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Abstract

To assess a tumor biomarker like the cyclooxygenase-2 enzyme (COX-2), non-invasive imaging
techniques are powerful tools. The (non-) linear optical properties of activatable fluorescent probes
which are selectively bound to the biomarker can therefore be exploited. The here presented
molecular modelling results based on multi-scale modelling techniques highlight the importance
of the conformational versatility and of changes in the electronic interactions of such probes when
they are embedded in water or in the COX-2 homodimer enzyme. The ANQ-IMC-6 probe, which
combines the binding domain/scaffold of indomethacin (IMC) on COX-2 with the optical
properties of acenaphtho[1,2-b]quinoxaline (ANQ), is found to be folded in the solvent and
unfolded in the enzyme. A concerted movement of the probe and the protein is seen, while the
rotational autocorrelation function exhibits also the intrinsic properties of the probe. Hybrid
Quantum Mechanics/Molecular Mechanics (QM/MM) calculations are used to simulate the one-
photon and two-photon absorption spectra along with the first hyperpolarizability. The transition
has a local character in vacuum, but changes to a charge transfer one in the presence of the
microenvironment of the enzyme. This is also visible through a change of the shape of the
absorption spectrum, while at the same time the simulated signals of second harmonic generation
experiments are strongly enhanced. The results of this work prove that an environment sensitive
probe with an anchoring group and an optical active part can be constructed for use in absorption

spectroscopy, without the need to revert to fluorescence experiments.
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Introduction

Cyclooxygenase (COX) is an enzyme of the prostaglandin-endoperoxide synthase family, which
is found in two isomers, COX-1 and COX-2 and plays a crucial role in the formation of
prostanoids. In particular, high levels of COX-2 have been found in pancreatic, gastric, breast,
stomach, and colon carcinoma, as well as in inflammatory lesions.>° As a result, COX-2 is
considered as a very promising biomarker for the detection of tumours'*1® and its presence can
reveal important information for cancer treatment. To assess the presence of COX-2, fluorescent
probes are used which provide the diagnosis via non-invasive and high-resolution real time
imaging techniques. This fluorescence detection has been used to visualize cells in vivo and in
vitro, and is a very powerful tool both for biological research and clinical screening.

Driven by a dire need, in the last decades different fluorescence-based probes for the specific target
of COX-2 have been designed and tested'’~2% but their application for clinical use still needs to be
evaluated. Generally, these probes can be divided into two families: the active and activatable
probes.?* The latter ones are based on an ‘off/on’ mechanism, while the former work by
conjugating the fluorophore and the inhibitor to selectively bind to COX-2, which leads to the
strong enhancement of the emission due to the accumulation of the probe in the enzyme as contrast
agent. In contrast, the activatable probes are inherently weakly fluorescent due to intramolecular
charge transfer, energy transfer or photon induced electron transfer (PET) mechanisms. They can
act as a trigger since they become strongly fluorescent after binding to COX-2. However, in order
to differentiate between COX-2 and COX-1, the selectivity of the probe has to be enhanced. It can
be achieved by tuning specific interactions with the active sites of the enzyme, acting as inhibitors,
as well as to modify the structure of the probe itself through conjugation with fluorescent dyes.?>-
28 The COX-2 enzyme is a most suited target for diagnostic purposes thanks to its role as up-
regulator for cancer, but the strong structural similarities with COX-1 are problematic. In fact,
84% of the isoenzymes are similar and active sites with more than 90% homology have been
observed.?>%® It might be detrimental for the clinical use of these systems as the acquired accuracy
is limited by the availability of only a few selective binding sites.®* As a result, indomethacin
(IMC) as inhibitor can interact with both isoenzymes®?, but while COX-2 is found in malignant
cells, COX-1 is mainly expressed in healthy tissues and it can lead to misdiagnosis. Therefore,

further effort in tuning the probe specificity is requested.



One promising candidate is the ANQ-IMC-6 probe (Figure 1), composed of two subunits
connected via a six atoms carbon aliphatic linker, namely the IMC and acenaphtho[1,2-
b]lquinoxaline (ANQ). In this probe, IMC acts as the binding domain upon COX-2 interaction
while ANQ carries the fluorescent properties which enables the imaging. As it is based on IMC,
this probe presents the ‘off/on” mechanism described above, which depends on the conformation
the probe can adopt in different environments. In fact, in its free state ANQ-IMC-6 adopts a folded
conformation which is responsible for the PET leading to weak fluorescence, but when it is bound
to COX-2 the geometry of the binding site forces the probe to unfold, thus hindering the PET
which induces a strong fluorescence.?! This probe was synthesized and exhibited a very high two-
photon induced fluorescence in the presence of COX-2, with cross section values up to 133 GM
at 800 nm excitation, which was reported to be a 28 fold enhancement compared with that in

absence of the enzyme.?? Its selectivity towards cancer cells was confirmed by in vitro imaging.
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Figure 1: Unfolded (top) and folded (bottom) ANQ-IMC-6

The discrimination between cancer cells and inflammatory lesions is based on the different
response of the probe due to the differing concentrations of COX-2 in the two systems. In fact, at
a low concentration (< 0.085 ug/ml) as found in inflammatory lesion, COX-2 is present as a
monomer and the probe fluoresces at 615 nm. In cancer cell, the enzyme is present as a homodimer

due to its increased concentration (> 0.085 pg/ml) and the probe fluoresces then at 555 nm 333



Thus, this fluorescence blue shift can be used to distinguish between the two systems. To explain
the difference in selectivity based on different concentration levels of the enzyme, the following
mechanism has been suggested. In inflammatory lesions where COX-2 is present as monomer,
ICM binds at the interface between the protein and the water environment, leaving the ANQ
fluorophore exposed to the aqueous microenvironment responsible for emission at higher
wavelengths. On the other hand, in cancer cells COX-2 is present as homodimer and now the whole
probe is bound to the interface of the two monomers and the ANQ moiety experiences a different,
more hydrophobic microenvironment which leads to emission at lower wavelengths.?!2* Despite
this explanation, no proof of the proposed mechanism has been found in literature up to date.

In this study, we report a multiscale computation of the ANQ-IMC-6 probe optical response when
embedded in the COX-2 enzyme in order to investigate its use as a (non) linear spectroscopic
compound to identify the enzyme, thus retrieving to the power of absorption properties of this
probe. The current manuscript is constructed as follows. After a brief overview of the
computational details, benchmark results for the molecular spectra are provided to enforce the
quality of the used computational protocols based on time dependent density functional theory,
which have been chosen with respect to an efficient use of the computational means. In a second
part of the discussion, the focus is put on the atomistic Molecular Dynamics simulation, needed to
get a view on the specific protein environment and the conformational details of the bound probe.
Since in the protein only the unfolded conformation is found, further analysis is focused on this
form of the probe only. Thereupon, snapshots are selected out of these trajectories and by means
of hybrid Quantum Mechanics — Molecular Mechanics calculations, the (non) linear optical spectra
of the probe are obtained. The one-photon, two-photon absorption spectra are analysed, as well as
the first hyperpolarizability used to get access to the Second Harmonic Generation and Hyper
Rayleigh Scattering of the probe embedded in the protein. Finally, the conclusions of the study are

concisely given as well as the details of the computational methodology.

Computational details

To evaluate the quality of the used quantum chemical approaches, a benchmark was done using
Density Functional Theory (DFT) along with the B3LYP3*>% and CAM-B3LYP? functionals, and
Dunning’s correlation consistent cc-pVDZ basis set.*® By means of Gaussian16,*® the geometries

of both folded and unfolded conformations have been optimized, followed by a single point time



dependent density functional theory (TDDFT) calculation to obtain the absorption spectra. The
importance of Grimme’s third generation dispersion correction (D3) was evaluated.*® The
Algebraic Diagrammatic Construction scheme (ADC) of second order [ADC(2)],***® as well as
the equation-of-motion coupled cluster singles and doubles approach (EOM-CCSD)*#
implemented in the Q-Chem program package*® have been used to benchmark the lowest excited
states of the probe. As a result of this analysis, the CAM-B3LYP-D functional has been selected
for further use and the charges of the unfolded structure computed with the CHELPG method*’
were used for the forthcoming simulation steps.

The location and orientation of the probe in the COX-2 enzyme were obtained from docking
simulations performed by means of AutoDock 4.8 A grid of 126 x 126 x 126 A was used with a
spacing of 0.375 A, and in total 50 Lamarckian Genetic Algorithm docking runs were completed.
Afterwards, Molecular dynamics (MD) simulations have been performed on the homodimer COX-
2-probe complex with the Gromacs-2018.2 software and the ff99SB forcefield.*>*° Since the
interactions with the enzyme force the probe into the unfolded conformation, only the latter one
was considered at this stage of simulation. The complex has been immersed in a 2.0x2.0x2.0 nm?
box, filled with water molecules represented by the TIP3P model and neutralized considering
sodium ions. The protocol used is the following. After the molecular mechanics (MM)
optimization, the system was subjected to a 100 ps long NVT simulation followed by a MD
equilibration performed for 20 ns in the canonical NPT ensemble at 300 K. A final production
dynamics run of 50 ns was considered for the analyses. For the different steps, LINCS constrains
were considered. The Verlet cut-off scheme has been applied with a short range cut of 1.5 nm for
both electrostatic and van der Waals forces. The Particle Mesh Ewald method has been used for
long-range electrostatics, while a dispersion correction scheme has been used for the long-range
van der Waals interactions. The Berendsen thermostat has been used with a time step of 0.1 ps and
T=300K and the Parrinello-Rahman isotropic pressure coupling with a time step of 2 ps at 1 bar
has been used in NPT simulations.

From the production simulation, 50 frames were extracted in the last 10 ns of simulation time, and
used as input geometries for hybrid quantum mechanics / molecular mechanics (QM/MM)
calculations, in which the probe is considered in the QM part and the protein and water molecules
in its close contact, as well as the ions, in the MM part as point charges. Throughout this study,

the DALTON16 software package was used.>! Since the absorption properties are not affected by



the presence of the empirical dispersion term employed in this study,>® the one and two-photon
absorption properties were obtained at the CAM-B3LYP/TZVP level of theory. The teams of Loos
and Jacquemin assessed the accuracy of CAM-B3LYP to second order correlated methods and
found an outstanding performance of this functional with respect to transition and excited state
dipole moments,®>® which are of utmost importance in the calculation of non-linear optical
spectroscopies. This functional has furtheron been benchmarked against post-Hartree—Fock
methods and other density functionals in our study on the interpretation of non-linear optical and
fluorescence experiments in lipid bilayer membranes performed by means of the Laurdan probe.>*

Its accuracy is also proven for other optically active probes embedded in a lipid bilayer.>>-8

Results and discussion

1. Benchmark

The presence of the dispersion correction term in the description of the DFT functional has been
found to be essential to obtain the folded structure, while little or no differences arise from the
different functionals used (see Figure 2). The folded structure is more stable by 0.57 eV (0.60 eV)
than the unfolded one for CAM-B3LYP-D3 (B3LYP-D3) (See Table S1 in Supplementary
Information). To have a more consistent picture, we rely on post HF methods such as MP2 to
assess the stability at the ground state, and obtained an increased stability of the folded
conformation by 0.41 eV respect to the unfolded one.

Consistent differences are observed for the optical properties, such as the one photon absorption
spectra of both folded and unfolded structures. In particular, the B3LYP functional shifts the
spectra by 22 nm towards the red, while CAM-B3LYP presents a less pronounced red shift of 13
nm, from 349 to 362 nm, when the unfolded structure is compared to the folded one (see Figure
3). Moreover, the transitions associated to the low energy excited states strongly vary passing from
CAM-B3LYP-D to B3LYP-D. While for the unfolded conformation the former expresses the S:
state lying at 349 nm described by a local HOMO to LUMO transition and Sz (at 326 nm) by a
local HOMO to LUMO+2 transition, the situation is different for the latter functional, with now
S1 (S2) being described by a charge transfer HOMO to LUMO+1 (local HOMO to LUMO)
transition. Results obtained by the second order Algebraic Diagrammatic Construction scheme
[ADC(2)] on the ANQ fluorophore show that S; lies at 336 nm and is described by both local



HOMO to LUMO and HOMO-1 to LUMO+1 transitions, while S lies at 320 nm with a combined
charge-transfer HOMO-1 to LUMO and local HOMO-3 to LUMO transitions. This is also
confirmed by the equation-of-motion coupled cluster singles and doubles calculation (EOM-
CCSD) on the same ANQ part of the probe, from which Si, at 318 nm and S at 310 nm are
described by the same transitions as found from ADC(2). For this reason, and considering the wide
usage of the CAM-B3LYP functional for biological applications,>*°5°%-64 we chose to continue the
analyses with this functional, combined with the dispersion term. In line with recent insights into
the interpretation of optical spectra simulated with correlated methods, it can be remarked that in
the case of the post-Hartree Fock methods like ADC and EOM-CC the transition vector describes
one-particle excitation from one correlated state to another rather than a transition from one orbital
to another in an excited Slater-determinant. For these methods, orbital depictions should thus be
regarded as approximate ways to discuss transition characters.%

When the probe is embedded in the enzyme, only the unfolded form is found and it is thus rather
Figure 2(c) which provides a realistic view on ANQ-IMC-6. Since the electronic interaction of the
probe with the protein environment is the focus of the current study, the optical properties of the
unfolded form have been simulated using models in which the interaction with the environment
can be switched on and off.
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Figure 2 — Comparison between the unfolded and folded structures of the ANQ-IMC-6 probe
optimized by means of the CAM-B3LYP-D functional. For case (b), two different views are proved.



Experimentally, absorption of the probe has been found to be at 457 nm in a Tris-HCL buffer with
a pH of 8.0.22 Thus, we considered also the case in which the folded probe (as it is the most stable
one) is immersed in water and performed Polarizable Continuum Model (PCM) calculations (see
Table S2). We observed an additional redshift of 20 nm going from vacuum to water, leading to
the lowest excited state found at 383 nm (see Figure S1), which suggests that explicit solvent
molecules should be considered to retrieve the experimental absorption, thus validating the use of
a QM/MM approach.
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Figure 3 — Absorption spectra of ANQ-IMC-6 obtained by TDDFT/CAMB3LYP-D in vacuum. The
height of vertical lines refer to the oscillator strength.

2. MD simulations

Two different MD simulations have been performed in order to assess the effect of the environment
over the conformations of the probe. In the first one, the probe was immersed in a box of water
molecules, in both its folded and unfolded conformations. While the folded form is stable along
the simulation time and exhibits only negligible geometrical variations, the unfolded one reverts
to the most stable, folded structure in less than 1 ns. On the other hand, when inserted into the
protein, the steric hindrance allows only the unfolded structure to be observed. To provide a
guantitative view on the conformation, the evolution of the dihedral angle between the nitrogen
atoms of the probe embedded in the protein is given in Figure S2. It has a constant value in between
90° and 120°, depicting the open form. For the folded form computed in water, the same dihedral

has a value of 5°.



The starting structure for the MD calculation with the protein has been obtained through docking
simulations (binding energy of 12.6 kcal/mol). A detailed embedding of the probe in the enzyme
from MD is given in Figure S3 and the amino acids in close approximity (i.e. at a distance smaller
than 2.5 A) have been indicated. To verify the convergence of the MD calculations, the evolution
of the RMSD in time is given in Figure S4.

The MD trajectories enable a thorough look on the possible hydrogen bonds which arise between
the probe and the enzyme. The -NH groups at the end of the linker act as a donor for hydrogen
bond formation with the oxygen atom of the GLY654 and CY X566 aminoacids, while all the
nitrogen and oxygen atoms of the probe act as acceptor for the formation of hydrogen bonds with
the protein (see Table S3). Throughout the considered time window, in average there are 2.21
hydrogen bonds with the protein. The same analysis performed in water show a max distance of
0.35 nm and 30 degrees angle (N-H-O), and bear a computed average of 2.65 hydrogen bonds per
time frame. Interestingly, only the -NH group of the linker close to the IMC moiety has the ability
to form the bonds as donor. This is probably due to the different fluctuating nature of the IMC
compared to the ANQ part (see below).

While the IMC moiety in the protein is responsible for the adhesion to the homodimer interface,
the ANQ is responsible for the optical response. The flexibility of the linker in between the two
parts accounts for the flexibility of the whole probe. The protein pocket in which the probe can
accommodate itself is close to the edge of the monomer, resulting in the probe being located at the
interface between the two monomers forming the protein structure (Figure 4). Due to this peculiar
spatial position, in the surrounding of the probe some water molecules have been observed (Figure

S5), which may become important in the determination of optical properties.

Figure 4 — Representative snapshot from the MD simulation. The probe is depicted by its van der

Waals spheres (red), inserted in the pocket formed at the interface of the two proteins’ monomers.



From the benchmark calculations, we know that the ground state dipole moment (D) and the
transition dipole moment from the ground to the first excited state (tdm) have an almost
perpendicular orientation, the previous being perpendicular to the ANQ plane and the latter
oriented along ANQ’s long axis. When the angle between these two vectors is computed along the
MD trajectory, we observe interesting fluctuations which exhibit the flexibility of the IMC part of
the probe in the protein pocket at ambient temperatures, with three major peaks at 105, 130 and
150 degrees (Figure 5). On the other hand, the angle between the tdm and the normal to the protein
is much more stiff, with a peak at around 22 degrees, which enables a solid interpretation of

fluorescence anisotropy experiments.
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Figure 5 — Angle analysis for the probe when embedded into the protein. The dipole vector is
depicted as a red arrow in the inset, while the tdm as black arrow.

The agility of the probe is herewith confirmed by the analysis of its rotational movement within
the protein, which we performed by considering the rotational autocorrelation function for the
transition dipole moment. It is described by an ensemble average of the second order Legendre
polynomial of the angle between the absorption transition dipole at a time zand the one at a later
time t+t. In an anisotropic environment, it is often fitted by a double exponential function®5’
C(t) = prexp(—t/01) + Brexp(=t/6;) + Co, (1)

with 6; and 6, the rotational correlation times. The static term C,, is related to the residual
component of the autocorrelation function at long times, which might be significantly different

from zero due to the restriction from the environment. The mean correlation time is defined as
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Zi’B K . The results of the fit, whose quality has been checked by a reduced x? analysis

with a deviation of less than 10, are given in Table 1.

Table 1 Pre-exponential parameters g and rotational correlation time @ for the probe when
embedded into the protein. All rotational correlation times are given in ns.?

B1 01 B2 0, Co V (0)
probe -1.26 8.99 2.54 19.51 0.30 25.30

2 The mean correlation time ( @) and the C,, parameters are also reported. Fitting time was set to
80 ns.

Being embedded in a protein, the probe experiences a rather strong steric hindrance, which is
reflected in the relatively high value of the C,, parameter of 0.30. This agrees with the depiction in
Figure 5, which shows that the overall movement of the transition dipole moment is limited
throughout the time window of the MD calculation. A heavily hindered rotational decay is also
visible in the high mean correlation time of 25.30 ns. The two different correlation times found are
affected by the intrinsic fluorescence decay, the anisotropy of the environment and the rotational
motion of the protein. In the presented method, the longer correlation time of 19.51 ns can be
associated to the overall motion of the protein-probe complex. Although the shorter one of 8.99 ns
might mainly exhibit characteristics of the probe itself, it still carries important influences of the
motion of the COX-2 dimer.%8 As a remark and referring to our experience with fluorescent probes
in lipid bilayer membranes, it can be said that the order of magnitude of both (6) and 6. are
comparable to the ones found for the conformer of the widely used Laurdan probe whose location
and orientation are affected the most by the stiff environment of a surrounding solid gel phase
membrane at room temperature.>*626954 This observation illustrates the power of rotational
correlation analyses to investigate biological tissues and shows that these techniques can provide

deeper insights into intrinsic properties which enable the comparison of different environments.

3. QM/MM analyses
(a) One-photon absorption (OPA)



To assess the effect of the environment on the absorption spectrum of the probe unfolded in the
protein, we compare two different scenarios in which the spectra of the probe are obtained: (i) The
structure of the probe is extracted from the MD simulation without consideration of the
environment (labelled as OPA no enzyme); and (ii) The probe is subject to the full QM/MM
approach, in which the environment has been considered as point charges (OPA enzyme). The

results are reported in Figure 6.
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Figure 6 — One photon absorption spectra of the unfolded form of ANQ-IMC-6 probe extracted from
the selected snapshots (OPA no enzyme), and of the probe’s structures extracted from the snapshots

while the environment is taken into account as point charges (OPA enzyme).

The first noticeable result is the spread of the absorption when the thermal fluctuations are
considered (OPA no enzyme) with a strong 80 nm redshift correlated to this effect, resulting in the
S: absorption energy in the violet 357-429 nm window. Moreover, the presence of additional
absorption bands reveals the high flexibility of the probe even when interacting with the enzyme.
The addition of the environment (OPA enzyme) has only a little effect over the absorption
spectrum energy, with a negligible shift in wavelengths in the 337-427 nm range, but with a strong
impact in the nature of the transitions. In fact, for ‘OPA no enzyme’ the S: is described by a major
HOMO to LUMO transition (70%) and a minor HOMO to LUMO+1 (30%) (See Table S4). The
A diagnostic of Peach et al.”®, which gives a value of 0.67, confirms that these transitions possess
a local character as both orbitals are localized over the ANQ moiety. When the environment is
present the situation is more complex, with now two major contributions for the S; state, arising
from HOMO to LUMO (23%) and HOMO-2 to LUMO (20%) transitions and different minor

contributions (full data are reported in Table S4 in the Supporting Information). The reason behind



this striking difference can be traced back to the nature of the transitions and is reflected into the
A diagnostic of Peach et al., with now values below 0.5, (0.37 for S1), indicating a charge transfer
character for all excited states when the environment is explicitly considered, as some orbitals are
now localized over the IMC moiety (see Figure S6). Interestingly, the absorption wavelength is
not affected by the presence of the protein environment, suggesting that its effect is more subtle.
The difference between the two approaches is due to the non-bonded interactions with elements
and species from the environment. From an analysis of the probe’s environment, 10 water
molecules are found at a distance of less than 5 A to the ANQ moiety, which directly affects the
electronic properties of the probe. Thereupon, the protein environment generates positive regions
in the vicinity of the probe, which diminishes the contribution of the local HOMO to LUMO
transition at the expense of the charge transfer ones like HOMO-2 to LUMO and HOMO to
LUMO+1.

The current results strongly differ from the ones discussed by Zhang et al.?2, showing that the
incorporation of the effect of the environment is indispensable when optical properties (either
absorption or emission) are assessed. We thus suggest the use of more complete, albeit
computationally more expensive methods, to properly assess the optical properties of probes
embedded in biological environments.

This conclusion holds true even when we change the nature of the environment, from the enzyme
to water, although now the effect of the conformation is also present (in water only the folded state
is stable). The characteristics of the lowest excitations change, with absorption at 417 nm (see
Figure S1 and Table S5) and a predominant HOMO-1 to LUMO assignment, with only a small
contribution of HOMO to LUMO+1. The S; is a mixture of HOMO to LUMO+1 and HOMO to
LUMO+2 excitations. The Peach analysis once more suggests the local character of these
transitions, with values of 0.63 and 0.59, as also confirmed by the localization of the molecular
orbitals (Figure S7). Especially in the orbital depictions of LUMO+1 and LUMO+2, the through-
space interactions between the two parts of the folded probe are seen. These results show that a
continuum or PCM model is often very different from a calculation in which the solvent molecules
are explicitly taken into account; comparing the two approaches, a red shift of 34 nm is seen for
the QM/MM results (Table S2). The difference lies in the nature of the calculations; per definition,
in the QM/MM calculations, the quality of the obtained geometry is determined by the force field

used, while for PCM the approach is entirely based on quantum chemistry. Based on this



discussion and following the overall comparison of the absorption spectra of ANQ-IMC-6
embedded in water (Figure S1) and in protein (Figure 5), it can be said that the absorption spectra
are determined by the embedding environment. In our scheme, the results will be further improved
if polarizable force fields are used in the MD step. Of course, methodologically, also our QM/MM
scheme can be outperformed when ab initio MD is used. However, the considered time window
and the dimensions of the probe as such and of the relevant surrounding protein environment

warrants our approach.

(b) Two-photon absorption (TPA)

In the OPA case, the observed differences are mainly related to changes in geometry when the
environment is changed, or to profound influences on the ground to excited state transition dipole
moments. TPA cross section (in units of Goppert-Mayer, GM) depends as well on the transition
state dipole moments in between the excited states and it is expected that the differences in the
obtained spectroscopic properties increase with respect to the OPA case when the QM/MM results
without/with environment are considered, since TPA is more sensitive to the presence of the
environment surrounding the probe.

Since in TPA two low frequency photons are used instead of one high frequency, the TPA
spectrum for the probe embedded in the COX-2 enzyme is now extending up to 850 nm, while it
extends up to 880 nm when it is immersed in water (Figure S8). When these results are compared,
the largest effect is due to the change in geometry since the folded form is found in aqueous
environment and the L-shaped elongated one in COX-2.

When the protein is present, we observe that the S excited state is the TPA active one, with cross
section values increasing up to 20 GM, which is comparable to the values obtained by photoactive
probes used in lipid bilayer membranes.®? The S; and Sz have considerably smaller but similar
values around 5 GM (see Figure 7). The induced effects of the environment on the optical
properties is most apparent when the TPA cross sections of Sz over the different snapshots are
calculated with or without the inclusion of the embedding: when it is discarded, the cross section
drops more than 5 GM (compare Figure 7 with Figure S9). An interesting effect can be seen for
states S1 and Sa: the cross section value of the latter is comparable with the one of the former when
the interactions are enabled, while a consideration of the geometries alone exhibit a clear splitting
of the two TPA amplitudes with ~9 GM for Sz and ~3 GM for Si1. On the other hand, when the



probe is immersed in water, the S; state remains the most prominent one, although its cross section
of 8 GM is twice smaller than the one obtained in the enzyme (see Figure S10). This effect is
largely ascribed to the change in conformation of the probe. These theoretical results are
corroborated by two-photon action measurements, which report a significantly higher cross section

when the COX-2 enzyme is present.??
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Figure 7 — Two-Photon Absorption cross sections calculated in Goppert-Mayer (GM) for
the S1, S2 and Ss excited states of the probe embedded in the enzyme. The results are based

on the selected snapshots.

(c) First hyperpolarizability

Finally, we would like to address different non-linear optical properties related to the first
hyperpolarizability , namely through Hyper Rayleigh Scattering (HRS) and the Electric Field
Induced Second Harmonic Generation (EFISH). In the latter technique, the main contribution is

ascribed to Bec, defined as the projection of £ onto the ground state dipole moment

ﬁﬂ=§2i,j(zﬁiij j*Bijj 1) (2)

The HRS signal can be derived as {(Byrs) = v/ (B2,,) + {82,,), With the brackets denoting the
orientational distribution average of the molecule in the environment. These averages can then be
expressed as a combination of Sjx tensor components in molecular frame.®+"

The effect of the inclusion of the environment as point charges has a strong effect also for this
analysis. In fact, Burs increases from 11 x 10°° esu to 20 x 10 esu going from a QM/MM

approach to include the enzyme, with an overall double enhancement of the signal. Even more



affected by the environments is Sec, for which its presence boosts the signal from 6 x 10 esu up
to 30 x 100 esu, with a total five times enhancement (see Figure 8). The difference between the
BHrs values obtained in both calculations is related to the 10 water molecules in the neighbourhood
of the probe, which have a profound influence on the transition dipole moments between the
excited states. The stronger increase of the Bvec results is the direct consequence of the influence
of these polar molecules on the ground state dipole moment of the probe. The incorporation of the
environment in the calculations determines thus which of the two analyses entails the largest
signal. Without considering the waters and the enzyme, Bvec only amounts to the half of Bxrs, While
with the probe’s surrounding, the latter amounts to 66% of the value of the former. This ratio is in
agreement with the attenuation found between Bvec and PBurs in the case of molecular probes
embedded in the lipophilic region of a stiff saturated lipid bilayer membrane in its solid gel phase, 2
in which a few water molecules are still found in the neighbourhood of the probe, comparable to
the present study of the ANQ-IMC-6 compound.
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Figure 8 — Bvec and Brrs calculated for the selected snapshots with the QM/MM method
without (no enzyme) and with (enzyme) environment. Arrows depict the enhancement of

the signal due to the presence of the environment.

Conclusions



By a multiscale computational approach, we have studied the (non) linear optical properties of
ANQ-IMC-6 when embedded in the COX-2 enzyme. A profound benchmark allowed us to choose
the proper functional to use for the subsequent analysis, resulting in the choice of the CAM-B3LYP
functional as the best performing. Moreover, the addition of the Grimme’s dispersion term has
been proven crucial for a proper description of the investigated system.

Molecular dynamics simulations have shown the stability of the probe when inserted into the
enzyme hydrophobic pocket at the interface of the homodimer, due to the presence of hydrogen
bonding. Moreover, while the folded conformer is the most stable when immersed into a solvent,
the unfolded conformer is stabilized in the enzyme. The analysis of the rotation ability of the probe
accentuates the stiff environment of the protein. The simulated spectroscopic data point at the
concerted movement of the probe and the protein together, while they also visualize the intrinsic
properties of the IMC-ANQ-6 probe. It can be remarked that steric hindrance, packing and stiffness
of different biological media can be compared when the exponential decay times obtained in the
analyses of the rotational autocorrelation functions are evaluated.

The QM/MM analyses on OPA spectra revealed the strong effect of the presence of the
environment in the shape of the absorption spectra, changing the nature of the transitions, from
local when the environment is ‘switched off” to a charge transfer character when the environment
is explicitly considered. The TPA spectra confirm the importance of the presence of the protein
environment, with a twofold enhancement of the signal when the protein is present, compared to
the water case. Once more, this is evident when second-harmonic generated analyses are
considered, in which a strong enhancement of the signal has been computed when the protein is
explicitly considered, with up to a five time enhancement for Bec.

These results show that the ANQ-IMC-6 probe possess interesting absorption properties which
should not be neglected when considering its possible use as cancer diagnostic; although the
experimental focus relies on its fluorescence properties, also the (non)linear absorption abilities of

this probe should be taken into consideration.
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