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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

investigation.

1 Introduction

Fluorescent proteins (FPs) make up a family of homologues

of the Aequorea victoria green fluorescent protein (avGFP)

initially discovered in the 1960s.1 The FP chromophore is

made by a post-translational modification of three precursory

amino acids within the protein shell.2,3 In some FPs, that are
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† 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 B3LYP 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), Λ-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).4 The chromophore structure together with the

surrounding protein environment influence the photophysical

properties of the protein.5 Modifications to the precursory

amino acids have enabled protein engineers to develop a full

spectrum of FPs, ranging from blue-to-red fluorescence.6,7

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.8,9

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.10,11 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.9,12 As dis-

cussed by Drobizhev et al.,13 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)14 range from 1.5 GM15 to 180 GM.16 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.13,17 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.18–21

The peak at a longer wavelength was determined theoretically

as the excitation to the first (electronic) excited-state, S0 to S1,

while the second, higher energy peak corresponds to a transi-

tion to a higher excited-state, S0 to Sn. The main focus of this

study, however, is on the S0 to S1 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.13 Measurements of TPA cross-sections of a series

of RFPs showed how the protein environment strongly affects

the TPA of the chromophore.13 Although they have the same

chromophore structure (see the RFP chromophore model in

Figure 1), the first bright state of mTangerine22 has a mea-

sured TPA cross-section of 15 GM while that of a monomer

of tdTomato22 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.17,19,23–29 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.26 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.30,31 Beerepoot et al.

duly benchmarked CAM-B3LYP and RI-CC2 results against

equation-of-motion CCSD (EOM-CCSD)32–34 for a set of

neutral FP chromophores.35 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 3.35

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.36–40

Barring ongoing research, only OPA has been experimentally

explored for FPs containing ncAAs:41–49 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.43 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.50 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,51 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.52

In the present work, we computed OPA and TPA properties

for the same set of 22 chromophores considered previously,51

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 data51 from GFP-derived

chromophores.

2 Computational Methods

The chromophore structures were adopted from our previ-

ous work51 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 ESI†. 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 ESI†).

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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chromophore of DsRed4 at its vacuum-optimized geometry

(17 GM), its protein-influenced geometry (47 GM), and for the

whole protein via PE (106 GM).21 The PE result was in good

agreement with the experimental value (96 GM).76 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).77 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 study51

and data from crystal structures (Table S1 in the ESI†). 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 ESI†). In this conformation, the acylimine di-

hedral angle (θacylimine 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 ESI†). 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 S1, com-

puted with B3LYP) for all chromophores are given in Table

1. Other data, including previous results of the GFP-derived

chromophores51 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).51 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)51 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:9,78

Sαβ =
2

ω1
[µβ01

(µα11
−µα00

)+µα01
(µβ11

−µβ00
)]

=
2

ω1
[µβ01

(∆µα)+µα01
(∆µβ )], (4)

where µαmn is the α th component of the dipole moment vector

from state |m〉 to state |n〉; i.e., 〈m|µα |n〉, and ω1 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 α th component is denoted ∆µα . As pre-

viously derived,78,79 Equation 4 can be inserted in Equation 1

and manipulated using the vector nature of the dipole moment

elements to give:

δ TPA =
16

15

(

|µ01||∆µ|

ω1

)2

(2cos2θ +1), (5)

where θ is the angle between the µ01 and the ∆µ vectors.

Within the 2LM, equations 3 and 5 show that the increase

in TPA cross-section can be due to larger µ01, ∆µ01 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 (∆µ) 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
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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.51 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 ∆µ . Fur-

ther, we studied the variation of TPA with the dihedral angle

of the acylimine moiety (θacylimine) 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 θacylimine 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 θacylimine using the 2LM reveals

that the trend of cross-sections is, again, driven by the varia-

tion in ∆µ . 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 GdFP 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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