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Two-photon spectroscopy of fluorescent proteins is a powerful bio-imaging tool known for deep tissue penetration and little
cellular damage. Being less sensitive than the one-photon microscopy alternatives, a protein with a large two-photon absorption
(TPA) cross-section is needed. Here, we use time-dependent density functional theory (TD-DFT) at the B3LYP and CAM-
B3LYP/6-31+G(d,p) levels of theory to screen twenty-two possible chromophores that can be formed upon replacing the amino-
acid Tyr66 that forms the red fluorescent protein (RFP) chromophore with a non-canonical amino acid. The two-level model
for TPA was used to assess the properties (i.e., transition dipole moment, permanent dipole moment difference, and the angle
between them) leading to the TPA cross-sections determined via response theory. Computing TPA cross-sections with B3LYP
and CAM-B3LYP yield similar overall trends. Results using both functionals agree that the RFP-derived model of the Gold
Fluorescent Protein chromophore (Model 20) has the largest intrinsic TPA cross-section. TPA was further computed for selected
chromophores following conformational changes: variation of both the dihedral angle of the acylimine moiety and the tilt and
twist angles between the rings of the chromophore. The TPA cross-section assumed an oscillatory trend with the rotation of the
acylimine dihedral, and the TPA is maximized in the planar conformation for almost all models. Model 21 (a hydroxyquinoline
derivative) is shown to be comparable to model 20 in terms of TPA cross-section. The conformational study on Model 21 shows
that the acylimine angle has a much stronger effect on the TPA than its tilt and twist angles. Having an intrinsic TPA ability that
is more than 7 times that of the native RFP chromophore, Models 20 and 21 appear to be very promising for future experimental
mvestigation.

1 Introduction

Fluorescent proteins (FPs) make up a family of homologues
of the Aequorea victoria green fluorescent protein (avGFP)
initially discovered in the 1960s.! The FP chromophore is
made by a post-translational modification of three precursory
amino acids within the protein shell. 23 In some FPs, that are
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t Electronic Supplementary Information (ESI) available: Models of the stud-
ied chromophores (Figure S1), dihedral angles of the RFP-chromophore in a
set of crystal structures representing the twist, tilt and 3 dihedrals in the ex-
tended acylimine conjugation (Table S1), coordinates of the optimized chro-
mophore models (Table S2), data and differences between properties com-
puted via B3BLYP and CAM-B3LYP for the RFP- and GFP- derived models
(Tables S3, S4, S7 and S8), gas-phase TD-DFT data (Table S5 and Figure S2),
TPA cross sections calculated via the 2-level model and its components for the
RFP-derived models (Table S6 and Figure S3), A-diagnostic for the first exci-
tation of the RFP-derived models (Table S9), TD-DFT data for a subset of the
chromophores at various acylimine dihedral angles (Tables S10 - S12), TPA
cross sections calculated via the 2-level model and its components for Model
21 at conformers of varying acylimine dihedral angle (Table S13 and Figure
S4), TD-DFT data for Model 21 at varying tilt and twist angles (Table S14),
and plots for the variation of OPA oscillator strengths with varying tilt and
twist angles (Figure S5). See DOI: 10.1039/b000000x/

of interest in the present study, there is an additional matu-
ration step, resulting in a chromophore with an extra acylim-
ine moiety (see Figure 1 for a depiction of the red FP (RFP)
chromophore).* The chromophore structure together with the
surrounding protein environment influence the photophysical
properties of the protein.®> Modifications to the precursory
amino acids have enabled protein engineers to develop a full
spectrum of FPs, ranging from blue-to-red fluorescence.%’
Currently many photophysical studies on FPs have focused on
their one-photon absorption (OPA), with a recent increasing
interest in two-photon absorption (TPA) properties.

In TPA microscopy, light of longer wavelength (smaller en-
ergy) is absorbed, decreasing the chance of irreparable cell
damage associated with higher-energy photons and enabling
deeper penetration into thick samples. As TPA varies with
the square of the incident light intensity, there is less out-of-
focus bleaching and more focused imaging. !%!! This advan-
tage comes at the expense of sensitivity and thus fluorophores
with large TPA probabilities (cross-sections) are needed.

There is a known challenge in measuring absolute TPA
cross-sections, especially in biological molecules.”!? As dis-
cussed by Drobizhev et al., 3 there exists large deviations - up
to two orders of magnitude - between TPA cross-section mea-
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surements for the same FP; for example, measurements made
for the lower energy peak of an enhanced green-fluorescent
protein (EGFP)'# range from 1.5 GM "> to 180 GM.'® In
any case, while large deviations may occur measurement-to-
measurement, the experimental TPA spectra of the FPs con-
sistently exhibit two regions of absorption: one at roughly
double the wavelength of the OPA peak and another, stronger
band shifted to a shorter wavelength.!3!7 The longer wave-
length band is blue-shifted relative to double the wavelength
of the corresponding OPA peak in the anionic chromophore
spectra due to the enhancement of a vibronic transition. !3-21
The peak at a longer wavelength was determined theoretically
as the excitation to the first (electronic) excited-state, Sy to Sy,
while the second, higher energy peak corresponds to a transi-
tion to a higher excited-state, Sy to S,. The main focus of this
study, however, is on the Sy to S; absorptions, as they occur
in the near IR-region, and thus are more pertinent to imag-
ing. Proteins of orange to far-red fluorescence have efficient
TPA in the range between 1,000 nm and 1,200 nm (beyond
the tuning range for Ti:sapphire lasers) where there is higher
tissue transparency, weak scattering and very little autofluo-
rescence. |3 Measurements of TPA cross-sections of a series
of RFPs showed how the protein environment strongly affects
the TPA of the chromophore. '3 Although they have the same
chromophore structure (see the RFP chromophore model in
Figure 1), the first bright state of mTangerine?> has a mea-
sured TPA cross-section of 15 GM while that of a monomer
of tdTomato?? is 139 GM. 13

The computation of TPA cross-sections is likewise chal-
lenging. Time-dependent density functional theory (TD-DFT)
is used extensively to compute TPA cross-sections for large
molecules due to its reasonable computational expense and
relatively good accuracy. 7192322 Until recently, higher level
ab initio methods were restricted only to the study of the TPA
of small molecules. An investigation into the yellow fluo-
rescent protein (YFP) showed that the CAM-B3LYP func-
tional yields similar qualitative TPA results to the resolution-
of-identity (RI) CC2 method.?® Another study that compared
TDDFT and full CC2 results showed that the B3LYP func-
tional with the modest 6-31+G(d,p) basis can be used for
a semi-quantitative comparison of TPA for the lowest en-
ergy excitation of FP chromophores.3%3! Beerepoot et al.
duly benchmarked CAM-B3LYP and RI-CC2 results against
equation-of-motion CCSD (EOM-CCSD)3>3* for a set of
neutral FP chromophores. Their results show that CC2 re-
sults are slightly overestimated as compared to EOM-CCSD
ones within a factor of 1.4 while CAM-B3LYP results are sig-
nificantly underestimated by a factor of 1.5 to 3.3

In recent years, great strides have been made in protein en-
gineering following the development of methods to incorpo-
rate non-canonical amino acids (ncAAs) into proteins.36‘4o
Barring ongoing research, only OPA has been experimentally

explored for FPs containing ncAAs:*1=#° for example, the
Gold FP (GdFP) - based off of the enhanced cyan FP (ECFP)
with the replacement of Trp56 and Trp57 with a ncAA - saw
a significant red-shifted emission compared to the ECFP as a
result of the ncAA substitutions.*? While ncAA incorporation
can have a direct effect on chromophore structure, it can also
have an indirect effect on the nature of excitation and/or emis-
sion when placed outside the central chromophore.>? Impor-
tant to realize, however, is that ncAA incorporation remains
a difficult task. Consequently, each ncAA incorporated must
ultimately generate a protein with sufficiently differing or en-
hanced functionality.

In a previous paper,! 22 chromophore models (constructed
from the replacement of the Tyr66 residue of the tri-peptide
precursor of a GFP template chromophore with a ncAA) were
screened for excited-states properties; mainly TPA. Molecu-
lar dynamics simulations were further run to test the stability
of a proposed FP containing the chromophore with maximal
TPA cross-section (a nitro-substituted chromophore; similar
to Model 22 in Figure 1). Recently, interest into mutating red-
fluorescent proteins (RFPs) with ncAAs has been piqued.>?
In the present work, we computed OPA and TPA properties
for the same set of 22 chromophores considered previously,>!
each of them now having an acylimine moiety resembling the
extra maturation step in the RFPs. As the RFP chromophores
occur in various conformations in reported crystal structures,
we explore the effect of rotating the carbonyl of the acylimine
moiety on the OPA and TPA of the chromophores with rel-
atively large TPA cross-sections. We further investigate the
effect of altering the tilt and twist angles between the rings of
the chromophore with the largest intrinsic TPA cross-section.
Inter-functional comparison between the TPA cross-sections
computed by B3LYP and CAM-B3LYP is presented. We also
compare our findings to the previous data®! from GFP-derived
chromophores.

2 Computational Methods

The chromophore structures were adopted from our previ-
ous work>! with two modifications: (1) an extra extension is
added to account for the acylimine moiety characteristic of
RFP; (2) the broken connections between the chromophore
and the rest of the protein are capped by methyl groups rather
than hydrogen atoms. A subset of the chromophores consid-
ered is shown in Figure 1 while the full list is given in Fig-
ure S1 in the ESIf. Within the protein shell, the carbonyl
of the acylimine is not coplanar with the rings of the chro-
mophore, as observed in the crystal structures we analyzed
(see the discussion in Section 3.2 and Table S1 in the ESIt).
Hence, methyl capping is necessary when RFP-based chro-
mophores are optimized to avoid obtaining a planar structure
which would be far from the conformation (potentially) dic-
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tated by the protein shell.’® For the models with large TPA
cross-sections, the effect of acylimine rotation on the TPA is
further investigated.

We followed our previous protocol for optimization and
computation of excited-states properties:>>>! Dipole mo-
ments used in the two-level model (2LM) analysis were com-
puted with DALTON>3 (2016 version) while all other compu-
tations were done with GAMESS-US (May-2013 version).>*
Optimization was done in the gas phase using the PBEO func-
tional.>>¢ The optimized coordinates for all structures are
given in Table S2 of the ESI{.

Excited-state properties were computed with TD-DFT>’
within the response theory framework; OPA oscillator
strengths (OS) and energies were computed via linear re-
sponse,>® while the two-photon transition matrix elements and
the difference between permanent dipole moments of the ex-
cited and ground states were evaluated from the single and
double residues of the quadratic response function,>® 62 re-
spectively.

Assuming linearly polarized light, the transition moment
for TPA is

1 * *
ST — BZ[SococSﬁﬁ +25aﬁ5aﬁ]a (1)
af

where the elements of the two-photon transition matrix are
given by:

(Olualn)(nluglf) | (Olugln)(nltalf)

Sog = . 2
aﬁ; oo T oo 2)

In Eq. 2, pg and pg refer to the dipole moment operator in
a given Cartesian direction (¢,f=x, y and z7), @, is the energy
gap from the ground state, |0), to a given state |n), ® is the
photon energy (=%) and |f) is the final excited state.

The TPA cross section, 61t | is commonly reported in
units of 107" cm* s molecule ! photon ™! that is referred to as
one GM (in honour of the work ®* of “Maria Goppert-Mayer™).
From the TPA transition moment and excitation energies (®y)
produced by GAMESS, the TPA cross-section is calculated in
macroscopic units (GM) and properly scaled to match single-
beam experiments by:

Al o 2
oTPA _ 0% O c7PA

c T ; 3

where ¢ is the fine structure constant, aq is the Bohr radius,
c is the speed of light, @ is the photon energy (=%) and I' is
the broadening factor derived from a Lorenzian function and
chosen to be 0.1 eV for comparison with experiment, as pre-
viously employed.23-30:64

TPA computations were done using the conductor-like po-
larizable continuum model (referred to herein as PCM) 0558
with parameters for water. Gas-phase TPA computations were
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NH
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Fig. 1 A RFP chromophore model showing various angles that were
varied in the TPA conformational study. The dihedral angle of the
acylimine moiety (8cylimine) is made by atoms Oy, Cq, Ny and Cs.
The twist angle is the dihedral between atoms C3, C4, C5 and Cg
while the tilt angle is the dihedral between atoms Cy4, C5, Cg and Nj.
Model chromophores are generated by replacing the highlighted part
with moieties derived from nCAAs. A subset of these moieties is
given below the parent structure while the full list is given in Figure
S1 in the ESTj.

used for comparison. The B3LYP functional® was mostly

used for excited-states properties, while CAM-B3LYP7? was
used for comparison, as noted. The basis set 6-3 1+G(d,p)71’75
in Cartesian form, i.e., 6 d-functions, was used in all compu-
tations.

3 Results and Discussion

There are some important limitations associated with study-
ing the TPA of isolated FP chromophores. Firstly, the protein
environment has a large influence on its TPA through the fol-
lowing factors: (1) a steric factor affecting the conformation
of the chromophore, (2) protein-chromophore interactions via
residues that are in the vicinity of the chromophore, and (3) the
electric field surrounding the chromophore.*!> Two previous
computational studies of TPA accounted for the environmental
effects via polarizable embedding (PE) mixed quantum me-
chanics and molecular mechanics (QM/MM) approaches. 2128
Both studies confirmed the enhancement of TPA of the chro-
mophore when embedded in the protein shell. Although all
environmental factors affecting the TPA of the chromophore
were theoretically considered, the first study on GFP did not
quantitatively reproduce the experimental TPA spectrum.’®
Further, List et al. computed (at the CAM-B3LYP/6-31+G(d)
level of theory) the TPA cross-section for the isolated RFP
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chromophore of DsRed* at its vacuum-optimized geometry
(17 GM), its protein-influenced geometry (47 GM), and for the
whole protein via PE (106 GM).?! The PE result was in good
agreement with the experimental value (96 GM).”° Including
effective external field effects (due to the external electromag-
netic field), however, nullified the enhancement due to the pro-
tein environment and caused the computed cross-section (30
GM) to fall even below that of the isolated chromophore (at its
native protein conformation).”” From these attempts, it seems
that the computational toolbox needs more validation before it
can reliably predict the quantitative effect of the protein envi-
ronment on the TPA cross-section of the chromophore. In this
work, we span some of the conformational space for the chro-
mophore, based on our previous classical dynamics study?!
and data from crystal structures (Table S1 in the ESIt). Elec-
trostatic effects from the protein shell or close-by residues
are not considered. Secondly, we limit our study to vertical
excitations and thus temperature and non-Condon effects are
not considered. The present TD-DFT scan highlights promis-
ing chromophores with large intrinsic TPA cross-sections that
might stimulate experimental interest.

The oxygen of the acylimine moiety is below the plane of
the molecule in the optimized structures (coordinates given in
Table S2 in the ESIY}). In this conformation, the acylimine di-
hedral angle (B,cylimine in Figure 1) is less than 180° which
is similar to the angles found in the majority of the studied
RFP-like crystal structures (Table S1 in the ESIT). We first
discuss the OPA and TPA properties for the chromophores at
their optimized conformations (Section 3.1). We then explore
the change of TPA cross-section with the acylimine angle for
some of the chromophores with relatively large cross-sections
(Section 3.2). Finally, we compute the TPA cross-sections for
a portion of the accessible conformational space of the chro-
mophore with the largest TPA (Model 21) at fixed acylimine
dihedral angles (Section 3.3).

3.1 TPA cross-sections

One-photon energies, OPA oscillator strengths, and the TPA
cross-sections (corresponding to the transition to S;, com-
puted with B3LYP) for all chromophores are given in Table
1. Other data, including previous results of the GFP-derived
chromophores>!' and comparison between the GFP and the
RFP-derived ones, are given in Tables S3 and S4 in the ESI{.
The comparison between the gas phase and PCM results in Ta-
ble S5 and Figure S2 in the ESI demonstrate that the compu-
tation is not sensitive to the dielectric constant of the medium.
As expected, the extra acylimine moiety results in a red-shift
for the absorption of all chromophores (as compared to their
GFP-derived counterparts).>! The average red-shift is 0.446
eV, and Model 5 (a fluoro-derivative) has the maximum shift
(0.522 eV). In terms of wavelengths, Model 20 (the Gold FP

derivative) has the largest red-shift of 93 nm from 461 nm
(2.689 eV)>! to 554 nm (2.239 eV) corresponding to the GFP-
derived and RFP-derived models, respectively.

In general, introducing the acylimine moiety is accompa-
nied by an increase in TPA cross-section, as illustrated in Fig-
ure 2. Within the 2LM approximation, the sum-over-states
(SOS) expression in Equation 2 becomes: *-78

2
Saﬁ = a[uﬁm(ua”—ﬂ%o)+ﬂ%|(“ﬁ11_“ﬁ00)]

2

= 51 [”ﬁm (Apo) + Hor, (A”ﬁ )l 4)
where (g, is the " component of the dipole moment vector
from state |m) to state |n); i.e., (m|lUq|n), and @ is the energy
gap to the first excited state, |1). The difference between the
permanent dipole moments of the first excited state and the
ground state for the o™ component is denoted Apiy. As pre-
viously derived, ’®7° Equation 4 can be inserted in Equation 1
and manipulated using the vector nature of the dipole moment
elements to give:

2
5TPA = E <|MI|AM|> (2COSZG+ 1)7

15 (0]] (5)

where O is the angle between the ; and the Ay vectors.
Within the 2LLM, equations 3 and 5 show that the increase
in TPA cross-section can be due to larger to;, Aplp; or hav-
ing both vectors more aligned. The square of the transition
dipole moment to the excited state is directly related to the
corresponding OPA oscillator strength. There was slight vari-
ation in OPA oscillator strengths (within ££14%) upon the in-
clusion of the acylimine moiety except for Models 19, 20
and 21 where it increased by 0.24 (44%), 0.12 (33%) and
0.17 (55%), respectively. The average percent change in TPA
cross-sections is 1227% while that of OPA oscillator strengths
is 4%. In 13 models (approximately half of the studied set),
the increase in TPA cross-section is actually accompanied by
a decrease in OPA oscillator strength. In Models 11 and 15,
the percent decrease in TPA cross-section was approximately
16 times the decrease in OPA oscillator strength. In Model
22, the TPA cross-section decreased by 35%, while the OPA
oscillator strength increased by 8%. The percent increase of
OPA oscillator strengths in Models 19 (44%), 20 (33%) and
21 (55%) is still significantly less than that of the TPA cross-
sections (228%, 228% and 154%, respectively). It can thus be
inferred that the change in TPA cross-sections is mainly driven
by the change in permanent dipole differences (Au) and not
the change in transition dipole moments. The factors in Equa-
tion 5 are explicitly computed in the gas phase at the B3LYP
and CAM-B3LYP/6-31+G(d,p) levels of theory and the com-
plete set of results is reported in Table S6 and Figure S3 in
the ESI{. A comparison between the TPA cross sections ob-
tained via quadratic response and the truncated SOS approach

4] 1-9
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=0 , Model  Energy [eV] (0N TPA [GM]
45 M RFP-Dervied (B3LYP)
a0 ™ GFP-Derived (B3LYP) la 2.977 (-0.478)  0.64 (0.00) 3(2)
& i et b 2987(-0.481) 0.61(-007)  2(2)
§ % 2a 2.968(-0.505) 0.67 (0.02) 44
g2 2b  2.995(-0.457)  0.63 (0.08) 3(3)
£ s 2.968 (-0.495)  0.68 (-0.03) 54)
£ 10 2.923 (-0.464) 0.75 (-0.03) 4 @)
T T 1T 1 v 1 ] 2945 (-0.522) 0.70(0.00)  7(6)
lalb2a2b 3 4 5 6 7 8 9 10 11 12 13 14 1516al6b 17 18 19 20 21 22 0.83 (-0.08) 2 (0)

Chromophore Model

Fig. 2 TPA cross-sections of the GFP- and RFP-derived
chromophores for the transition to S; as determined at the
B3LYP/6-31G+(d,p) and the CAM-B3LYP/6-31G+(d,p) levels of
theory with PCM (H,O). For B3LYP, cross-sections of the RFP- and
GFP-derived chromophores are given in Table 1 and taken from our
previous work, %! respectively. The data for cross-sections computed
with CAM-B3LYP are given in Table S7 in the EST{.

(within the 2LM) using the B3LYP functional is shown in
Figure 3. The 2LM successfully captures the trend of rela-
tive TPA cross sections while there are deviations in terms of
absolute values. Interestingly, the CAM-B3LYP results (see
Figure S3 in the ESI) show a better agreement between the
quadratic response and 2LM absolute values (with the excep-
tion of Model 21). The interplay between the three compo-
nents affecting the 2LM cross sections is shown in Figure S3.
While the transition dipole moment is nearly unchanged for
most chromophores, the models with larger Ay and with more
aligned pp; and Ay vectors yield the largest cross sections.
Models 16a through 22 have nearly aligned uo; and Ay vec-
tors (cos>6 > 0.8). Model 20 and, according to the B3LYP re-
sults, Model 21 get their special TPA enhancement due to the
relatively large magnitude of Au. Deviations from the 2LM,
especially for Model 21, strongly suggest the involvement of
channel interference ’® via higher excited states to the overall
TPA cross-section of the relevant models; the detailed analysis
of the photophysics within N-level (N > 2) models is beyond
the focus of the present work.

The CAM-B3LYP functional has been shown to signif-
icantly underestimate the TPA strength of neutral chro-
mophores as compared to the more accurate CC2 method. 2633
A previous benchmark showed that the B3LYP functional
seemed to (slightly) underestimate the TPA even more than
CAM-B3LYP (adifference of less than 3 GM, according to the
properly scaled values).%3! As there is a growing interest to
benchmark the performance of CAM-B3LYP,%® we computed
the same properties for the same set of GFP- and RFP-derived
chromophores using the CAM-B3LYP functional. Full data
can be found in Table S7 in the ESI{. A comparison between
the TPA results computed with CAM-B3LYP/6-31G+(d.p)

2.819 (-0.381)
2.883 (-0.421)

0.88 (-0.05) 1 (0)

3
4

5

6  2.881(-0.316)
7

8 0.75 (-0.05) 1 (0)
9

2.897 (-0.506) 0.82 (-0.03) 13 (11)
10 2.898(-0.471) 0.81(-004)  12(8)
11 2.859(-0.397) 0.78 (-0.03) 1(-3)
12 2772(-0438) 0.92(-007) 17(12)
13 2.785(-0.504) 0.83(-0.02)  20(13)
14 2.801(-0.509) 0.85(-0.04) 21 (14)
15  2.840(-0.382) 0.80 (-0.04)  2(-5)
16a 2733 (-0.485) 0.64(0.06)  22(14)
16b 2783 (-0.477) 0.77(0.06) 20 (13)
17 2775(-0.509) 0.86(-:0.04) 22 (14)
18 2.630(-0.507) 0.91(-002) 25(16)
19 2732(-0.406) 0.80(0.24) 34 (24)
20 2239(-0450) 0.48(0.12) 50 (35)
21 2.654(-0.331) 0.46(0.17) 44 (26)
22 2.710(-0.255) 0.69(0.05) 19 (-10)

Table 1 One-photon excitation energies [in eV], OPA oscillator
strengths and TPA cross-sections [in GM] for the transition to Sy as
determined at the B3LYP/6-31G+(d,p) level of theory and PCM
with parameters for H,O. Between brackets is the difference
between the property computed for the RFP-derived chromophore
and that previously computed for the corresponding GFP-derived
chromophore. 3l

in PCM (H,O) for the GFP-derived and RFP-derived chro-
mophores is shown in Figure 2 together with the analogous
B3LYP computations; all TDDFT results are determined at
the PBE(0/6-31+G(d.p) optimized geometries (see Table S8
in the ESIf). Similar to the B3LYP results, the RFP-derived
chromophores have larger TPA cross-sections than their GFP-
derived counterparts (with some exceptions). The distribution
of TPA cross-sections with CAM-B3LYP is of similar qual-
itative nature to that of B3LYP and both functionals agree
that the RFP-derived form of Model 20 has the largest in-
trinsic TPA strength (at the optimized geometry). Contrary to
B3LYP,’! CAM-B3LYP does not predict that the nitro deriva-
tive (Model 22) has the largest TPA cross-section amongst the
GFP-derived models. Opposing the trend previously observed
on natural chromophores,*® the TPA cross-sections computed
by CAM-B3LYP are 1 to 3 times smaller than those computed
by B3LYP (corresponding to a difference of 1 to 29 GM).
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Chromophore Model

Fig. 3 TPA cross sections calculated via the components of the
2-level model (2LLM) and via quadratic response at the
B3LYP/6-314+G(d,p) level of theory in the gas phase. The
contributing components to the 2L.M expression are given in Table
S6 in the EST{.

The largest variation in TPA cross sections is in Models 19,
20 and 21. To investigate the extent of charge-transfer in the
studied excitations, the overlap quantity A is reported®® for
the S¢ to S7 transitions of the RFP-derived models (see Ta-
ble S9 in the ESI{). The A parameter is a non-unique diag-
nostic value (ranging from O to 1) that measures the degree
of overlap between virtual and occupied orbitals for a given
excitation where small values (<0.4) indicate evidence for
long-range excitations. All chromophore models have a A-
diagnostic value of greater than 0.6 indicating the absence of
significant charge-transfer in the transitions to the first excited
state.

3.2 TPA change with acylimine rotation

As various crystal structures for RFPs are examined, we note
that the acylimine carbonyl always assumes an out-of-plane
conformation with respect to the rest of the chromophore (See
Table S1 in the EST{). In this set of chromophores (from crys-
tal structures), Oucylimine Tanges from 129° to 359°. In addi-
tion, the carbon and nitrogen of the acylimine extension are
usually off-plane, as can be shown by studying the dihedral
angles 0; (made by C;, Nj, C; and C7) and 6, (made by
N, Co, C7 and Ny), respectively (see Figure 1). As given
in Table S1 in the ESI}, 6; ranges from 91° to 284° while 6,
ranges from 165° to 256°. For simplicity, we limit our con-
formational study of the extended acylimine to the rotation of
B.cylimine While keeping 6 and 6, at the computationally op-
timized (near-planar) values. The RFP-derived chromophores
with relatively large TPA cross-sections (> 19 GM) as com-
puted with B3LYP were considered in the acylimine rotation

scan. The role of out-of-plane conformation of the acylimine
moiety in increasing the TPA cross-section of DsRed* was
previously discussed.?!*? To the best of our knowledge, no
study considered a full rotation of the acylimine moiety of the
RFP chromophore, so we also included chromophore models
of DsRed (See Figure 1) and mBlueberry18!. The mBlue-
berryl chromophore (BLB) is similar to that of DsRed, but
with no substitution on the benzene ring, i.e., no O~. The
scan considered a full rotation of the carbonyl moiety where
the excited-state properties were computed at 10° intervals.
Full TD-DFT results for the Sy to §; excitations are given in
Table S10 in the ESIf. As the acylimine is rotated, the rest
of the structure is not re-optimized. As shown in Figure 4,
the TPA cross-sections follow an oscillatory behaviour with
the rotation of the carbonyl of the acylimine moiety. The re-
sults given in Table S11 and plotted in Figure 4 are for the
TPA cross-sections associated with Sy to S transition with
some exceptions: in Model 22 and BLB, the first two ex-
cited states of the near-planar structures (Gseylimine = 0°, 10°,
340° and 350°) are nearly-degenerate with the first state being
dark while the second is bright (See Table S12 in the ESIY).
For the conformer with Oycylimine = 330°, the magnitude of
the OPA oscillator strength is divided among the two states,
with the second state having a slightly larger value. For all
these near-planar cases for Model 22 and BLB, we included
the TPA cross-section of the Sy to S, transition in Figure
4. With the exception of Model 22 (NO,-substituted), peak
TPA cross-section is achieved when the acylimine is coplanar
with the molecule. The difference between the maximum and
minimum TPA cross-sections is more than 50% of the maxi-
mum value in nearly all chromophores. Interestingly, the RFP
model follows neither trends. Having relatively weak TPA, it
is difficult to discern the relationship between the acylimine
angle and TPA at this level of theory. The type of capping
(CH3 vs H) and the variation in bond lengths and angles cause
slight variation in cross-sections that is more pronounced if the
molecule has already low intrinsic TPA. To demonstrate this
inadequacy, we repeated the scan using a H-capped model for
RFP after optimizing it at the same level of theory adopted
for the methyl-capped model. The rotational scan produced a
very similar trend to the methyl-capped counterpart, but with a
lower cross-section (see Figure 4). As the chromophore is op-
timized at a certain acylimine angle and not re-optimized upon
its rotation, this introduces some “noise” in the TPA compu-
tation. This “noise” could be ignored only if the chromophore
model has a large intrinsic TPA, as can be seen in the other
models. As a side note, methyl capping does not always in-
crease the TPA cross-section, as demonstrated by another scan
done on model 21 with H-capping (see comparison in Figure
4). In addition, using CAM-B3LYP for the RFP chromophore
reproduces the same B3LYP trend.

The driving force for the trend in TPA cross sections ob-
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Fig. 4 Variation of TPA with rotation of the dihedral angle of the
acylimine moiety (Bacylimine in Figure 1). The TPA values are for the
transition to S; (with some exceptions noted in the main text) as
determined at the B3LYP/6-31G+(d,p) level of theory and PCM
with parameters for H,O. The dashed curve corresponds to a scan of
the RFP model using CAM-B3LYP at the same level of theory. Only
the two dotted curves were generated using H-capping while all
other computations were done on CHs-capped chromophores.

served with the rotation of the acylimine dihedral of Model
21 was investigated. The components contributing to the TPA
cross section within a 2LM were computed at the B3LYP and
CAM-B3LYP/6-31+G(d,p) levels of theory in the gas phase
for conformers of Model 21 varying O.cylimine from 0° to 90°
(with 10° intervals). Cross sections calculated via the trun-
cated SOS approach within a 2LM follow the same oscilla-
tory trend observed with the quadratic response results. Simi-
lar to what is discussed in Section 3.1, this trend is driven by
the variation in Ay and not in yo;. Interestingly, B3LYP and
CAM-B3LYP yield opposite trends for the alignment between
the Ay and yo; vectors. Having the vectors nearly aligned
under the studied spectrum of Oucylimine, the overall trend of
TPA cross sections is the same whether computed by B3LYP
or CAM-B3LYP. Relevant results are given in Table S13 and
the significant trends are illustrated in Figure S4 in the ESIf.

3.3 TPA change with twist and tilt

Similar to what is observed in the acylimine moiety in the
studied set of crystal structures, the rest of the chromophore
body is usually distorted from planarity (See Table S1 in the
ESIT). This distortion can be represented via the twist and
tilt angles between the rings of the chromophore (see Figure
1). We computed the TPA of various tilt and twist angles for
Model 21 which exhibits the largest intrinsic TPA (see Figure
4). Following our previous dynamics results,?' the confor-
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Fig. 5 Variation of TPA cross-sections with tilt and twist angles (sce
Figure 1) for Model 21 at fixed Oy¢yiimine of 0°, 90°, 180%and 270°.
The TPA values are for the transition to S; as determined at the
B3LYP/6-31G+(d,p) level of theory and PCM with parameters for
H,0.

mational flexibility of the chromophore is expected to range
from -30°to +30°and from 160°to 200°for the twist and tilt an-
gles, respectively. These angle ranges mirror those observed
in the examined crystal structures for the proteins containing
the RFP chromophore (See Table S1 in the ESI}). We varied
the tilt and twist angles by 5°increments within these ranges
at four fixed acylimine angles: 0°, 90°, 180°and 270°. Full
data is available in Table S14 in the ESI. The change in TPA
cross-section due to the variation of tilt and twist angles is less
than 10% of the maximum TPA at a given acylimine dihedral
(Figure 5). An interesting observation is that the OPA oscil-
lator strength is maximum when the two rings are coplanar
(regardless the value of G,cylimine) and this maximum value is
maintained as the tilt angle is varied from 0°to 30°or to -30°as
long as it is accompanied with a variation in the twist angle
from 180°to 160°or to 200°, respectively (see Figure S5 in the
ESIf). Nevertheless, energies and OPA oscillator strengths
still experience relatively little total variation (within 0.1 eV
and 0.17, respectively). These results, together with the re-
sults from Section 3.2, strongly suggest that the acylimine ori-
entation is the strongest driver of change in the intrinsic TPA
cross-sections for RFP-like chromophores.

4 Conclusion

In this work, we investigated the OPA and TPA properties for
22 RFP-like chromophores made from non-canonical amino
acids. Interestingly, the extra acylimine moiety significantly
alters the TPA cross-section of the chromophores along with
the expected redshift in OPA energies. In terms of magni-
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tude, the RFP-derived chromophores are determined to have
larger TPA cross-sections than their GFP-derived counterparts
that were previously computed.>! Computing the TPA cross-
sections with the B3LYP and CAM-B3LYP functionals yields
similar trends but with some subtle quantitative differences.
Results for both functionals at the optimized geometries agree
that the RFP-derived Model 20 has the largest intrinsic TPA
cross-section. The trend of TPA cross-sections as computed
with PCM is mirrored by the gas-phase computation at the
same level of theory. In addition, the simplified 2LM also
reproduces the same trend computed via quadratic response.
The 2LM analysis shows that the amplification of TPA cross-
section in Model 20 is due to its relatively large Au. Fur-
ther, we studied the variation of TPA with the dihedral angle
of the acylimine moiety (6scylimine) for the models with rela-
tively large TPA cross-sections and the natural RFP-like chro-
mophores. We noticed a large variation of TPA with the ro-
tation of the acylimine dihedral assuming an oscillatory trend
that peaks at the planar conformation for all models except the
nitro-substituted one (Model 22). The trend with 6cylimine in
the RFP chromophore is difficult to follow due to its low in-
trinsic TPA cross-section. Though larger than all other mod-
els, the TPA cross-sections determined for Models 21 and
20 are significantly lower at their optimized geometries (44
GM and 50 GM, respectively) than their planar conformations
(70 GM and 68 GM, respectively). Studying the TPA trend
for Model 21 with varying Oucyiimine using the 2LM reveals
that the trend of cross-sections is, again, driven by the varia-
tion in Au. We further computed the excited state properties
for Model 21 with various tilt and twist angles spanning the
most accessible conformational space. What is clear is that
the acylimine angle has a much stronger effect on the TPA
of the chromophore than its tilt and twist angles. Model 20
refers to a GAFP chromophore (but with the additional acylim-
ine moiety) while Model 21 has a quinoline-like structure that
has not yet been experimentally incorporated in a FP. Either
model appears to be very promising in terms of intrinsic TPA
cross-section that is more than 7 times that of the native RFP
chromophore. In this work, we provide a rational basis to the
experimental synthesis of FPs that are expected to have im-
proved TPA cross-sections.
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