet dye concentration on
electron-transfer rate. Electron transfer is a key process in photo-CIDNP that takes place
after the dye and the NMR-active molecule of interest have formed the collision complex
denoted in Figure 5a as (T1D Trp). While an experimental value for the electron-transfer rate
constants ket for the oxidation of Trp by triplet excited-state FL is not currently available,
we predicted this value according to Marcus electron transfer theory 37:38:39 applied to the
Trp-FL collision complex, upon taking into account a number of experimentally available
parameters, including the T — Sg energy gap of FL (see Table 1). The simulations in panels
c-f of Figure 5 use this value. In panel h of Figure 5, we estimated how the steady-state FL
triplet dye concentration is expected to depend on the electron transfer rate constant K.
Interestingly, this dependence is found to be rather steep. This result is important because it
shows that, in addition to a small ktg value and a high extinction coefficient, photo-CIDNP
experiments also benefit from a large electron-transfer rate constant. While high electron-
transfer rates depopulate the triplet excited-state dye, they favor radical-pair formation, a key
intermediate in photo-CIDNP.

We then estimated the expected total T1D concentration as a function of extinction
coefficient (¢) of the dye (5°D). The & parameter plays an important role in modulating

the T1D concentration upon laser irradiation. This concept is best appreciated upon close
inspection of the kinetic scheme in Figure 5a. This scheme shows that a high value of ¢ is
expected to shift the S°D — S1D reaction to the right, at any given total dye concentration. In
addition, a high dye concentration increases the rate of the self-quenching (1D + S°D —

2 S°D) process, which depopulates T1D. Hence, low S°D dye concentrations seem to be
generally desirable. Now, our kinetic simulations show that at low Trp concentration higher
values of the extinction coefficient € promote higher values of the maximum achievable
steady-state "D (Fig. 6 a and b). In contrast, at high Trp concentration the value of € has a
much smaller effect on the maximum achievable T1D (Fig. 6¢). Hence, it is clear that dyes
with high ¢ values are expected to be highly beneficial at low Trp concentration because they
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enable achieving large T1D concentration while keeping the total S°D concentration low. In
this way, the contribution of unproductive self-quenching pathways is minimized. A
graphical representation of this overarching conclusion is provided in the bar graph of Figure
6d.

In summary, the synergistic analysis of kinetic simulations and experiments lead to the
following take-home messages regarding FL’s peculiar behavior as a photo-CIDNP
sensitizer. At first glance, inspection of Table 1 may erroneously suggest that the
photophysical properties of FL, particularly its slow kjsc and fast kg, qualify it as an
unsuitable photo-CIDNP dye. Importantly however, our kinetic simulations and experiments
showed that, at extremely low concentration of the NMR-active molecule of interest (e.g.,
Trp or Tyr at ca. 1-10 uM), the long triplet-state lifetime (kts™1) and the high extinction
coefficient (¢) of FL override the unfavorable small kisc and large kg values and contribute to
render FL an excellent photo-CIDNP sensitizer. Best results are obtained when the total FL
concentration ([D]toT in Figs. 5 and 6) is optimized for each concentration of the NMR-
active molecule of interest. Optimal FL concentrations are usually in the low micromolar
range. Finally, the kinetic simulations of Figure 5h suggest that future experimental
determinations and optimization of electron transfer rates have the potential to further
improve FL’s efficiency as a photo-CIDNP sensitizer.

The extent of potential photo-damage of FL and Trp induced by laser irradiation was
explicitly tested following photo-CIDNP long-term data collection. We found that at low uM
Trp and FL concentration only a moderate extent of inactivation of each species occurs,
amounting to approximately 0.5 % per scan (Supplementary Fig. S5). The cumulative S/N of
Trp keeps increasing steadily even after 80 scans. This result confirms that the FL photo-
CIDNP sensitizer is compatible with long-term NMR data collection. Therefore, while it is
generally preferable to collect as few scans as possible for overall minimization of
photodamage, several transients can be acquired with negligible consequences for sample
integrity at 1-5 uM Trp. More detailed comments on photoinduced inactivation are provided
in the Supporting Information.

Conclusions

In summary, this study shows that fluorescein is an excellent photo-CIDNP sensitizer
suitable for hypersensitive NMR data collection in liquids down to an unprecedented 1 uM
concentration. The experiments shown here lead up to two-thousand-fold time savings
relative to the best non-photo-CIDNP state-of-the-art setups. Future investigations will test
the applicability of this methodology to a wider array of biomolecules. More detailed future
mechanistic studies involving time-resolved photo-CIDNP experiments employing pulsed
lasers will be instrumental to reveal the contribution of F-pairs and degenerate electron
exchange polarization effects to photo-CIDNP at low sample concentration in the presence
of FL.

It is worth noticing that SABRE, an alternative hyperpolarization method applicable to the
liquid statel?, recently enabled prompt data collection down to 500 nanomolar. However,
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like SABRE, photo-CIDNP has a wider range of applicability to diverse substrates,

including a variety amino acids, polypeptides and proteins26:29.30.40

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(a) Structure of flavin mononucleotide (FMN) and fluorescein (FL), the two photosensitizers

employed in this work. (b) Structure of tryptophan (Trp). (c) 1D 13C PRINT photo-CIDNP
NMR spectra of 1 mM Trp (30 uM FL, in 10 mM K* phosphate, 5% D,0, pH 7.0, 25 °C) in
the absence and presence of catalytic amounts of the GO-CAT enzyme system (see
Experimental Methods). A single scan was acquired in both experiments (argon-ion laser in
multiline mode, 1.5 W and 0.1 s irradiation time, Varian Inova 600 MHz NMR spectrometer
equipped with a room-temperature probe).
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(a) Concentration dependence of Trp S/N for the 1H"? resonance in a 13C PRINT photo-
CIDNP NMR experiment. Data were collected in the presence of catalytic amounts of the
oxygen-scavenging GO-CAT enzymes (see Experimental Methods) and either the FL or
FMN photosensitizers. Sample conditions and data acquisition parameters were as in Fig. 1

except that photosensitizer dye concentrations were individually optimized at each Trp

concentration (optimized FL and FMN concentrations ranged from 6 to 30 pM and from 3 to
200 uM, respectively). No signal was observed for 5 uM Trp at any FMN concentration.
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Two-to-six experiments were performed for each data point. Uncertainties were expressed as
+ one standard error. (b) Bar graph illustrating the ratio of the photo-CIDNP signal-to-noise
values in panel a, employing either FL or FMN as photosensitizers. (c) 13C PRINT photo-
CIDNP NMR spectra of aromatic side-chain and C® resonances of 5 UM Trp in the presence
of 6 UM FL. Data were collected at 14.1 Tesla (a 600 MHz NMR spectrometer). All other
sample conditions and data collection parameters were as in (a), except that 8 scans were
acquired (relaxation delay: 2.5 s). For comparison, sensitivity-enhanced H-13C HSQC (SE-
HSQC) spectra are also shown, with data collected on a 900 MHz NMR spectrometer
equipped with a cryogenic probe (8 scans, relaxation delay 2.5 s).
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Long-term photo-CIDNP NMR data collection in the presence of FL and FMN. Cumulative
signal-to-noise ratio of 200 pM Trp (H"? resonance) in a 13C PRINT photo-CIDNP
experiment (argon-ion laser in multiline mode, 0.5 Watt laser irradiation power, 0.1s
irradiation time) upon long-term data collection. Either 60 uM total FL or 200 pM total
FMN were used. All experiments included catalytic amounts of the GO and CAT enzymes
(see Experimental Methods for details). The experiments with FMN also included catalytic
amounts of the NR enzyme (0.3 units). All other sample conditions and data acquisition
parameters were as in the legend of Figure 1. Seventy-five successive data sets, comprising 4
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scans each, were collected and cumulative signal-to-noise was calculated according to eq.
(2). Three-to-four experiments were performed for each data point. Uncertainties are
expressed as + one standard error.
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Photo-CIDNP NMR capability to perform rapid analysis of 1 pM Trp in solution. (a) NMR
spectra of 1 UM Trp (solution conditions as in the legend of Fig. 1, H® resonance, 2.4 uM
FL, 8 scans) collected either at 14.1 Tesla (600 MHz) with a room-temperature probe in the
presence of photo-CIDNP (1D 13C PRINT), or at 21.2 Tesla (900 MHz) with a cryogenic
probe (1H-13C SE-HSQC) in the absence of photo-CIDNP. (b) Same experiments as in panel
a except that extensive signal averaging (15,872 scans) was carried out at 21.2 Tesla, until

J Phys Chem B. Author manuscript; available in PMC 2016 May 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Okuno and Cavagnero

Page 19

the S/N of the experiment at 21.2 Tesla became approximately the same as the S/N of the
experiment at 14.1 Tesla.
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Figure5.
Kinetic simulations of processes involving photo-CIDNP dyes. (a) Scheme illustrating the

kinetic model used in the simulations, D denotes the photo-CIDNP dye. The notations for
each process and rate constant definitions are the same as in Table 1. Although spin-
multiplicities of the radical ion pairs are not explicitly included in this scheme, the actual
kinetic simulations explicitly involved the treatment of each of the three triplet radical ion
pairs (see Supporting Information). (b) Energy diagram summarizing the salient processes
governing the fate of the FL dye upon photoexcitation. (c) Simulated steady-state
photoexcited triplet dye (T1D) concentration as a function of total dye concentration

(ID] T1o7) at infinitely low NMR-sample concentration ([Trp] — 0). The gray steps listed in
the legend refer to the gray steps in panel a. (d) analogous simulation to the one reported in
panel ¢ except that the simulated total Trp concentration is 1 mM. (e) Simulated dependence
of the steady-state [T1D] on [D] o for different values of the non-radiative triplet-to-singlet
decay rate constants at 10 uM total Trp concentration. (f) same as panel e except that the
simulated total Trp concentration was 1 mM. (g) Experimentally determined photo-CIDNP
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NMR signal-to-noise ratio (open circles, data acquisition parameters as in Fig. 2) and
computed (black line) steady-state T1D concentration plotted as a function of [D] toT
Experimental and computed data were normalized so that the maximum value of each is
equal to 1. Single experiment was performed except data point at 1.2 and 6 uM of total FL.
Uncertainties were expressed as + one standard error. (h) Simulated dependence of the
steady-state [T*D] on [D] 1ot for different values of the electron transfer rate constant ke at
10 puM total Trp. All simulations in panels e-h take into account the laser-light attenuation
upon passage through the NMR sample.
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Kinetic simulations highlighting the role of the dye extinction coefficient ¢ at variable Trp
concentrations. The plots illustrate how the simulated steady-state photoexcited triplet dye
(T1D) concentration varies as a function of total dye concentration ([D] tot) for different
values of ¢, at (a) 0.1 pM, (b) 10 uM and (c) 1 mM total Trp concentration. (d) Simulated
ratio of maximal achievable T1D steady-state concentration using different values of the
modified extinction coefficient ¢’ (¢’=5 and £’=50) as a function of Trp concentration, where
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e’ denotes the extinction coefficient in units of 1,000 M~1cm=1. See Supporting Information
for additional details on the simulations.
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Table 1

Selected photophysical properties of FL and FMN.

FL Ref. FMN Ref.

Intersystem crossing rate 3.74 x 106571 34 1.3x 108571 22
constant (Kisc)

SIDTID, kige

Singlet decay rate constant 2.134 x 108571 34 8.7 x107s7! 22
(kei+kic)
SlD *)SOD

Triplet decay rate constant 5057t 36 4900 s7¢ 41

(krs)?
Tip_sSop

Triplet-triplet annihilation 5x 108 M~1s71 34 89x108M st 42
rate constant (Kq,y)
TlD + TlD—>s°D + TlD

Triplet quenching by ground 5x 107 M 1st 34 12x108M L1 42
state rate constant (kds)
Tip + Sop —2 Sop

Extinction coefficient £ 76,900 M7t cm™? 43 4746 Mtem™t 22

Excitation rate constant (Kex) 5331571 this work® 329571 22
SopS1p

Sop—T1D energy difference 47.2 keal 44 50 kcal 45

Observed electron transfer NA 11x109M1s1 45
rate constant (Ket obs)

TID +Trp —RP

Trp electron transfer rate 2.91x 107 st 46 NA
constant (Kep)

("D Trp)—RP

Trp back electron transfer 227 x100s  this work® NA
rate constant (Kpet)

RP—(5°D Trp)

Association rate constants 7.26 x10°M st this work® NA
involving Trp (k)

D + Trp—("™D Trp)

$oD + Trp—(°D Trp)

Association rate constant 1.32x 100 M st this work® NA

involving Trp™ (ka1,toT)
D*"+Trp"™*—RP

Dissociation rate constant 452 x10%s71 this work® NA
involving Trp (kq)

(™D Trp) =D + Trp

(5°D Trp) —5°D + Trp

Dissociation rate constant 152 x 10771 this work® NA
involving Trp™* (Kg1)
RP—D*+Trp™*

g factor 2.0034 47 2.0034 48

Triplet-singlet mixing rate 488 x 108571 this work€
constant (Kmix)

TORP—SRP

SRP—TORP

a .
Measured at 26 and 25 °C for FMN and FL, respectively.

bMeasured at 490 and 488 nm for FL and FMN, respectively.
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c . . . . .
See Supporting Information for details on how this rate constant was estimated.
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