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Resolving Electronic Transitions in Synthetic Fluorescent
Protein Chromophores by Magnetic Circular Dichroism
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Petr Boui*?!

The detailed electronic structures of fluorescent chromophores
are important for their use in imaging of living cells. A series of
green fluorescent protein chromophore derivatives is exam-
ined by magnetic circular dichroism (MCD) spectroscopy,
which allows the resolution of more bands than plain absorp-
tion and fluorescence. Observed spectral patterns are rational-
ized with the aid of time-dependent density functional theory
(TDDFT) computations and the sum-over-state (SOS) formalism,
which also reveals a significant dependence of MCD intensities

1. Introduction

Fluorescent proteins (FPs) are fantastic tools to visualize the
cellular structure and processes in living organisms. They have
been extensively studied and have recently been used to di-
rectly influence metabolic pathways." More than a decade
after discovery of the first green FP? the importance of the
structure to the chromophore has been recognized.”’ Since
then, numerous FP variants have been found, differing in both
the protein and chromophore components.” Although the
structure of the chromophore varies,** a five-member imida-
zolinone ring must be present as a core motif. The imidazoli-
none connected through the —C= bridge to another residue
with conjugated electrons thus seems to be crucial for all fluo-
rescence applications.

Fluorescence properties are determined not only by the
chemical structure of the chromophore but also by the envi-
ronmental conditions of the protein including pH. Mutations
to the green FP have created mutant strains to provide varying
emission wavelengths, enhanced absorption cross-sections and
protein folds."® Due to the complexity in identifying specific
modifications it is currently difficult to design fluorescent
labels of specific properties by only using means of synthetic
and computational chemistry.
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on chromophore conformation. The combination of organic
and theoretical chemistry with spectroscopic techniques also
appears useful in the rational design of fluorescence labels and
understanding of the chromophore’s properties. For example,
the absorption threshold can be heavily affected by substitu-
tion on the phenyl ring but not much on the five-member
ring, and methoxy groups can be used to further tune the
electronic levels.

In the present study we test how chemical modification can
influence spectral properties and the electronic structure of
a series of FP chromophore derivatives, and determine how re-
producible these changes are by advanced quantum chemical
computations. The fluorescence, absorption and magnetic cir-
cular dichroism (MCD) spectra of FP chromophore derivatives
were measured and compared with predictions based on the
time-dependent density functional theory (TDDFT). The ab-
sorption and MCD spectra are known to be closely related to
the fluorescent properties.”®

MCD spectroscopy™ has been useful in assigning and resolv-
ing the electronic transitions of a wide range of organic and in-
organic molecules. MCD is a differential absorption of the left-
and right-circularly polarized light in a permanent magnetic
field parallel to the light propagation. It can be both negative
and positive and provides additional information on the ab-
sorption and fluorescence properties. Planar molecules with
conjugated electrons do not exhibit natural circular dichroism
but may still have a large MCD signal. As of writing, MCD spec-
troscopy has not been applied to the examinations of FP chro-
mophores yet.

Modern quantum MCD theory appeared in the 1970s,”® but
only the recent implementations within DFT® are applicable to
sizable systems. The present study thus also documents how
theoretical simulations significantly enhance the MCD potential
to provide insights into structural and chemical problems.”*"'”

Several computational approaches have been applied to un-
derstand the FP chromophore’s excited electronic states in the
past." Recently, the method for reduced virtual-space ap-
proach for approximating second-order coupled clusters (RVS-
CC2)" were applied to investigate changes in green FP chro-
mophore at different ionic states.”¥ The importance of the po-
larization effect for excitation energies were emphasized in
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a complex study using time-dependent density functional
theory (TDDFT), multiconfigurational perturbation theory
(CASPT2), and quantum Monte Carlo (QMC) methods."¥ The
polarization effect was confirmed by works which combined
TDDFT with polarizable embedding (PE) of the FP chromo-
phore.™™ The PE approximation was thoroughly tested and
found very suitable for fast estimations of the environmental
effects on the chromophore.'® Effects of chemical modifica-
tions to the green FP chromophore were studied using TDDFT
and molecular dynamics (MD),"” and intermolecular charge
transfer in yellow FP was estimated using TDDFT and CC2 ap-
proaches."® Ground- and excited-states vibrations and dielec-
tric response to photoexcitation were estimated at the com-
plete active space self-consistent field (CASSCF) level."® Exten-
sive benchmarking of the quantum chemical methods was
done on several simplified FP chromophores.”?”

We use TDDFT to calculate excited electronic states of
a series of synthetic FP chromophore derivatives (Figure 1); the
method provides reasonably accurate results with acceptable
computational cost."?*2" The sum-over-state methodology
(SOS)® " is used for simulations of MCD intensities, which
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Figure 1. Investigated compounds, precursors (Xn) and variously substituted
native FP chromophores (Yn).
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has been successfully applied for fullerene derivatives."®23! We
find it efficient with respect to the required computer time, al-
though efficient implementations of other procedures, such as
the complex polarization propagator (CPP) methods,™ have
also been reported and tested.?® As shown below the SOS cal-
culations reproduce the main trends observed in the experi-
mental spectra.

2. Results and Discussion

Experimental and calculated absorption spectra of the chromo-
phore derivatives are plotted in Figure 2. For Ya, only the cal-
culated spectra are shown as the synthesis was not successful.
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Figure 2. Experimental (black) and calculated (red, obtained as Boltzmann
averages of individual conformers; absorption lines in arbitrary units are in-
dicated as well) absorption spectra of model chromophores.

The measured wavenumber range was limited by a strong ab-
sorption of the chloroform solvent below ~240 nm. The spec-
tra confirm the stability of the electronic structure of the FP
chromophore skeleton; they are similar with a dominant high-
wavelength absorption band that is separated by about 70 nm
(~0.6 eV) from the others. The experimental spectral patterns
are consistent with previous observations on other FP chromo-
phore compounds.['"17:2%4 2] | the experiment, the broad lon-
gest-wavelength bands are often nearly split or exhibit fine
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structure, most probably due to conformer equilibria and elec-
tronic-vibrational interactions.!"*>

Within the Y-series the least substituted Yd derivative exhib-
its the lowest-wavelength absorption threshold (~400 nm) and
the strongest experimental absorption at 355 nm. The me-
thoxy substitution in Ye has caused a red-shift of 18 nm and
with the dimethoxy derivative Yf the maximum has been shift-
ed by 6nm further right to 379 nm. Replacement of the
methyl group by phenyl on the imidazolinone ring (Yd—
Yb,Yc) causes much larger shifts of about 50 nm from the
maximum. The calculations reveal that introduction of the
second benzene ring in Ya-Yb results in additional transitions
in the lower-wavelength region (240-350 nm) without a signifi-
cant change in the overall absorption. The Yd-Yf derivatives
have three transitions within 240-500 nm only. Computed ab-
sorption intensities appear mostly larger than the observed
ones, by ~20-200%, and the transitions wavelength are sys-
tematically higher, otherwise the computation reproduces the
main experimental trends. Note that accuracy of the experi-
mental intensity may vary as well because of limited solubility
and gradual evaporation of the chloroform solvent during the
relatively long MCD accumulation times.

In the precursor series (Xa-Xf) the same absorption pattern,
namely, a large relatively separate high-wavelength band, and
less intense transitions below 350 nm, is conserved. The nitro-
gen-oxygen exchange in the imidazolinone ring (Yd—Xd)
causes a large absorption increase (by about 50%) and a blue-
shift of the principle band from 355 to 360 nm (~0.2 eV) in ex-
periment, which is well reproduced by the calculations. Further
substitutions by the phenyl and methoxy groups cause similar
effects as for the nitrogen derivatives Ya-Yf.

Corresponding calculated and experimental MCD spectra are
plotted in Figure 3. As expected MCD intensities are more vari-
able than the absorption because they are more sensitive to
differences in the geometry and electronic structure.®~ 91927
However, a general pattern can be observed for all com-
pounds, too. Typical is a negative MCD peak at the longest-
wavelength region (>300 nm), and stronger multiple bands
around 250 nm. Experimental MCD spectra of the lowest-
energy transition are hampered by a large noise caused by
small CD/absorption ratio. This highest-wavelength MCD signal
is in general more developed in the oxazolones Xa-Xf; the Xe
derivative  provides the largest MCD intensity of
—0.25 Lcm™"mol™' T~" at around 356 nm.

The computations allow us to assign most of the observed
MCD spectral features to particular electronic transitions al-
though there are several inconsistencies explicable by the lim-
ited accuracy of the simulations. In Xd, however, the positive
experimental signal at 333 nm is not reproduced at all, and the
correspondence between the simulated and MCD intensities
within 250-300 nm for Yb and Yc is not obvious.

To investigate more limitations of the theoretical approach,
in Figure ST MCD spectra are plotted as recalculated by alter-
nate SOS-gradient method.®™ This, however, provided similar
intensities to the default SOS-length formula [Eq. (1) in the Ex-
perimental Section]. Larger discrepancies appeared between
the B3LYP™® and M062X™ functional (Figure S2A). The latter is
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Figure 3. Experimental (black) and calculated (red) MCD spectra of studied
chromophores, corresponding to the absorption in Figure 2. Experimental
intensities of Xa, Xb, Xc, Yb and Yc were multiplied by two.

applicable to a wider class of compounds than the more
common B3LYP? However, for our compounds, none pro-
vides convincingly better agreement with the experiment than
the other. The B3LYP band wavelengths are slightly higher and
the M062X ones lower than in experiment. Another long-range
corrected functional, CAM-B3LYP®” provided similar results as
MO062X, and the pure GGA B86"" functional gave rather unreal-
istic spectra (Figure 2 SB). Such a limited accuracy of DFT is
consistent with previous works,"7?®2 and future improve-
ment may be difficult because of the complex interplay be-
tween the functional parameterization, solvent models, vibra-
tional effects, and so forth.5?

The dependence of the MCD spectra on the conformation is
documented for all stable conformers of Xc (listed in Table S1)
in Figure 4. Such sensitivity is rather surprising. For example, in
our previous study of aromatic aminoacids the effect of the
conformation on MCD intensities was rather limited.*® For the
FP chromophores, however, relevant excitations involve elec-
tron rearrangement across the rotating bonds and proper con-
formational weighting is needed to reproduce the experimen-
tal data. The largest conformation-related changes occur
within  200-300 nm, while the highest-wavelength band
(~420 nm) is negative for all twelve conformers.
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Figure 4. Calculated MCD spectra of stable Xc conformers.
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Figure 5. Experimental fluorescence (solid line) and absorption (dashed)
spectra, normalized to the maximum=1.

Most compounds also exhibited measurable fluorescence
and the spectra are plotted together with the normalized ab-
sorption in Figure 5. Energies of the absorption and fluores-

ChemPhysChem 2016, 17, 1-8 www.chemphyschem.org

Table 1. Energies of the lowest-energy absorption (calculated, E,.,, and
experimental, E,,,) and fluorescence bands (Ec,, Erexp), in €V.

Encal Epexp Erca Erep Escal Esexp Ecal Ecenp
Xa 3.14 3.40 2.67 3.02 Ya 3.09 - 247 -
Xb 297 3.20 2.59 - Yb 2.98 3.15 242 2.67

Xc 2.81 3.1 253 268 Yc 296 305 241 2.64
Xd 357 375 307 3395 Yd 338 349 282 315
Xe 335 344 3.01 292 Ye 327 333 282 284
Xf 318 331 283 281 Yf 325 327 280 279

cence maxima are compared to the computations in Table 1.
As expected, the experimental lowest-energy absorption and
fluorescence peak positions differ by the relaxation energy,
about 0.4-0.6 eV, which is well reproduced by the calculations.
The relaxation of the first excited singlet state leads to minor
changes in the chromophore geometries, which can be seen in
Figure S3. However, fluorescence intensity/efficiency signifi-
cantly varied among the derivatives, analysis of which goes
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Table 2. Calculated wavelengths and principal orbital contributions to the lowest-energy transitions in lowest-energy cis and trans conformers (cf. angle

@, Table S1) of Xd and Yd.

A [nm] A [nm]

cis-Xd cis-Yd

347 HOMO —LUMO (100 %) 367 HOMO —LUMO (98 %)

310 HOMO—1—LUMO (94 %) 302 HOMO—1—LUMO (91 %)
289 HOMO—3 —LUMO (93 %)

trans-Xd trans-Yd

352 HOMO —LUMO (100 %) 371 HOMO —LUMO (97 %)

314 HOMO—1—LUMO (94 %) 304 HOMO—1—LUMO (91 %)
288 HOMO—3 —LUMO (94 %)

beyond the scope of the present study. The variations are con-
sistent with the strong dependence of the FP fluorescence on
the local environment of the chromophore.”

The transition assignment is rather straightforward and anal-
ogous for all compounds. As an example the lowest-energy
transitions in Xd and Yd is summarized in Table 2. Also the
HOMO and LUMO orbitals are in different compounds remarka-
bly similar; in Figure 6 the orbitals are plotted for Xc-Xe only.
The lowest-energy transitions are thus almost exclusively
caused by the HOMO—LUMO excitation, with the second
lowest transition being predominantly HOMO—1—LUMO, and
the character of the transitions is not significantly changed by
the conformation of the substituents. Perhaps this simplicity
and stability of the electronic structure contributes to the uni-
versal applicability of the fluorescent labels based on the FP
chromophores.

Figure 6. Frontier orbitals of Xc-Xe.

3. Conclusions

The synthetic series of derivatives of the fluorescent protein
chromophore helped us to better understand the relation be-
tween the structure and electronic properties, important for ra-
tional design of fluorescent labels. MCD spectroscopy proved
useful both as a tool for chromophore discrimination and as-
signment of observed electronic transitions. Surprising was
also the dependence of the MCD pattern on the conformation,
possibly usable in future structural studies. The TDDFT/SOS

ChemPhysChem 2016, 17, 1-8
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computations reproduced the main trends in the excitation
electronic energies, absorption, and MCD spectral intensities
that were observed experimentally.

Experimental Section
Organic Synthesis

The synthesis was based on strategy of Kojima et al.**’ using oxa-
zolones precursors (Scheme 1). The precursors containing oxygen
in the five-membered ring were converted to FP chromophores
using condensation with methylamine. Purity of the products was
controlled using HPLC, mass spectroscopy and NMR. Synthetic de-
tails can be found in the Supporting Information.

I o A, R,
R
D . AcO R H,c—NH, 2
X §
o H \ _ 40% aq | —
AcONa O co N~
100°C Xa-f K,CO, Ya-f
EtOH, reflux

Ry=H, MeO; R,= H, MeO;
R,= Me, Ph

Scheme 1. General synthesis scheme.

Spectra Measurement

MCD and absorption spectra were acquired on a Jasco J-815
(Japan) spectrometer equipped with 1.5 T permanent magnet. The
samples were dissolved in CHCl; freshly purified by alumina and
measured in quartz cell of T mm optical path, at room temperature
(295 K), using a scanning speed of 5 nmmin~', and concentrations
within 0.075-1.4 mgmL " according to optimal absorption with re-
spect to MCD measurement. Fluorescence spectra were measured
on a Horiba Fluoromax-4 spectrometer for solutions in ethanol;
chloroform as a solvent provided negligible fluorescence intensities
only. Unlike the intensities, fluorescence peak positions measured
in ethanol and chloroform are expected to be similar.** Excitation
wavelengths listed in the Supporting Information were chosen to
maximize the signal.

Spectra Modeling

Equilibrium geometries and excited electronic states were obtained
using the Gaussian 09 program.B® The standard 6-3114 +G**
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basis set and Gaussian version (CPCM) of the conductor-like sol-
vent model (COSMO)B® were used, previously giving reasonable re-
sults for similar system.®® Geometry optimizations were performed
at the B3LYP?¥/6-311+ +G** level of approximation. Excited
states were calculated using time-dependent DFT (TDDFT)®” and
the B3LYP functional. In some cases M062X BP86 and CAM-B3LYP
functionals were tried as well. 400 lowest-energy excited states ob-
tained by Gaussian were used for sum-over-states (SOS)® "?? simu-
lations of MCD intensities using our own software (“GUVCDE"). The
origin-independent SOS expression®® was used by default where
the Faraday “B-term” determining the MCD intensities for an n—;
transition is equal to [Eq. (1)]

1 (kX2 r < Wilm) 1 Wy X Vi, Wi X Vi
3*5{2{ e Tw\X B T2 E

k#n I#n Ik
</|Z;Nf1 r X vr"k> 1 Wi X Vi W X'V
e T+ =]y xmy,

kz#l |: Ey 2N, Z Eq Z Ey ' -

where n denotes the ground state, j, k, and | are excited states

£k 5
modeled by the TDDFT single excitations, i is used for the electron
index, N, is the number of electrons, r; is position of an electron i,
u., = (alu|b)denotes electric dipole matrix element, E,,=E,—E, is
the difference in excitation (not orbital) energies. The apostrophe
means that the energy in the denominator was replaced by a “de-
generacy-resistant” expression, as shown by Equation (2):

My X M+

(M

1 Eab
B, BT ?

where I'=0.02 hartree. Resultant absorption and MCD spectra
were simulated as a Boltzmann average of individual conformers,
using Lorenzian bandwidth of full width at half height of 0.2 eV. In
Figure 4 and S2B 15 nm width was used to emphasize individual
transitions. Fluorescence energies were computed as the vertical
excitation energies for the lowest-energy conformers optimized in
the first electronic excited state.
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