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Abstract

Cyclooxygenase-2 (COX-2) plays a crucial role in inflammation and has been implicated
in cancer development. Understanding the behaviour of COX-2 in different cellular
contexts is essential for developing targeted therapeutic strategies. In this study, we
investigate the fluorescence spectrum of a fluorogenic probe, NANQ-IMC6, when bound
to the active site of human COX-2 in both its monomeric and homodimeric forms. We
employ a multiscale first-principles simulation protocol that combines ground state MM-
MD simulations with multiple excited state adiabatic QM/MM Born-Oppenheimer MD
simulations based on linear response TD-DFT, which allows to account for protein
heterogeneity effects on excited-state properties. Emission is then estimated from
polarizable embedding TD-DFT QM/MMPol calculations. Our findings indicate that the
emission shift arises from dimerization of the highly overexpressed COX-2 in cancer
tissues, in contrast to the monomer structure present in inflammatory lesions and in
normal cells with constitutive COX-2. This spectral shift is linked to changes in specific
protein-probe interactions upon dimerization due to changes in the environment, whereas
steric effects related to modulation of the NANQ geometry by the protein scaffold are
found to be minor. This research paves the way for detailed investigations on the impact
of environment structural transitions on the spectral properties of fluorogenic probes.
Moreover, the fact that COX-2 exists as homodimer just in cancer tissues, but as monomer
elsewhere, gives novel hints for therapeutical avenues to fight cancer and contributes to
the development of drugs targeted to COX-2 dimer in cancer, but without affecting
constitutive COX-2, thus minimizing off-target effects.
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Broader Audience Statement

This study explores how a specific fluorescent probe interacts with COX-2, an enzyme
linked to inflammation and cancer. By using first principles simulations, we rationalize
the link between COX-2 dimerization and fluorescence modulation in cancer cells. This
finding paves the way for the rational design of specific fluorogenic probes able to shed
light on the formation of protein multimers and provides new hints on the development
of improved cancer detection strategies and the design of targeted treatments with fewer
side effects.



Abbreviations and symbols

AA: Arachidonic Acid (5Z,8Z,11Z,14Z-eicosatetraenoic acid)
COX-1: Cyclooxygenase 1

hCOX-2: human Cyclooxygenase 2

5-LOX: 5 Lipoxygenase

LTB4: Leukotriene B4

NSAIDs: Non-steroidal Anti-Inflammatory Drugs.
NANQ: Nitroacenaphathenequinone

IMC: Indomethacin

MM-MD: Molecular Mechanics - Molecular Dynamics
QM/MM: Quantum Mechanics/Molecular Mechanics
BOMD: Born-Oppenheimer Molecular Dynamics
TD-DFT: Time-dependent Density Functional Theory
RMSD: Root-Mean-Square Deviation

RMSF: Root-Mean-Square Fluctuation

HOMO: Highest Occupied Molecular Orbital

LUMO: Lowest Occupied Molecular Orbital

QM: Quantum Mechanics

CIS: Single Excitation Configuration Interaction
IEFPCM: Integral Equation Formalism Polarizable Continuum Model
PDB: Protein Data Bank

OPC: four-point Optimal Point Charge



1. Introduction

Inflammation constitutes a first line of defense against invading pathogens and injury.
However, if inflammation occurs at the wrong times or becomes chronic, it may enhance
tissue destruction, thus contributing to the development, growth and metastasis of
cancers, and the inflammatory environment of tumor cells can exclude tumor-fighting
immune cells. In this sense inflammation is considered a hallmark of cancer. (Fishbein et
al., 2021) In the initial phase of inflammation (acute inflammation) the pro-inflammatory
lipid mediators prostaglandins and leukotrienes, that derive from the arachidonic acid
(AA, 57,87,11Z,14Z-¢eicosatetraenoic acid), are released by the action of the key pro-
inflammatory enzymes, cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX),
respectively. The potent chemotactic agent leukotriene B4 (LTB4) promotes the
polymorphonuclear neutrophil recruitment to the inflamed tissue, while the formation of
prostaglandins further accelerates the inflammatory process. (Serhan & Petasis, 2011)

The current anti-inflammatory pharmacological therapies against acute inflammation are
mainly based on non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit COX-2.
Unfortunately, they have several damaging side effects and are immunosuppressive.
(Serhan & Sulciner, 2023) This a pity because a number of NSAIDs, like inhibitors of
COX-2, have been proven to have potent antitumor capabilities. (Menter et al., 2010; Wen
et al., 2020) However, prolonged use of non-selective COX-2 NSAIDs is associated with
gastro-toxicity and renal damage, as they inhibit both constitutive COX-1 and inducible
COX-2 (upregulated in inflammations). On the other hand, selective COX-2 inhibitors
without gastric side-effects cause an increased risk of cardiovascular disease, especially
after long-term use, because they also inhibit constitutive COX-2 (barely expressed in
normal cells). Thus, this unwanted side effects have prevented the development of new
drugs that target COX-2 to treat inflammation and cancer, therefore wasting the huge
potential that blocking COX-2 represents for cancer prevention. (Kirkby et al., 2018) The
problem is much worse in premalignant and malignant tumors, where COX-2 is expressed
at significantly higher levels compared to non-cancerous inflammatory lesions (COX-2
is overexpressed a hundred times more in cancer tissues than in normal inflammations).
(Zhang et al., 2013) Tumor survival and function are regulated or promoted by the tumor
microenvironment (TME). TME is closely associated with inflammatory response and
the inflammatory mediators in TME. Prostaglandin E2, produced by COX-2, is one of the
most important inflammatory factors in TME, which is related to survival, growth,
migration, invasion, angiogenesis and immune evasion of cancer cells, leading to poor
response of immunotherapy. (Wang et al. 2023) Thus, a long-term effective cancer
treatment based on current NSAIDs would be expected to require larger doses than those
used for non-cancerous inflammations, magnifying the expected harmful side effects and
absolutely precluding their use.

In this context, an attractive question is whether we can take advantage of the huge
upregulation of COX-2 in cancer tissues to design specific inhibitors that do not affect
the COX-2 that barely exists as constitutive in a few tissues. The answer derives from the
fact that COX-2 is recognized to be a very useful cancer cell marker, and a variety of
fluorescence imaging agents that efficiently target COX-2 have been developed. After
injection, these agents become highly enriched in inflamed or tumor tissues, in
comparison to normal tissue. This accumulation provides enough signal for in vitro and
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in vivo fluorescence imaging. COX-2 imaging is usually realized by using a NSAID (for
instance, ibuprofen, indomethacin, or celecoxib) and a fluorophore that are coupled by a
suitable linker unit. The NSAID enters the corresponding binding site of COX-2. After
excitation the fluorophore can re-emit fluorescent light so indicating the presence of
COX-2 in inflammations and cancer tissues. (Xia et al., 2021; Kim et al., 2018; Wang et
al., 2020; Luo et al., 2022) Specially interesting is the case (Zhang et al., 2013) of a COX-
2-specific fluorogenic probe (NANQ-IMC6), that consists of a chemically modified
indomethacin (IMC, in green) joined to a nitroacenaphathenequinone (NANQ, in red)
fluorophore by means of a six-carbon linker (in black) that fits in COX-2 (see Scheme

1.

NANQ-IMC6: Nitroacenaphathenequinone linked to indomethacin via 6-carbon linker
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Scheme 1: COX-2-specific fluorogenic probe NANQ-IMC6.

NANQ-IMC6 under two near-infrared photon excitation at 800 nm is nonfluorescent in
the absence of COX-2 in solution (where it adopts a folded conformation), but its
fluorescence is “turned on” in both mice inflammatory lesions and tumor tissues.
Surprisingly, the fluorescent emission turns out to be quite different at these two sites:
The cancerous tissues show a strong fluorescence signal in the green channel (emission
peak at 555 nm), while inflammatory tissues revealed an image in the red channel
(emission peak at 615 nm). In that study (Zhang et al., 2013), the authors hypothesized
that this spectral shift is a consequence of the highly different concentrations of COX-2
in the two cases: COX-2 in inflammatory lesions (and in normal cells with constitutive
COX-2 as well) would be present as a monomer, whereas it would exist as a homodimer
when it is overexpressed at high concentrations in tumor tissues. The possibility that
COX-2 is present as a homodimer only in cancer tissues, but a monomer elsewhere, would
open a new promising strategy to rationally design novel drugs that selectively inhibit the
COX-2 homodimer in cancer, but without affecting the constitutive COX-2 monomer,
thus avoiding the above-mentioned harmful side effects.

Therefore, it is of interest to assess the dimerization hypothesis and rationalize the
molecular basis of the changes in NSAID binding upon dimerization that lead to such a
fluorescence shift. In this paper, we present a first-principles multiscale simulation
protocol to inspect the impact of dimerization on the fluorescence properties of NANQ-
IMC6. Our approach combines ground state molecular mechanics molecular dynamics
(MM-MD), multiple excited state adiabatic QM/MM Born-Oppenheimer MD (BOMD)
simulations, and postprocessing of these trajectories with polarizable embedding
QM/MMPol calculations based on time-dependent density functional theory (TD-DFT).
(Curutchet et al., 2009; Ozaydin & Curutchet, 2023) QM/MM adiabatic and non-adiabatic
multiple excited state dynamics have emerged as a powerful tool to investigate the
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photochemistry and spectroscopy of biological systems. (Brunk & Rothlisberger, 2015;
Crespo-Otero & Barbatti, 2018; Nelson et al., 2020; Nottoli et al., 2023) For example,
non-adiabatic approaches have been extensively used to shed light into the
photoactivation of rhodopsin (Groenhof et al., 2020), and adiabatic methods have been
applied to tackle the proton-coupled electron transfers that characterize photoactivation
of the blue-light-using flavin domain of the AppA protein. (Mazzeo et al., 2023) Here,
we apply adiabatic simulations and polarizable embedding to simulate the fluorescence
spectra of the COX-2-specific fluorogenic probe NANQ-IMC6 in models of complexes
of this probe with a human COX-2 (hCOX-2) monomer and homodimer. Our findings
indicate that the emission shift arises from dimerization of the highly overexpressed
COX-2 in cancer tissues and suggest that the spectral shift is linked to changes in specific
electrostatic protein-probe interactions upon dimerization due to resulting changes in the
environment of the probe. In contrast, the role of steric effects related to modulation of
the NANQ geometry by the protein scaffold in each situation are found to be minor and
even leading to an opposite small shift.

2. Results & Discussion

We started by docking the NANQ-IMC6 ligand in the active sites of the hCOX-2
monomer (from now on named as single monomer) and dimer. As seen in Scheme 1,
NANQ-IMC6 contains a large alkyl chain with multiple rotatable bonds, thus having a
large degree of conformational flexibility. The scaffold of the NANQ chromophoric
moiety is a large planar and rigid structure, which clearly cannot fit inside the COX-2
cavity. This suggests that only the IMC unit interacts with the residues of the active site,
and the 6-carbon chain connects the two moieties inside and outside the binding pocket.
As the structure of the single monomer was taken from the first monomer (A) of the
homodimer crystal, the same docking was used in these two cases, whereas the ligand
was docked again for the second monomer (B) of the homodimer. Because the docking
was done with a rigid protein, the adoption of the monomer A structure for the single
monomer at this point does not pose any inconvenience. Figure S1 shows the binding
mode of NANQ-IMC6 in the active site of monomer A obtained from the first ranked
docking solution, once a clash has been eliminated. Since initially the monomers are
identical, the binding mode for monomer B is the same. As discussed above, Figure S1
shows that the IMC6 part of the molecule remains inside the active site. In contrast, the
NANQ part is found outside. In hCOX-2, the residues Arg-120, Tyr-355, and Glu-524
form a constriction that must open to provide access into the active site. These three
residues define the top of a spacious alcove (called the lobby) surrounded by the four
helices of the membrane-binding domain. (Rouzer & Marnett, 2020) In the crystal
structure of the complex COX-2:indomethacin (Kurumbail et al.,1996), the carboxylate
group of indomethacin interacts with the hydrogen atoms of Argl20. That carboxylate
group does not longer exist in the IMC part of the NANQ-IMC6 construct, as it becomes
an amide group, but the carbonyl nevertheless maintains the interaction with the Arg120.

Starting from the refined docking structure, we carried out a 500 ns MM-MD simulation
at 298.15K on the ground state potential energy surface for the hCOX-2 monomer and
homodimer. The root-mean-square deviation (RMSD) of NANQ-IMC6 along the single
monomer simulation, shown in Figure S2, clearly shows the stability of the complex.
After an initial increase in RMSD, the ligand displays rather small structural fluctuations,
the initial jump appearing as the ligand accommodates the binding mode predicted by
docking. On the other hand, the simulation of the homodimer shows different behaviours



for monomers A and B. The RMSD of the ligand in monomer A, shown in Figure S3,
resembles that of the monomer in Figure S2. However, in monomer B there is a larger
change in RMSD (see Figure S4), arising from a larger readjustment of the initial docking
pose. In this case, this structural rearrangement however lasts almost 100 ns, and involves
a displacement of the ligand outside of the cavity. To compare this behavior in monomers
A and B, Figures S5 and S6 show the distances between the ligand and the center of mass
of Argl20 (part of the door of the active site) along the trajectory. In monomer B, the
distance increases up to 22 A, in contrast to a maximum value of 12 A in monomer A.
Thus, the structural reaccomodation of the ligand in the two monomers is quite
asymmetric. In monomer A the ligand behaviour resembles that in the COX-2 single
monomer, but in monomer B it tends to move far away from Argl20, as illustrated by the
last MM-MD frames shown in Figures S7, S8 and S9. In all cases, the NANQ moiety is
beyond the Argl20 and Tyr355 door. The carbon linker is inside the active site in
monomer A, but outside in monomer B and the single monomer. Protein-ligand binding
takes place through hydrogen bond interactions between the IMC moiety (always inside
the active site) and some COX-2 residues whose identity depends on each case. To get
more insights in the differences between the two monomers of the homodimer, a root-
mean-square-fluctuation (RMSF) analysis was done. Figure S10 shows how the residues
involved in monomer A displayed smaller movements along the simulation in comparison
with the residues in monomer B. Overall, this analysis indicates that the configurations
explored by the single monomer or monomer A of the homodimer are significantly
different to those in monomer B. It is interesting to highlight that the IMC moiety of the
ligand occupies the same region inside the cavity in the three cases (although the three
structures are far from matching), whereas the NANQ moiety, which is quite free outside
the cavity, shows considerable heterogeneity, appearing the ligand in monomer B
particularly different compared to the other two cases, as shown in Figure 1.
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Figure 1. Superposition of the configurations adopted by NANQ-IMC6 in the last frame
of the MM-MD trajectories. The colors light green, tan and light blue correspond to the
single monomer, monomer A of the homodimer, and monomer B of the homodimer of
hCOX-2.

To simulate the fluorescence arising from this heterogenous arrangements of NANQ

outside the binding site, we then run multiple adiabatic QM/MM BOMD simulations to
sample the configurational space of the S; emitting excited state starting from different
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configurations extracted from the MM-MD trajectory. Before this, we inspected the
energy difference between the first (S1) and second (S:) excited states, to gauge the
probability of eventual nonadiabatic transition between them mediated by structural
fluctuations in the real system.

We also assessed the transition dipole moments and oscillator strengths of the S; and S»
states, to identify the lowest bright excited state expected to fluoresce according to
Kasha’s rule. (Braslavsky, 2007) In Table S1, we report preliminary calculations
performed on the optimized gas-phase geometry of unfolded NANQ-IMC6 performed at
the TD-B3LYP/6-31G(d) level of theory (note that although unbound NANQ-IMC6
exists mainly in its folded form,” we are interested here in the fluorescence arising from
the unfolded structure that adopts inside COX-2). The results indicate that S is about 0.3
eV below Ss. This would support the suitability of adiabatic QM/MM BOMD simulations
on S; in gas phase. Moreover, the electronic transition dipole moment and oscillator
strength (0.25) of S; are significant, indicating that this state is directly populated upon
absorption and is expected to generate the fluorescence signal. On the other hand, Figures
S11, S12 and S1 report the HOMO, LUMO and LUMO+1 molecular orbitals of unfolded
NANQ-IMC6 in gas phase. These orbitals are fully located on the NANQ scaffold, the
fluorophore part of the ligand, thus supporting the fact that excitations involving these
orbitals, as shown in Table S1, are those corresponding to the fluorescence band.

To carry out the adiabatic BOMD simulations on Si, we started from 10 equally spaced
snapshots extracted from each of the two MM-MD simulations (single monomer and
homodimer). In all BOMDs, the NANQ unit of a single ligand (in red in Scheme 1) was
included in the QM region. For the homodimer, 10 simulations were carried out
considering the NANQ in monomer A in the QM region, and another 10 for the ligand in
monomer B in the QM region. These calculations were done independently for NANQ-
IMC6 in monomer A and B, as the distance between them (beyond 30 A), each one
located in its respective cavity, prevent significant excitonic interactions between them.
Beyond the exploratory calculations in gas-phase reported above, we also investigated
the energy difference between the three lowest-energy excited states along a 150 fs
BOMD simulation of the single monomer, using different DFT functionals, as reported
in the computational details. Results showed similar trends in all cases, with M06
providing a slightly larger energy difference between Si and S> compared to B3LYP (see
Figure S14). We thus selected the TD-M06/6-31G level of theory for the BOMD, as it
keeps a large energy gap between the S; and S; states, thus justifying the adequacy of the
adiabatic treatment.

Then, in order to account for environmental polarization effects, we postprocessed the
BOMD frames with polarizable embedding calculations at the TD-MO06/6-
31G(d)/MMPol level of theory. We then simulated the fluorescence spectra, which are
shown in Figures 2 and 3, both using a stick spectrum, or by accounting for the missing
broadening convoluting the sticks with a Gaussian function. Despite their attractive cost-
quality ratio, TD-DFT methods provide errors in the range ~0.2-0.4 eV (Loos et al.,
2020), depending on the functional chosen. To correct for that systematic error, we shifted
all energies by +0.51 eV to match the emission maxima in the simulated Gaussian-
broadened spectra with the experimental maximum observed for the monomer at 615 nm,
resulting in the spectra shown in Figures 2 and 3. Furthermore, we removed the first
classical 100 ns of monomer B of the homodimer in order to only reproduce the realistic



binding mode of monomer B (see below). The simulated spectra of the complex indicate
maxima for the monomer and dimer at 615 nm and 540 nm (Figure 3b), with a
dimerization hypsochromic shift of -75 nm (+0.28 eV), in good agreement with the
experimental observed shift of -60 nm (+0.22 eV) (Zhang et al., 2013). Note, however,
that before applying the systematic correction for M06, the gaussian-convoluted emission
maxima were found at 731 nm and 627 nm for the monomer and dimer, respectively,
leading to a -104 nm shift.

In order to dissect the origin of the fluorescence shift upon dimerization, we then
recomputed the TD-MO06 excitation energies along BOMD trajectories by deleting the
protein and solvent environment and only keeping the NANQ-IMC6 ligand, in order to
gauge how internal geometry fluctuations of NANQ in the monomer and the dimer impact
the emission compared to specific electrostatic and polarization specific NANQ-protein
interactions. In Figures 2a and 2b we report the stick and fluorescence spectra of the
monomer and the homodimer computed in vacuum, which can be compared to the spectra
of the monomer and the homodimer in the complete solvated complex (Figures 3a and
3b). For the complete system, the maxima of the monomer and homodimer are found at
615 nm and 540 nm (586 nm and 500 nm in the stick spectrum), respectively. In contrast,
in vacuum the maxima of the monomer and dimer are found at 406 nm and 410 nm (389
nm and 394 nm for the stick spectrum). Thus, the geometrical constraints imposed to
NANQ-IMC6 in the monomer and homodimer complex indeed lead to a dimerization
bathochromic red shift of +4 nm (-0.03 eV), with the opposite sign compared to the shift
imposed by electrostatic interactions. This indicates that the specific interactions of
NANQ-IMC6 with COX-2 and the surrounding waters are responsible for the opposite
hypsochromic shift experimentally observed.

To validate the data from Figures 2 and 3, TD-DFT QM/MMPol calculations along the
BOMDs were also performed using the range-separated CAM-B3LYP hybrid functional,
as shown in Figure S15. The fluorescence changes between the monomer and the
homodimer are very similar to those found using M06. Thus, despite the fact that the
excited states have some degree of charge transfer, as illustrated by the molecular orbitals
characterizing S; shown in Figures S11, S12 and S13, our results seem to be robust toward
the choice of the DFT functional describing the excited state.
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Figure 2. (a) Fluorescence stick spectra and (b) gaussian-convoluted fluorescence spectra
of NANQ-IMC6 in vacuum computed from geometries extracted from excited state
BOMD simulations of the complete hCOX-2:NANQ-IMC6 single monomer and
homodimer complexes. In homodimer spectra, NANQ moieties of the ligand bound to
monomer A and monomer B contribute equally. All spectra simulated from TD-M06/6-
31G(d)/MMPol excited state calculations. All energies are shifted by +0.51 eV (see text).
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Figure 3. (a) Fluorescence stick spectra and (b) gaussian-convoluted fluorescence spectra
of NANQ-IMC6 for the complete hCOX-2:NANQ-IMC6 single monomer and
homodimer complexes computed from geometries extracted from the corresponding
excited state BOMD simulations. In homodimer spectra, NANQ moieties of the ligand
bound to monomer A and monomer B contribute equally. All spectra simulated from TD-
M06/6-31G(d)/MMPol excited state calculations. All energies are shifted by +0.51 eV
(see text).

Our results thus support that the highly overexpressed COX-2 in cancer cells exists as a

homodimer, whereas COX-2 is present in inflammatory lesions as a monomer. The
question then arises on what the molecular basis for the fluorescence spectral changes
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upon dimerization is. Zhang et al. (2013) have hypothesized that the fluorogenic moiety
NANQ has a hydrophilic environment in the single monomer, but it penetrates in the large
hydrophobic channel corresponding to the monomer A:monomer B interface in the
homodimer. This would affect the stabilization of the electron density transferred from
the amino part of NANQ to the nitro group due to the electronic excitation. In effect, we
have calculated the excitation wavelength to the first excited state (Si) of the NANQ
fluorophore in three different solvents using the IEFPCM continuum solvation model
(Table S2). Figures S11 and S12 confirm a remarkable transfer of electronic density to
the nitro group upon excitation, whose stabilization increases with solvent polarity as the
dielectric constant is larger, leading to a larger excitation wavelength.

However, our simulations indicate that the ligand NANQ-IMC6, with the IMC moiety in
the binding site of COX-2, is too short for the fluorophore NANQ to reach the
hydrophobic monomer A:monomer B interface in the homodimer. In contrast, we have
analysed the surroundings of the nitro group in the MM-MD simulations of the single
monomer and the homodimer. Comparing Figures 4a and 4b, we see that the access of
water molecules to the oxygens of the nitro group is quite free in the monomer, whereas
Lys78 somewhat hinders the close interaction water-nitro group in the monomer A of the
homodimer. A more complete view of this change in hydration pattern can be obtained
comparing the water radial distribution functions around one of the oxygen atoms of the
nitro group in the MM-MD simulations of the monomer and the homodimer, and the
corresponding integrated water radial distribution functions, as shown in Figures 4c and
4d. The water access at short distances is slightly better in the case of the single monomer
than in the case of the two monomers of the homodimer. This difference is enough to
lower the energy of the S state of the ligand in the monomer more than in the case of the
homodimer, thus leading to the bathochromic shift in the monomer.
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Figure 4. (a) View of the surroundings of the nitro group in the last frame of the MM-
MD simulation of the single monomer; (b) View of the surroundings of the nitro group
in the monomer A in the last frame of the MM-MD simulation of the homodimer; (c)
Water radial distribution functions around one of the oxygen atoms of the nitro group in
the MM-MD simulations of the single monomer and the homodimer; (d) Corresponding
integrated water radial distribution functions.

Related to the previous analysis on water hydration of the different molecules, the
question is why this is happening. In Figures 1, 4 and 5 we illustrate the binding modes
of the ligands in the single monomer and the homodimer. It seems clear that changes in
water accessibility, as well as differences in the NANQ-protein specific interactions, for
example with Lys78, are responsible for the observed hypsochromic shift upon
dimerization. As discussed previously, this shift could also be partially due to different
structural deformations experienced by the NANQ moiety in the monomer and
homodimer complexes, or by changes in flexibility, which can be estimated by the degree
of structural fluctuations. In particular, distortion of the NANQ planarity is expected to
impact the ©-n* excitation energies, as it commonly occurs in the biological function of
tetrapyrrole pigments, for example chlorophylls in light-harvesting complexes. (Senge et
al., 2015; Lahav et al., 2021; De Vico et al., 2018) In Figure 5a we illustrate the structural
flexibility of NANQ-IMC6 in the single monomer and monomers A and B in the dimer
from excited state BOMD simulations used in QM/MMPol calculations of the
fluorescence spectra. This Figure clearly shows that NANQ has less conformational
freedom in the binding site of the single monomer compared to those in the dimer. It was
prepared by drawing a representative subset of frames extracted from the excited state
BOMD trajectories used to simulate the fluorescence spectra reported in Figures 2 and 3,
so that they illustrate the heterogeneity of conformations contributing to the emission. On
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the other hand, in Figure 4b we depict the progressive displacement of NANQ-IMC6 in
monomer B along the MM-MD simulation from an open to a closed configuration (see
the fast RMSD change between 50 ns and 100 ns simulation in Figure S4). It is possible
to observe how a loop and an a-helix contribute to the modification of the binding mode
of NANQ-IMC6 in monomer B, which remains quite stable from 100 ns. This
rearrangement does not occur in monomer A (see the stable RMSD for 500 ns in Figure
S3), leading to a difference in the behavior of each monomer. Hence, this difference
challenges the view of COX-2 as a homodimer. This binding mode change does not
happen either along the 500 ns MM-MD simulation of the single monomer (see RMSD
in Figure S2), where the intermonomer interaction is lacking. See Figures S16 and S17
to compare the behaviours of the single monomer and the two monomers in the dimer.

il Single Monomer

<
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=
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|
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Figure 5. (a) Comparison of a representative subset of structures extracted for the single
monomer (pink) and the monomer A (tan) and monomer B (blue) of the dimer from
excited state BOMD simulations used in QM/MMPol calculations of the fluorescence
spectra. (b) Displacement of NANQ-IMC6 in monomer B due to the movement of a loop
and an a-helix (open to closed) towards the molecule (initial frames in light blue; final
frames in royal blue) occurring along the MM-MD trajectory.

Thus, an intriguing point is why the position of the ligands in both monomers A and B in
the homodimer are different. It has been proposed (Yuan et al., 2006; Smith &
Malkowski, 2019) that COX-2 homodimers function as conformational heterodimers
having allosteric and catalytic subunits. Thus, binding of a ligand to the COX-2 site of
one monomer would alter its companion monomer, as observed in Figure 5b. The
movement of the loop and the a-helix in monomer B leads to a modification of the binding
mode of NANQ-IMCS6. This is probably related to the uncertain heterodimer functionality
of the enzyme. It is not clear how the crosstalk between both monomers takes place.
Although both ligands are too far to directly interact, as shown in Figure S18 (up to 33 A
separation), we have used the webPSN, based on mixed Protein Structure Network and
Elastic Network Model-Normal Mode Analysis. (Felline et al., 2020) server to investigate
the allosteric structural communication between the two NANQ-IMC6 ligands (Figure 6)
through the enzyme. The results indicate that structural communication from monomer A
to monomer B follows a path of interactions through the homodimer, crossing the large
hydrophobic site pocket (easily recognized in Figure 6). The interaction strength is high
along the red path, with a part of the communication path with a cross-correlation of
atomic motions somewhat less strong (indicated in blue). Thus, the presence of a ligand
in monomer A can influence the binding of the other in monomer B.
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Figure 6. Allosteric communication path predicted by the webPSN server between the
NANQ-IMC6 ligands in monomer A and monomer B of the homodimer of hCOX-2.

To get a deeper insight into the contributions of the enzyme and the water environment
to the shift of the fluorescence spectra upon dimerization we have depicted the spectra of
NANQ-IMC6 in vacuum (Figure S19), excluding waters (Figure S20), and for the
complete hCOX-2:NANQ-IMC6 single monomer and homodimer complexes (Figure
S21), including in all cases the contributions of each monomer (A and B) to the dimer
spectra, and computed from geometries extracted from excited state BOMD simulations
of the complete hCOX-2:NANQ-IMC6 single monomer and homodimer complexes. As
in Figure 2b, Figure S19 (in vacuum) shows a slight bathochromic red shift upon
dimerization, with very similar contributions corresponding to monomer A and B in the
dimer. These results account for the different geometries adopted by NANQ-IMC6 in the
different situations. When the effect of the electrostatic interactions with the enzyme is
added in Figure S20, all the spectra are moved to longer wavelengths (this red shift
increases in the order monomer B in the dimer < dimer < monomer A in the dimer <
single monomer), and then some hypsochromic blue shift already appears upon
dimerization. Interestingly, that read shift is clearly smaller for the case of the monomer
B of the dimer because the quite charged nitro group of NANQ-IMC6 is close to non-
polar residues (for instance, two valines) in monomer B, but has several polar residues
(for instance, two lysines and one tyrosine) in monomer A, then the electrostatic
interaction in S; is bigger in this second case. Indeed, the spectrum corresponding to the
complete dimer is intermediate to the spectra corresponding to its two monomers. The
most important change occurs when the effect of the electrostatic interactions with the
water solvent is added in Figure S21, where the three effects (geometric, enzyme and
water solvent) are included. Now, the displacement of the spectra towards longer
wavelengths is bigger than that produced by the interaction with the enzyme, especially
for the case of the single monomer, with a red shift due to water solvent of +143 nm (the
smaller red shift corresponds to the monomer B of the dimer, +69 nm due to water solvent,
versus +95 nm for the monomer A of the dimer). As a consequence, the experimental
hypsochromic blue shift upon dimerization clearly appears in Figure S21 and can be
fundamentally attributed to the differential water solvation in the single monomer and in
the dimer. As mentioned previously (see Figure 4), the access of the water solvation is
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more important in the single monomer than in the monomers of the dimer. As also seen
in Figure S22, the lower accessibility of water to NANQ-IMC6 (and its nitro group) in
monomer B than in monomer A of the dimer produces a quite smaller red shift for
monomer B upon water solvation (compare Figures S20 and S21).

Finally, after analyzing in detail the energetic behavior of monomers A and B of the
homodimer separately, we have been able to see the effect of the two different binding
modes of monomer B producing different maximum intensities. As graphed in Figure
S23, when the first 100 ns on the spectrum of monomer B are included, it is possible to
observe a second maxima for monomer B around 550 nm. This value is quite similar to
the maximum observed for monomer A. Along these first 100 ns monomer B adopts an
open configuration comparable with the one corresponding to monomer A, and with a
similar water accessibility for NANQ-IM6. From 100 ns to 500 ns monomer B maintains
a closed configuration (see Figures 4, S16 and S17) that produces its first maximum at
484 nm. Since the fast evolution of monomer B is caused by the intermonomer
interaction, we have considered that the fluorescence spectrum is recorded experimentally
when monomer B is already in its closed configuration. Thus, for the calculation of the
spectra we have removed throughout this paper the first classical 100 ns of monomer B
of the homodimer in order to only reproduce the realistic binding mode (closed) of
monomer B. Anyway, the inclusion of those first 100 ns (that is, open + closed
configurations of monomer B) would show a hypsocromic blue shift of -66 nm upon
dimerization (Figure S23), still in very good agreement with the experimental spectra.

3. Conclusions

We reported a first-principles study of the molecular basis of the fluorescence spectra in
complexes between NANQ-IMC6 and monomeric and homodimeric forms of the human
COX-2 enzyme. We employed a multiscale protocol that combines extended MM-MD
simulations with short multiple excited state adiabatic QM/MM BOMD simulations,
which allows to account for both protein conformational heterogeneity at the ground state
and multiple protein reorganization events after ligand photoexcitation. All our simulated
spectra indicate an hypsochromic shift upon dimerization, in good agreement with
experiments. In particular, the gaussian-convoluted corrected hypsochromic blue shift is
-75 nm (+0.28 eV). We find that this effect entirely arises from changes in electrostatic
interactions between NANQ and the protein and water environment, in particular due to
the slightly greater water accessibility to the nitro group of the fluorogenic moiety in the
case of the monomer. In contrast, the impact of the deformation of the planarity of the &
system of NANQ, estimated by recomputing the spectra from vacuum calculations
performed using NANQ-IMC6 geometries extracted from the protein-ligand complex
trajectories, is found to be small, leading to an opposite bathochromic red shift of +4 nm
(+0.03 eV). Our results thus support that the highly overexpressed COX-2 in cancer
tissues is present as a homodimer, in contrast to the monomer structure adopted in
inflammatory lesions and, evidently, in constitutive COX-2. Our findings thus pave the
way for the rational design of new anti-inflammatory drugs to treat cancer efficiently by
selectively inhibiting the homodimer of COX-2, thus minimizing undesired harmful side
effects. In addition, it demonstrates the potential of first-principles simulations in the
design of specific fluorogenic probes able to shed light on the formation of protein
multimers and monitor other structural transitions in proteins.
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4. Computational methods

4.1. System setup. The structure of the human COX-2 homodimer system was obtained
from the crystal of salicylate-bound human COX-2 (PDB entry 5F1A) and cleaned
deleting salicylate, waters, and other molecules. Since the reactive residue Tyr385 is
almost certainly found as a tyrosyl radical (Cebridn-Prats et al., 2019), we eliminated the
hydrogen atom of the hydroxyl group of this tyrosine residue. Hydrogens topology for all
the other residues of the structure were generated with the H++ web-server (Gordon et
al., 2005; Anandakrishnan et al., 2012) using a pH = 7.4 for titratable residues. The COX-
2 single monomer system was then obtained by deleting one of the monomers in the
homodimer.

4.2. Molecular docking. Starting from the structures generated from the crystal, docking
calculations were done to insert the NANQ-IMC6 ligand in the active site of the
monomeric and homodimeric human COX-2. We employed the program AutoDock Vina.
(Trott & Olson, 2010) In these calculations the receptor was kept fixed, whereas the
ligand was completely flexible to be docked in the cavity. The binding site cavity used in
the docking runs was a 20A x 20A x 20A squared box centred at the Val523 residue for
the first monomer, and at the Vall107 residue for the second monomer. In practice,
however, given that two ligands should be bound in the homodimer structure, the docking
was performed in two steps. A first ligand was docked in the empty enzyme structure and,
subsequently, the second ligand was docked in the other monomer.

4.3. Parameterization. The ferric penta-coordinate high spin group (Fe**) atomic charges
were obtained from a calculation with the RESP?* method at the HF/6-31G(d,p) level of
theory, and parameters for the heme group were taken from the literature. (Shahrokh et
al., 2012) Axial histidine parameters are well-described by the general AMBER force
field GAFF. (Wang et al., 2004) The tyrosyl radical parameterization was done in
previous studies by Cebrian-Prats, et al. (2019) optimizing the residue with the B3LYP
(Lee et al., 1988; Becke, 1993) functional and the 6-31G(d,p) basis set and calculating
the partial atomic charges by using the RESP (Bayly et al., 1993) method in AmberTools
using the ESP computed with Gaussian09 (Frisch et al., 2009). The NANQ-IMC6
parameterization was done in this work at the same level of theory as used for the tyrosyl
radical using Gaussianl6 (Frisch et al., 2016) and employing the GAFF force field.
Finally, the force field ff19SB (Tian et al., 2020) was used for the rest of the protein.

4.4. Classical ground and excited state MD simulations. After the setup up and force
field parameterization, the systems (single monomer and homodimer, including the
corresponding ligands and OPC (Izadi et al., 2014) water box) were minimized using the
steepest descent and conjugate gradient methods on a MM ground state potential energy
surface. Three steps applying restraints on ligands, heme group and enzyme were carried
out. The last minimization step was done with no restraints. Afterwards, a molecular
dynamics simulation was done on this potential energy surface (MM-MD). Firstly, the
systems were heated from OK to 300K in the NVT ensemble under periodic boundary
conditions. Then, an MM-MD simulation in the NPT ensemble was performed during 5
ns to equilibrate the density of the systems at 298.15 K. Next, from the final structures of
the previous simulations, taking the volume corresponding to 1 atm, an equilibration of
10 ns in the NVT ensemble was performed. Finally, the production phase was carried out
for 500 ns to ensure enough sampling. These MD simulations were carried out using the
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Amber20 (Case et al., 2020) software with a time step of 1 fs, freezing hydrogen bonds
with the SHAKE algorithm, and using the force fields indicated in section 4.3.

In addition, adiabatic QM/MM Born-Oppenheimer Molecular Dynamics (BOMD) were
run for a total of 3 ps of simulation: 1 ps in the ground state followed by 2 ps in the first
electronic adiabatic excited state (S1) using TD-DFT and a time step of 0.5 fs. Exploratory
simulations were performed using the B3LYP, CAM-B3LYP, M06 and ®B97XD
functionals, as well as the ab initio CI-Singles (CIS) method, using the 6-31G basis set,
whereas production runs were based on the M06 functional. The simulations were done
on a QM/MM potential energy surface calculated at every step by connecting Amber20
(Case et al., 2020) and Gaussian16 (Frisch et al., 2016) through the interface available in
Amber to perform this type of simulations. Multiple BOMD replicates of sufficient length
(see above) to ensure adequate sampling were started from 10 equally spaced frames
extracted from the same MM-MD production simulation. For the monomer structure, the
NANQ part of the compound (in red in Scheme 1) was included in the QM region (36
atoms of a total of 9030 protein-ligand atoms and 19666 water molecules). For the case
of the homodimer, 10 replicates were carried out considering the NANQ moiety of the
ligand in monomer A in the QM region, and another 10 replicates (starting from the same
initial structures) were carried out considering the NANQ moiety of the ligand in
monomer B in the QM region (36 atoms of a total of 18048 protein-ligand atoms and
31549 water molecules). A scheme of the overall classical (ground and excited state) MD
simulation protocol is presented in Figure S24. One link atom was employed between the
N-QM atom of NANQ and the first carbon atom of the linker.

4.5. Vacuum and continuum solvent excited state calculations. Exploratory TD-DFT
calculations were performed for NANQ-IMC6 (73 atoms) based on its unfolded geometry
optimized at the TD-B3LYP/6-31G(d) level of theory in gas phase. The first three low-
lying singlet excited states of the molecule were analysed to characterize and verify that
the first excited state (S1) is the one responsible of the fluorescence. Test calculations
were then performed on NANQ using the [IEFPCM continuum solvation model from TD-
DFT and geometry optimizations performed at the CAM-B3LYP/6-31G and M06/6-31G
level of theory to explore the impact of different solvents (dichloromethane, methanol,
water) on the emission properties.

4.6. QM/MMPol excited state calculations and fluorescence spectra. The fluorescence
properties of NANQ-IMC6 bound to human COX-2 (monomer and homodimer) were
then calculated using polarizable embedding linear response TD-DFT calculations based
on the MMPol (Curutchet et al., 2009) model performed at the TD-M06/6-31G(d) level
of theory. The protein MMPol environment was described using the Amber pol12 AL
polarizable force field (Wang et al., 2011a; Wang et al., 2011b), the atomic polarizability
for Fe**, not defined in poll2, was derived from a B3LYP/aug-cc-pVTZ calculation,
MMPol parameters for water were taken from previous work (Corbella et al., 2019), and
polarization-consistent ESP charges for the heme group, axial histidine, the tyrosyl
radical and NANQ-ICM6 were obtained using the Polchat tool (Caprasecca et al., 2014)
from ESPs computed at the HF/6-31G(d) level of theory. Explicit polarization was limited
to residues within a cutoff radius of 15 A from the QM heavy atoms (MMPol region),
whereas residues up to a 30 A were also included but adopting the additive force field
(MM region) used in the MD. All QM/MMPol calculations were carried out using a
locally modified development version of Gaussian. (Frisch et al., 2010) For the monomer,
fluorescence was modelled from QM/MMPol data computed for 100 structures extracted
from the last ps of each of the 10 S; BOMD trajectories reported above considering
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NANQ in the QM region. For the homodimer, 50 structures were similarly extracted from
each BOMD simulation with NANQ in monomer A and 50 structures with NANQ in
monomer B (see Figure S17). In addition, the robustness of the results was also
investigated by recomputing the excitation energies at the QM/MMPol TD-CAM-
B3LYP/6-31G(d) level of theory. The normalized fluorescence spectra were modelled as
stick spectra proportional to the squared electronic transition dipole moments (S; to So)
using a 2 meV bin, each stick representing a QM/MMPol excited state TD-M06/6-31G(d)
calculation performed along the BOMD trajectories. Then, a more realistic spectrum was
constructed by convoluting each stick with a gaussian function with a FWHM of 200
meV. Systematic errors associated to specific functionals were corrected by shifting all
vacuum QM and protein QM/MMPol excitation energies by +0.51 eV (M06) and -0.20
eV (CAM-B3LYP) to reproduce the experimental maximum at 615 nm observed for the
monomer in the gaussian-convoluted spectrum.
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