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Developing photoactive molecules represents an emerging strategy
for temporally regulated inhibition of the indoleamine 2,3-dioxygenase 1
(IDO1) enzyme. Interestingly, only the photoactive merocyanine isomer
of a potent compound effectively binds to both the apo-IDO1 protein
and heme cofactor, enabling photoisomer-specific enzyme inhibition.
These phototunable molecules hold significant promise for advancing
targeted immunotheranostics.

Immunotherapy is an innovative approach to combat cancer and
Alzheimer’s disease by rejuvenating the immune system to target
and eliminate disease-causing cells or pathological markers. In
cancer immunotherapy, immune checkpoint inhibitors rejuvenate
antitumor immunity by obstructing the ‘off’ signals from immune
checkpoint proteins, thereby allowing T cells to target and destroy
cancer cells effectively.’ In Alzheimer’s disease, immunomo-
dulation focuses on neuroinflammatory processes and abnor-
mal protein deposits, such as amyloid-beta and tau, to slow the
progression of the disease.”> Cytokine (such as IFN-y, TNF-o)-
mediated overexpression of the indoleamine 2,3-dioxygenase 1
(IDO1) enzyme under pathogenic conditions leads to the uncon-
trolled metabolism of r-tryptophan (1-Trp), which significantly
contributes to immune suppression, tumour growth, neurode-
generation, and other pathological processes.* Therefore, IDO1
is a promising target for combating cancer, Alzheimer’s disease,
and other pathological conditions.

In the last decade, various inhibitors, including indoximod,
linrodostat, and epacadostat, have been developed to inhibit the
hemin-containing IDO1 enzyme selectively.” However, these con-
ventional IDO1 enzyme inhibitors often cause systemic effects
that result in widespread immune suppression, potentially
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leading to adverse side effects and reduced therapeutic benefits.
In addition, conventional IDO1 enzyme inhibitors lack the ability
to target IDO1 specifically in tissues where its role is most
adverse, such as tumours or areas of inflammation.® This lack
of tissue specificity and the systemic effects might have con-
tributed to the failure of the ECHO-301 Phase III clinical trials,
which tested the combination of the IDO1 inhibitor epacadostat
with the anti-PD-1 antibody Keytruda for treating metastatic
melanoma.®” Recently, inhibitors targeting apo-IDO1 have been
developed as an alternative strategy to overcome the limitations
of conventional IDO1 inhibitors and to achieve more sustained
and potent inhibition.®" These findings indicate that a tar-
geted and dynamic approach to IDO1 inhibition is necessary to
enhance the precision and efficacy of treatment.

The use of photoswitchable compounds presents a promising
approach in addressing the challenges of targeted IDO1 inhibition,
as it allows for temporal control, potentially enhancing therapeutic
benefits while minimizing systemic side effects.'">'* Spiropyrans
are known to undergo reversible isomerization when exposed to
light, transitioning between the ring-closed spiropyran (SP) and
ring-opened merocyanine (MC) form, which makes them useful in
applications such as chemical sensors, drug delivery systems, and
smart materials."*'> We hypothesize that the appropriately sub-
stituted MC form could selectively bind and inhibit IDO1 in the
targeted tissues, only after photoirradiation (Fig. 1A). This strategy
could allow us to control the formation of the active inhibitor in a
temporal manner and regulate IDO1 activity in the targeted cells
and tissues.

Inspired by the benefits of photopharmacology in drug dis-
covery, we designed and synthesized a series of spiropyran deriva-
tives from N-alkylated 2,3,3-trimethylindolenine derivatives.'"?
The cyclocondensation of N-alkylated 2,3,3-trimethylindolenine
with substituted 2-hydroxy benzaldehyde or 2-hydroxy-1-napth-
aldehyde under basic conditions provided the targeted spiro-
pyran derivatives 2a-2e and 3a-3e (Scheme S1). Spectral studies of
3e demonstrated photo-responsive (1ex = 400 nm) isomerization,
transitioning from the closed-ring spiropyran to the open-ring
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Fig.1 (A) Schematic diagram representing the photoactive MC-3e-
mediated inhibition of IDO1 enzyme activity via apo-IDO1 binding. (B)
Absorbance spectra demonstrating the photoinduced conversion of SP-3e
to MC-3e, both before and after visible light treatment (400 nm). (C)
Absorbance spectra of SP-3e, MC-3e, apo-1DO1, and MC-3e-bound apo-
IDO1 at different time intervals.

merocyanine isomer and its reversal upon photoirradiation (Aex =
545 nm) or under dark ambient conditions (Fig. 1B). The spectral
studies also revealed the pH-dependent reversible isomerization
of 3e (Fig. 51)."

The initial screening of the synthesized compounds using
the HPLC-based kynurenine assay revealed that the merocya-
nine (MC) form of 3e (MC-3e) strongly inhibits the activity of
the IDO1 enzyme, with an ICs, value of 53.9 + 2 nM (Fig. 24, B,
Table 1, and Table S2). The MC-3e also showed stronger IDO1
inhibitory activity under an acidic environment (Fig. S2). In
contrast, the spiropyran derivative isomer of 3e (SP-3e) exhibited
significantly weaker IDO1 inhibitory activity (ICso > 10 pM).
The other synthesized merocyanine derivatives showed much
lower inhibitory activities against IDO1. The potent MC-3e
exhibited no significant inhibitory activity against the trypto-
phan 2,3-dioxygenase (TDO) enzyme, which belongs to the same
enzyme family as IDO1 (Table S3).

The activity of MC-3e encouraged us to explore its detailed
inhibitory mechanism on IDO1. A variation in the pre-incubation
time period of MC-3e with IDO1 enzyme at 37 °C demonstrated a
significant increase in its inhibitory activity over time, reaching
maximum activity (>90%) at 60 minutes (Fig. 2C). The
temperature-dependent activity assays showed that the inhibition
of IDO1 by MC-3e increased when the temperature was raised
from 20 °C to 37 °C. These results indicate that the inhibition
process may involve time and temperature-sensitive events, such
as the dissociation of the heme cofactor from the IDO1 enzyme
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Fig. 2 Inhibitory activities of IDO1 (A) at different concentrations of MC-
3e at pH 6.5, and (B) after photoirradiation (using LED light) of MC-3e with
400 nm light at different time intervals. (C) IDO1 inhibitory activities at
different temperatures and time intervals with MC-3e at pH 6.5. (D) The
activity of apo-IDO1 in the absence and presence of the compound and/or
hemin.

Table 1 Inhibitory activity of the spiropyran and merocyanine derivatives
against purified human IDO1 enzyme

Inhibition (%)

Compounds IC5, values (nM) 0.25 UM 1uM
O pH 6.5
D\ \S°3' 5442 83 + 1.5 97 +1
OH +N
I mcse
pH7.2 .
— S03
10000 oi1 amio
/ SP-3e
pH 6.5 61 6 76 £ 4 96 + 2
Epacadostat

(Fig. 2C). The binding of MC-3e to “pocket C”, the dynamic JK-loop
region (360-380 AA) of the IDO1 enzyme, could induce heme
release. The flexibility and plasticity of this loop are crucial for the
activity and substrate selectivity of the enzyme.'®'”

To determine whether the loss of the heme-cofactor is a
decisive step in the inhibition process of the IDO1 enzyme, we
performed UV-Vis spectroscopic analysis both in the presence
and absence of MC-3e. The results showed a decrease in the
Soret peak in the presence of MC-3e, indicating that heme was
released from IDO1.'" Notably, no significant changes were
observed in the Soret peaks of TDO or other heme-containing
proteins, such as haemoglobin and myoglobin, suggesting that
the hemin loss induced by MC-3e is selective for the IDO1
enzyme (Fig. S3). For further investigation of the MC-3e-
mediated release of the heme cofactor from the IDO1 enzyme,
a protoporphyrin IX (PPIX)-based fluorescence quenching assay
was performed. A significant decrease in the PPIX fluorescence
upon the addition of MC-3e indicated the interaction between
PPIX and hemin. In contrast, no observable change in the PPIX
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fluorescence signal was detected in the presence of SP-3e
(Fig. S4 and S5). Thus, these UV-Vis and fluorescence spectral
changes of the IDO1 enzyme and PPIX suggest the potential for
MC-3e-mediated release of the heme from IDO1. Additionally,
we did not observe any significant changes in the circular
dichroism (CD) spectra of IDO1 before and after incubation
with MC-3e, indicating that the compound-mediated release of
the heme cofactor from the IDO1 active site is not caused by
any significant alteration in its structural integrity (Fig. S6 and
Table S4). Therefore, removing the heme-cofactor from the
IDO1 enzyme and generating apo-IDO1 are crucial steps in
the IDO1 inhibitory activity of MC-3e.

A concentration-dependent activity assay was performed to
investigate the rate-limiting process of MC-3e-mediated IDO1
inhibition. The activity assay was performed after incubating the
IDO1 enzyme with MC-3e for 60 minutes. The IDO1 activity at
various concentrations of MC-3e exhibited a non-linear relation-
ship. The IDO1 inhibition assay in the presence of .-Trp and the
reducing agents (ascorbate, methylene blue, and catalase) against
different concentrations of MC-3e also showed a nonlinear inhibi-
tion profile, suggesting that the oxidation state of iron does not
influence the MC-3e-mediated IDO1 inhibitory activity in the
hemin group. Therefore, releasing the heme cofactor or generating
the apo-IDO1 protein is the rate-limiting step of the MC-3e-
mediated IDO1 inhibition mechanism. The UV-Vis spectral analy-
sis showed that the extent of reduction of the Soret peak was quite
similar for both the catalytically active and inactive IDO1 enzyme,
indicating that the release capability of the heme cofactor was
nearly the same (Fig. S7). The apo-IDO1 protein equilibrated with
external hemin regained its catalytic activity, whereas the apo-IDO1
protein equilibrated with MC-3e failed to show any significant
activity even after adding external hemin (Fig. 2D).

Recent studies indicate that free hemin is necessary for
cellular homeostasis and plays a dual role in cancer, where its
accumulation and metabolic dysregulation promote tumour
growth by generating oxidative stress and inflammation. How-
ever, hemin deficiency also impairs critical cellular functions,
necessitating careful regulation of hemin metabolism. Various
spectrometric techniques were employed to investigate whether
MC-3e exhibits hemin-binding properties. The concentration-
dependent decrease of the Soret peak indicated that MC-3e also
interacts with the free heme cofactor. The binding affinities of
these MC-3e are similar to quinine, a known hemin-binding
molecule (Fig. S8). The time-dependent decrease in PPIX fluores-
cence in the presence of hemin indicates the interaction of PPIX
with hemin. However, the addition of MC-3e, in combination
with hemin, significantly alters the degree of PPIX fluorescence
quenching induced by hemin, indicating the potential inter-
action of MC-3e with hemin (Fig. S9). In contrast, the addition
of SP-3e, in combination with hemin, did not result in any
significant alterations in the PPIX fluorescence quenching caused
by hemin. Thus, the PPIX-based fluorescence studies indicate
that MC-3e could inhibit the activity of overproduced labile
hemin, whereas SP-3e failed to do so. The photo- or pH-
induced conversion of SP-3e to MC-3e, as well as the interaction
between MC-3e and apo-IDO1, was examined using various
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Fig. 3 (A) Steady-state fluorescence anisotropy measurements of MC-3e
(500 nM) in the presence of various concentrations of apo-IDO1 protein
(0-12 uM) and in the absence and presence of different concentrations of
NaCl (0—75 mM). (B) The variation in RMSD obtained for apo IDO1 (orange)
and MC-3e (blue). (C) IDO1 inhibition activity in cells with and without IFN-
vy treatment in the presence and absence of the isoforms of 3e. (D)
Confocal microscopy image of MC-3e-treated Hela cells.

spectroscopic methods. The steady-state fluorescence anisotropy
measurements of MC-3e showed a significant increase in aniso-
tropy with increasing concentrations of apo-IDO1, resulting in a
binding affinity (Ky) of 3.9 + 0.58 uM (Fig. 3A and Fig. S10A)."®
Additionally, the introduction of NaCl led to a concentration-
dependent decrease in the steady-state anisotropy value, indicat-
ing that the interaction between MC-3e and apo-IDO1 is rever-
sible (Fig. 3A and Fig. S10B). The time-dependent UV-Vis spectral
studies of MC-3e in equilibrium with apo-IDO1 were conducted
under neutral and dark conditions. The absorbance profiles of
MC-3e in the presence of apo-IDO1 exhibited minimal variation
over time. This indicates that the MC-3e isomer remains stable
within the binding site of apo-IDO1 and does not experience
significant photochemical or structural changes during a pro-
longed incubation period of up to 10 h (Fig. 1C and Fig. S11A, B).
However, the control study without apo-IDO1 showed that the
merocyanine (MC-3e) spontaneously converted to the spiropyran
isomer (SP-3e) under similar experimental conditions (Fig. S11C,
D). Hence, these spectral studies suggest a strong and persistent
interaction between MC-3e and the apo-IDO1, which is crucial for
the MC-3e-mediated inhibitory activity of IDO1.

To investigate the molecular determinants responsible for
the binding of MC-3e to the apo-IDO1, molecular docking and
molecular dynamics (MD) simulations were performed. The
molecular docking analysis of MC-3e with the X-ray co-crystal
structure of the apo-IDO1 protein (PDB ID: 6AZW) revealed that
MC-3e is located within the binding pocket of the apo-IDO1
(Fig. S12A)."° The MD simulation studies (100 ns) showed that
MC-3e remains strongly bound to the apo-IDO1, with an RMSD
of 0.2 nm, while MC-3e stabilized at 0.1 nm (Fig. 3B).
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The viability assay of MC-3e showed low toxicity in HeLa and
HEK-293 cells (after 48 h), indicating that this compound is
suitable for IDO1 inhibitory studies (Fig. S13). The calculated ICs,
value for MC-3e using the IFN-y-treated HeLa cells was found to
be 5.8 + 0.7 nM. The cellular IDO1 activity assays demonstrated a
considerable increase in IDO1 activity when treated with external
IFN-y and hemin, suggesting that a notable amount of apo-IDO1
is present in the cellular environment. Under similar experi-
mental conditions, hemin, which was equilibrated with the
potent compound, demonstrated a significant decrease in IDO1
activity. This suggests that the complexation of hemin with the
MC-3e hinders the ability of apo-IDO1 to rebind hemin (Fig. 3C
and Fig. S14). Therefore, compound binding to the apo-IDO1 and
the formation of the hemin-MC-3e complex could inhibit the
cellular IDO1 activity. The confocal microscopic images revealed
distinct red fluorescent puncta in treated HeLa cells, confirming
internalization of MC-3e, while untreated control cells showed no
fluorescence (Fig. 3D and Fig. S16).

The ability to respond to visible light and changes in pH
provides a mechanism for the controlled inhibition of the IDO1
enzyme, offering the prospect of targeted therapeutic interven-
tion with minimized off-target effects. The acidic pH-dependent
isomerization of 3e from inactive (SP-3e) to active (MC-3e) IDO1
enzyme inhibitor offers a significant advantage, because a
lower extracellular pH typically characterizes the tumour micro-
environment compared to healthy tissues.”® The visible light
can serve as an external stimulus to convert an inactive inhi-
bitor of the IDO1 enzyme into an active one. This approach also
offers significant advantages for biomedical applications, as it
has relatively low phototoxicity and allows for deeper tissue
penetration compared to ultraviolet light.?’ Therefore, the
inherent properties of spiropyran derivatives make them a
promising scaffold for the development of smart drugs that
effectively respond to specific stimuli in a temporally controlled
manner, particularly in the field of immunotherapy.

In summary, we synthesized a series of spiropyran deriva-
tives and identified 3e as a potent and stimuli-responsive
inhibitor of IDO1. Upon exposure to light, 3e undergoes conver-
sion to the photoactive MC-3e isoform, which exhibits strong IDO1
inhibitory activity in comparison to that of the photoinactive SP-3e
isoform. By facilitating the release of heme from holo-IDO1 and
transforming it into the apo form, the MC-3e exhibits the ability to
bind both apo-IDO1 protein and free hemin. These findings
highlight a novel strategy for the temporal regulation of IDO1
activity by utilizing light and pH as external stimuli. Compared to
traditional IDO1 inhibitors, this photoresponsive approach offers
significant potential for the development of temporally regulated
therapies for cancer, Alzheimer’s disease, and other pathological
conditions, enabling greater specificity and safety.
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