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ABSTRACT: We have successfully designed and expressed a
new fluorescent protein with improved second-order nonlinear
optical properties. It is the first time that a fluorescent protein
has been rationally altered for this particular characteristic. On
the basis of the specific noncentrosymmetry requirements for
second-order nonlinear optical effects, we had hypothesized
that the surprisingly low first hyperpolarizability () of the
enhanced yellow fluorescent protein (eYFP) could be
explained by centrosymmetric stacking of the chromophoric
Tyr66 and the neighboring Tyr203 residue. The inversion

center was removed by mutating Tyr203 into Phe203, with minor changes in the linear optical properties and even an improved
fluorescence quantum yield. Structure determination by X-ray crystallography as well as linear optical characterization
corroborate a correct folding and maturation. Measurement of by means of hyper-Rayleigh scattering (HRS) as well as their
analysis using quantum chemistry calculations validate our hypothesis. This observation can eventually lead to improved red
fluorescent proteins for even better performance. On the basis of the specific function (second-harmonic generation), the color
of its emission, and in analogy with the “fruit” names, we propose SHardonnay as the name for this Tyr203Phe mutant of eYFP.

B INTRODUCTION

Second-harmonic imaging microscopy (SHIM) is a rapidly
emerging imaging technique'~* in biomedical research, usually
based on contrast created by intrinsic nonlinear optical
properties of certain molecules (collagen, myosin, tubulin,
and starch). We previously showed that fluorescent proteins
exhibit a considerable second-harmonic generation (SHG)
response,” ® and we are investigating the implementation of
fluorescent proteins for SHIM. In our selection, we had
observed that enhanced yellow fluorescent protein (eYFP)
exhibits poor SHG performance compared to other related
fluorescent proteins. We speculated that this could be due to
the centrosymmetric arrangement of two 7-stacked tyrosine
residues in the chromophore.’ In an effort to improve the
second-order nonlinear optical properties of eYFP, we have
now replaced the Tyr203 residue by Phe203, giving rise to a
new fluorescent protein with a minor blue shift of 2 nm in the
absorption and 3 nm in the emission spectrum compared to the
parent eYFP.

The advantages of nonlinear imaging techniques based on
two-photon excited fluorescence and SHG include low
absorption, low scattering and hence higher penetration
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depth in the sample, lower phototoxicity, reduced out-of-
focus photobleaching, and higher intrinsic axial resolution
associated with a quadratic intensity profile.” "' The additional
value of SHIM is the collection of structural information and
the opportunity to image highly ordered (labeled and
unlabeled) structures in a cellular context.””'® SHIM has
been previously used to image small conformational changes in
singly labeled proteins upon binding to ligands, e.g., with an
incorporated non-natural amino acid." Additionally, SHIM is
polarization-sensitive*>* and allows the determination of the
pitch angle of helical molecules, as well as the effective
orientation of aligned dipolar chromophores. However, SHIM
with live labeled samples is currently limited to the labeling of
cellular membranes (but not limited to the plasmamembrane24)
and the use of voltage-sensitive dyes.”> >* The power of SHIM
lies in the coherent nature of the signal, causing a drastic
reaction to small changes in the local centrosymmetry or in the
membrane potential. To this purpose, dyes are being designed
in an attempt to combine good amphiphylicity, high hyper-
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polarizabilities, high voltage sensitivity, and low internalization
rates, often based on the structure—property relationship in
push—pull chromophores.”****3° Because it was shown
previously that enhanced green fluorescent protein (eGEP)
meets these properties,31 we directed our attention to
fluorescent proteins as possible in vivo markers to visualize
membrane potentials. Many variations of fluorescent proteins
with different optical properties have been developed in the
past for varying purposes®> > but not for the second-order
nonlinear optical properties. Tuning of the linear spectral
properties is usually based on the variation of the length of the
effective conjugation path in the chromophore. This is usually
achieved by extending the covalent conjugated system but also
by more subtle alterations such as varying the bond length
alternation of single and double bonds in the chromophore®

by noncovalent interaction (e.g, #-stacking in eYFP* and
Venus* )

We have demonstrated earlier that the chromophore
embedded in the protein matrix of bacteriorhodopsin is
noncentrosymmetrlc and capable of generating second-
harmonic scattering.” On the basis of the similarity with
fluorescent proteins (a noncentrosymmetric chromophore in a
protective protein barrel), we measured the second-order
nonlinear optical response for a selection of the rainbow of
fluorescent proteins: eGFP, eYFP, DsRed, mStrawberry,
mCherry, and the photoswitchable Dronpa.s_8 We have
observed a general trend in the relationship between their
linear optical properties and the first hyperpolarizability, f,
being a measure for the second-order nonlinear optical
properties. Knowing that a red shift of the spectral properties
of the chromophore is linked to a more extended conjugated
system, we expected this to coincide with an increasing /3, and
this was demonstrated for all fluorescent proteins except eYFP.
The extremely low B of eYFP could possibly be due to the
molecular structure of its chromophore, containing an inversion
center, turning half the chromophore into a centrosymmetric
structure. In an effort to validate this hypothesis and find a
yellow fluorescent protein with an appreciable 5, we found
zFP538, a natural yellow-to-orange fluorescent protein isolated
by Matz and coworkers (chromophore displayed in Figure le
and 1f).* Our hypothesis also inspired the generation of an
eYFP mutant, eliminating the centrosymmetry in the eYFP
chromophore by replacing Tyr203 (Figure la and 1b) with
Phe203 (Figure 1c and 1d) through site-directed mutagenesis.
The mutant was named SHardonnay for its improved second-
harmonic properties and for its color appearance similar to
white wine of the Chardonnay grape. SHardonnay was
thoroughly characterized, both by optical measurements and
by X-ray crystallography, and the linear and second-order
nonlinear optical properties were corroborated by advanced
theoretical methods.

B RESULTS

Experimental Linear Optical Characterization. With
linear spectroscopy, we determined that the absorption
maximum of SHardonnay is at 511 nm, and the emission
maximum at 524 nm (Figure 2 and Table 1), a minor
hypsochromic shift with respect to eYFP, which is even visible
to the eye. This observation already implies that the folding of
the protein is not compromised and the chromophore
formation is supported by the new microenvironment of the
chromophore. The spectral difference between the two yellow
FPs and zFP538, respectively, is markedly larger, giving zFP538
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Figure 1. Representation of the different chromophores discussed in
the paper. (a) The chromophore of eYFP was taken from PDB ID
1YFP,* (c) the structure of SHardonnay was submitted to the protein
database as 3V3D, and (e) the chromophore of zFP538 was taken
from PDB ID 20GR.** Parts b, d, and f show the respective chemical
structures in 2D. The presence of an inversion center in the eYFP
chromophore is marked by dashed lines in image a. Images a, ¢, and e
were generated with PyMol.**

a clear orange color. We assessed and approved the purity of
the samples based on SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) and mass spectrometry
results. With a more extensive characterization of the
fluorescent protein in mind, we also determined a number of
other important characteristics of SHardonnay (Table 1). We
measured a fluorescence lifetime of 3.4 ns, which is typical for
GFP-like proteins, an extinction coefficient at the absorption
peak of the chromophore (511 nm) of around 89 000
M 'em™, compared to 83400 M~'cm™' for €YFP, and a
quantum yield of 0.75, remarkably higher than that of eYFP.
The small increase in the extinction coefficient could be
explained by the absolute absence of a peak around 400 nm
(see Figure 2).

X-ray Diffraction. The structure of SHardonnay has been
solved to a resolution of 1.95 A. The overall structure of the
mutant shows the 11-stranded f-barrel fold typical for GFP-like
proteins, with the chromophore suspended in the center by a
coaxial helix. The protein consists of 238 amino acid residues,
of which residues 2—231 could be clearly defined in the
electron density map, including four additional residues of the
C-terminus, in comparison with its parent eYFP (PDB ID
1YFP).* These residues are positioned in a hydrophobic cleft
of one of the adjacent protomers in the lattice, rendering them
more rigid and more easily and unambiguously modeled in the
electron density map. The root-mean-square (rms) deviation
between the eYFP and the SHardonnay a carbons is 0.28 A,
and no considerable movement of either the backbone or the
side chains is detected inside the f-barrel. Superposition of the
a carbons of SHardonnay and zFP538 (PDB ID 20GR),*
results in an rms deviation of 1.51 A for 210 equivalent
positions, with large differences in solvent exposing loop
configurations, which is con51stent with the low sequence
identity of 22% (PDBeFold)®" compared to zFP538.%°

Unlike most other fluorescent proteins, whose chromophore
consists of a single moiety, arising from a post-translational
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Figure 2. Linear spectral properties of the fluorescent proteins discussed in the paper. (a) Extinction coefficients and (b) normalized fluorescence

spectra of the fluorescent proteins eYFP (blue), SHardonnay (green), and zFP538 (orange), all measured under the same conditions. Full lines show
experimental data, while the dashed lines represent simulated spectra, scaled for the same maximum value.

Table 1. Experimentally Determined and Calculated Linear and Nonlinear Spectral Characteristics

eYFP SHardonnay zFPS538
Aapsmax (N1 514 s11 528
Aemmax (NM) 527 524 538
€ at Adpgmae (M7 em™) 83400 89000 20200%
7 (ns) 2.9-3.4° 3.4° ND
[} 0.60% 0.75 0.42%
PDB ID 1YEP* 3V3D 20GR*
0 (deg) 14.5 18.1 19.4
7 (deg) 12.1 111 15.4
Reen (A)° 3.69 377 3.65
Prrsssoo (1070 esu) 37+ 4 74£5 9 £ 5
Prirsco (107 esu) TSA 14 +2 28 +2 3842
Prrseo (107 esu) TSA (homog damping) 14 + 2 29 + 2 41 + 2
Prrs,c0 (107 esu) TSA (homog + inhomog damping, vibr) 13+2 25 +2 33+2
Prrseo (107 esu) CPHF, IEFPCM (water) 25 29 35
DR (4 = c0) CPHF/IEFPCM (solvent = water) 4.20 442 5.92
Prrs,1900 (107 esu) TDHF, IEFPCM (water) 12 16 19
Prrs,1900 (107 esu) ONIOM+ (MP2:HF) 14 24 40

“pH-dependent.*® “Measured at pH 7.5. “The centroids of all hydroxyphenyl rings of the chromophores and the phenyl ring of phenylalanine in
eYFP Tyr203Phe are defined from their six carbon atoms. The centroid of the imidazole ring of His202 in zFP538 is defined from its five atoms. The
atoms to define centroids and planes are identical. A, Wavelength of maximal absorption; Aey, me: Wavelength of maximal emission; &: extinction
coeflicient; 7: fluorescence lifetime; ®: fluorescence quantum yield. Crystallographic average values for defining the relative orientation of the two
aromatic rings in the chromophores: PDB ID: PDB identification code of the structure used; R_.,: centroid—centroid separation of the two rings of
the chromophore having the 7—7 stacking interactions; 6: center—normal angle of the hydroxyphenyl ring of the CR2 chromophore moiety; y:
normal—normal angle of the two planes of the hydroxyphenyl ring of the CR2 chromophore moiety and the aromatic side chain of the second
chromophore moiety.”’ Bursse0: dynamic first hyperpolarizability; Sugseo: static first hyperpolarizability; TSA:** two-state approximation; DR:
depolarization ratio; CPHF:* coupled-perturbed Hartree—Fock TDHF:* time-dependent Hartree—Fock; IEFPCM:*° integral equation formalism
polarizable continuum model; MP2:** second-order Meller—Plesset. ND: not determined.

cyclization of three amino acid residues, the chromophore of because the Lys66Met mutant of zFPS538 restores green
eYFP and SHardonnay contains a second moiety consisting of fluorescence.>* His202 was therefore not suspected to play a
the aromatic side chains of Tyr203 and Phe203, respectively. vital role in the optical properties of the chromophore. Both
The equivalent residue in zFP538 is His202, although the conjugated moieties of the SHardonnay chromophore (the

contribution of His202 to the chromophore and the optical conjugated system originating from the Gly6S-Tyr66-Gly67
properties was never fully investigated. The red shift of zFP538 triad, and Phe203, respectively) were modeled unambiguously
can be accounted for by Lys66, creating a third ring with a CN in the electron density map (Figure 3). The two coplanar rings
double bond leading to an extension of the conjugated system, of the CR2 moiety adopt the cis conformation, and the two
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Figure 3. Stereoview of the SHardonnay chromophore, showing the final 2mF, — DF, map at 2.0 level (gray mesh). The image was generated with

PyMol.*®

aromatic side chains align in an off-centered parallel displaced
orientation.*” Except for the minor modification, the deletion of
the hydroxyl group in the hydroxyphenyl ring of Tyr203, the
spatial arrangement of the chromophore atoms is conserved in
SHardonnay (Figure 4 and Table 1).

Tyr203
Phe203

Glys5
Gly65

Tyr66
Tyr66

Figure 4. Superposition of the chromophores of SHardonnay (green)
and zFPS538 (orange) on eYFP (blue) after pair fitting of the atoms of
the corresponding hydroxyphenyl moieties. The chromophores are
displayed isolated from the protein barrel but including the
(respectively) Tyr203, Phe203, and His202 residue close to the
chromophore. The image was generated with PyMol.*

Experimental First Hyperpolarizability. We obtained the
dynamic fypggeo value from measurement with 800 nm
femtosecond pulsed laser light and after correction for
fluorescence contribution (Table 1).>* The static hyper-
polarizabilities, fypso, Wwere then extrapolated from the
measured fppsgoo by adopting different refinements of the
two-state approximation (TSA) to evaluate the frequency
dispersion factor (Table 1).%

Calculated First Hyperpolarizability. We obtained the
calculated static and dynamic first hyperpolarizabilities by
means of coupled-perturbed Hartree—Fock (CPHF) and time-
dependent Hartree—Fock (TDHF) calculations,” Moller—
Plesset second-order perturbation theory (MP2)* for depro-
tonated chromophores, and ONIOM+ calculations for the
chromophores surrounded by the first shell of residues (Table
1). All levels of computation give the same amplitude ordering
for Purs i€, Purs (eYFP) < Pups (SHardonnay) < fips
(zFP538), which also matches the experimental values, allowing
therefore the use of these calculated data for the interpretation.
An appropriate comparison in Table 1 should be based on the
intrinsic or static f responses. Theoretically, the static
responses were directly calculated at the MP2 level (fygrs o),
while frequency-dependent Sygs 1900 values, far from resonance,
were also evaluated to account for a proper treatment of the
solvent effects (with dynamic dielectric constant).

B DISCUSSION

This report focuses on the effects of a minor modification in
eYFP on its linear and nonlinear optical properties. On the
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basis of previous research,’™® we proposed to mutate the 7-
stacked Tyr203 into Phe203 to generate a yellow fluorescent
protein with an improved . This mutant, SHardonnay, shows
linear spectral properties highly similar to those of eYFP,
implying that stacking with Phe203 takes place and causes a
comparable spectral shift. The blue shift of 2 nm points to a
minimal reduction in the effective conjugation path length of
the chromophore, due to elimination of the hydroxyl group of
Tyr203. Even though the structural difference is almost
negligible in terms of crystal structure and linear optical
properties, it brings about a considerable increase in f for
SHardonnay with respect to eYFP and restores the originally
observed trend.®”® This confirms our earlier conjecture that the
local centrosymmetry in the chromophore causes a substantial
drop in the second-order optical performance of the fluorescent
protein.

The molecular structure of the mutant was determined by X-
ray diffraction, providing accurate coordinates of the atoms.
Comparison of the chromophores at the molecular level
confirmed the conservation of the aromatic ring in residue 203,
except for a minimal translation of 0.08 A. The knowledge of
the chromophore structure and its nearby surroundings is also
essential for accurate calculation of f# by quantum chemical
methods such as the ONIOM+ MP2:HF method applied to
large systems (~S500 atoms) that was successfully used in this
work.

Besides the Tyr203Phe mutant of eYFP, another, natural,
fluorescent protein was investigated as an alternative approach
for a yellow variant with an appreciable 8 value. The conjugated
system in zFP538 is extended through the covalent bonds of
the Lys66 residue**** (Tyr68 being the chromophoric tyrosine
equivalent) instead of the noncovalent z-stacking in most other
known yellow fluorescent proteins. The conjugated path is
slightly longer in zFPS38 than in the yellow variants and
coincides with a red shift in the linear spectrum and a larger j.
This is in line with the general bandgap considerations of
stronger nonlinearity (larger f) for a smaller bandgap (red-
shifted absorption). The ONIOM+ MP2:HF method confirms
the enhanced second-order nonlinear optical response in our
mutant, though slightly overestimates that of zFP538. This may
point to the very subtle interplay between conjugation
extension and stacking to influence the bandgap for inducing
a red shift, but this could also be due to imperfections in the
crystal structure.

While SHardonnay was mainly designed to investigate our
hypothesis and can be interpreted as a proof of principle, our
ultimate goal is to engineer fluorescent proteins that can be
used in SHG imaging. SHIM with eGFP as a voltage-sensitive
contrast marker was demonstrated in Caenorhabditis elegans,®'
but no follow-up papers have been published so far. This
suggests that fluorescent proteins as we know them, may not be
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ideal markers for SHIM. We estimate that future work to
optimize a number of parameters can result in successful SHG
imaging with fluorescent proteins. These parameters include
the size of the conjugated system of the chromophore, the
choice of the fundamental wavelength, and the concentration,
or density, of the chromophores as well as their relative
orientation.

First of all, the strength of the second-harmonic response is
related to the length of the effective conjugation path in the
chromophore. The size of the planar chromophores of
fluorescent proteins is limited by the eventual folding of the
protein. With this report, we show that the conjugated system
can also be extended noncovalently, without losing nonlinear
optical performance.

Secondly, the use of longer wavelengths should be promoted
for cellular SHIM. The contribution of resonance enhancement
will then increase significantly, resulting in a realistic 3; of 1
order of magnitude higher.>* Good performance is expected for
dyes with a 8, around 300 X 107 esu,**** but this could be an
overestimation. Di-8-ANEPPS, together with di-4-ANEPPS a
popular volta§e sensitive marker in TPEF and SHG microscopy
near 800 nm,”**’ performs well with a fBgy, of about 200—350
X 107 esu, depending on the medium (unpublished HRS
results). While we measured a By of 134 X 107 esu for
mCherry,” the estimated /3,599 for mCherry, according to the
TSA approximation, would be 290 + 60 X 107 esu, which
would make mCherry a good candidate for SHIM. Ideally, the
design of SHG probes should aim for chromophores that allow
to have all involved wavelengths within the optical window for
biological tissue. The second-harmonic effect limits the options,
but does not exclude optimization. Regardless of the choice of
the wavelengths, the background signal from collagen, micro-
tubules, or myosin should not be ignored, even in cultured live
cells.*®

A third point of concern in promoting fluorescent proteins
versus small chemical dyes for SHG imaging is the maximal
number of chromophores in the focus of the laser beam. A
good working concentration for SHIM from membrane-
associated dyes is estimated at 1 chromophore per 100 lipids.>
This is harder to achieve with fluorescent proteins than with
small chemical dyes because of their size, and for toxicity
reasons. However, fluorescent proteins will reduce flip-flopping
of the dye, reducing centrosymmetry, and internalization of the
chromophore.

Last but not least, a very important issue in SHIM is the
control of the relative orientation of the chromophores in the
sample. There is a critical need to optimize this because the
bulk second-order susceptibility (y'¥)), determining the final
signal strength, depends on it. Cellular membranes are
obviously convenient scaffolds to force chromophores in a
parallel orientation, and as long as the molecules are not subject
to flip-flopping or internalization, they could be arranged in a
parallel and noncentrosymmetrical way. However, the use of
membrane-targeted fluorescent proteins often involves a
flexible linker of about S to 20 amino acids to ensure correct
folding. This flexibility can be detrimental for the SHG signal,
but possible solutions are available.”®'

Bl CONCLUSIONS

On the basis of the findings of our previous research, we have
altered eYFP by a single mutation to increase its surprisingly
low first hyperpolarizability, . Analysis by means of X-ray
crystallography confirmed a correct folding with conservation
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of the relative position of the mutated Phe203 residue to the
chromophore. The Tyr203Phe mutant of eYFP, dubbed
SHardonnay, exhibits a minimal spectral shift, a similar
fluorescence lifetime, and even an improved fluorescence
quantum efficiency compared to the mother eYFP. Hyper-
Rayleigh scattering measurements revealed a substantial
increase in its 3, hereby confirming our hypothesis as well as
the disruption of the centrosymmetry in the chromophore.

We hereby confirm the importance of the noncentrosym-
metry requirement for the second-order nonlinear optical
properties and show the sensitivity of this principle. The
removal of a hydroxyl group resulted in minor or no changes in
the linear optical properties but a remarkable increase for the
second-order properties. We therefore propose that the
noncentrosymmetric stacking strategy could be explored in
further research to extend the conjugated system in red
fluorescent proteins, because a chromophoric tyrosine residue
is present in the majority of fluorescent proteins. For
substantial enhancement of the second-order optical properties,
however, extension of the conjugated system through covalent
interaction seems to be a stronger argument, but the size of the
chromophore in fluorescent proteins is restricted by the
microenvironment.

The importance of engineering fluorescent proteins with a
high first hyperpolarizability becomes clear when considering
the other difficulties in designing the experimental conditions
that could result in images with SHG originating from the
fluorescent proteins. Not only the strength of the individual
molecular response, expressed by f, has to be maximized but
also the molecular arrangement of the chromophores, their
concentration, or density, will be important for the experiment.
Also the choice of the fundamental wavelength is of vital
importance, as it should be close enough to resonance
conditions yet keep its distance from the fluorescence spectrum
for successful SHIM based on fluorescent proteins. We
speculate that our results offer a lot of potential to engineer
new fluorescent proteins to explore new approaches for SHIM.

B METHODS

Mutation and Plasmid Preparation. The zFP538 gene was
amplified from the original pQE-30 UA plasmid using the primers
gttcgctageatggetcattcaaagcacggtctaaaag (forward) and geacggatcct-
caggccaaggcagaaggg (reverse) and cloned into the restriction sites
Nhel and BamHI of a pET28a vector for expression. To generate the
eYFP mutant, we mutated a pCRII-TOPO vector (Invitrogen kit)
containing the eYFP gene in a PCR process using Pfu Ultra II and the
primers caaccactacctgagctTccagtecgecctgagcaaagaccecaacg  (forward)
and ctcagggcggactggAagctcaggtagtagttgtcgggcagcageacg (reverse).
The capital letters refer to the mutation. The mutated eYFP gene
was consequently cloned into the pET28a (Invitrogen) vector at the
Nhel and BamHI sites.

Expression and Purification. The Hiss-tagged proteins were
expressed in Escherichia coli BL21 star (Invitrogen). Cells were lysed
by incubation with Iysozyme (hen egg white lysozyme, Invitrogen)
followed by sonication and benzonase treatment (Sigma-Aldrich). The
proteins were purified from the cell lysate by nickel affinity
chromatography according to the manufacturer’s instructions (Hi-
sTrap HP 5 mL column on an Akta Purifier system, both GE
Healthcare), followed by gel filtration chromatography on a Sephadex-
200 column using a 20 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) buffer with 250 mM NaCl. The protein was
dialyzed against a 20 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer without NaCl for crystallography and concentrated
using a Vivaspin 6 concentrator (Vivascience, cutoff 10 kDa). The

dx.doi.org/10.1021/ja400098b | J. Am. Chem. Soc. 2013, 135, 4061—4069



Journal of the American Chemical Society

purity of the samples was assessed by means of SDS-PAGE and
MALDI-TOF mass spectrometry (Bruker Ultraflex II).

Crystallization and Data Collection. Crystallization conditions
of SHardonnay were screened using the 96-matrix Crystal Screen
(Hampton Research) by the hanging drop vapor-diffusion method.
Hanging drops consisted of 1 uL of SHardonnay (11 mg mL™") and 1
uL of the well solution and were placed against 500 uL of the
screening solution in 24-well combo plates (Greiner Bio-One) at 289
K. Suitable crystals for X-ray diffraction were obtained after 2 days in 2
M ammonium sulfate and 0.1 M Tris-HCl (tris(hydroxymethyl)-
aminomethane) pH 8.5. The crystals were swept through
cryoprotectant (0.05 M Tris-HCl pH 8.5, 1 M (NH,),SO,, and 25%
glycerol) and flash-frozen in liquid nitrogen prior to diffraction data
collection.

Data collection and reduction: a 94% complete data set was
collected on a MAR22S CCD detector with a wavelength of 1.00 A, a
@ range of 180°, an increment of 0.5°, and crystal-to-detector distance
of 165 mm under a nitrogen cryostream of 100 K at the beamline
PXIII of the Swiss Light Source (SLS) synchrotron in Villigen,
Switzerland. Data were processed with XDS version December 6,
2010, and scaled with SCALA 3.3.20°> within the CCP4 suite.”*
Although the resolution edge of the diffraction pattern was 1.70 A,
after careful analysis, the data was truncated to 1.95 A. The reflections
on a single ice ring at 2.12 A resolution had to be excluded during the
integration. The crystal belonged to the tetragonal space group P4,2,2,
with unit cell parameters a = b = 59.86, ¢ = 165.54 A. The data
collection statistics are summarized in Table 2.

Table 2. Data Collection and Refinement Statistics

SHardonnay (PDB ID 3V3D)
Data Collection
space group P4,2,2

cell dimensions

a, b, c (A) 59.86, 59.86, 165.54
resolution (A) 56.29—1.95 (2.06—1.95)¢
Riperge 0.045 (0.504)
1/l 30.4 (5.3)
completeness (%) 94.0 (99.2)
redundancy 13.9 (14.0)
Refinement
resolution (A) 56.29—1.95
no. reflections 21520
Ryon Ree 0.1868/0.2293
no. atoms

protein 1823

ligand/ion S

water 229
B-factors (A?%)

protein 44.9

ligand/ion 81.7

water 553
rms deviations

bond lengths (A) 0.009

bond angles (deg) 1.323

“Values for the highest resolution shell are shown in parentheses.

Phasing and Refinement. The SHardonnay structure was solved
by molecular replacement, using the program Phaser 2.1.4,%°
integrated in the CCP4 suite. The coordinates of the A chain of
YFP (PDB ID 1FOB)*® were used as search model, with the
chromophore omitted. Both the chromophore and the mutated
residue were consequently modeled into the unambiguous electron
density map with the program Coot 0.6.1% after subsequent ?cles of
refinement. Refinement was performed by phenix.refine GUI®® using
the standard dictionary files for amino acid residues and for a sulfate
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ion. Target values for the CR2 chromophore moiety were derived
from crystal structures in the Cambridge Structural Database.®”

The likelihood-based refinement converged to R, and Ry, values
of 0.1845 and 0.2293, respectively, for in total 2057 atoms and 21 520
unique reflections (Table 2). The structure was refined with 232 (from
2 to 233) of in total 238 amino acid residues defined. Most of the
residues are well fitted in the electron density, except for the paucity of
electron density in the side chains of amino acid residues Lys3, Glu6,
Lys52, Glu90, Glul32, Lys156, Lys162, and Lys214. They are either
located in loops or exposed to the solvent, indicating disorder;
therefore, coordinates of these atoms were removed as being
unreliable. A sulfate ion could be reasonably modeled in the electron
density observed near Arg73. A total of 229 water molecules were
included in the model using the “water update” option integrated in
phenix.refine GUI; if they were within hydrogen bonding distance to
chemically reasonable groups, they appeared in mF, — DF, maps
contoured at 3.06 and had a B-factor less than 80 A% None of the
residues are found in disallowed regions, and 98.7% of the residues are
in the favored region of the Ramachandran plot (calculated with
MolProbity: http://molprobity.biochem.duke.edu/). The atomic
coordinates and structure factors of SHardonnay have been deposited
in the Protein Data Bank’® (www.pdb.org; accession code 3V3D).

Optical Characterization. The fluorescence spectra and all
spectra necessary for the determination of the fluorescence quantum
yield were measured on a Synergy MX monochromator-based
multimode microplate reader (Biotek). The achieved fluorescence
quantum yield of SHardonnay was successfully cross-checked with that
of purified eGFP and eYFP. For the determination of the protein
concentrations necessary to derive an extinction coefficient, the
Bradford method was used. All required absorption values (Agps of
Bradford solutions, A,g, of Bovine Serum Albumin, A,g, and Ag;; of
SHardonnay as well as the linear absorption spectra) were measured in
1 cm quartz cuvettes in a Genesys 6 spectrophotometer
(ThermoScientific).

The first hyperpolarizability, 3, was experimentally determined by
frequency-resolved femtosecond hyper-Rayleigh scattering (HRS), as
described previously.® To estimate the intrinsic f response, the
experimental data were pretreated to eliminate resonance effects.”"”*
The frequency dispersion factors, F(w,wge,y) = b (2w;0,0)/
B...(0;0,0), were determined from successive refinements of the two-
state approximation (TSA),* a good approximation for pseudodipolar
chromophores with one excited state dominating the second-order
nonlinear optical response. Besides the conventional TSA, homoge-
neous damping was employed within the TSA. Further improvements
on the static f quantities were made by incorporating an
inhomogeneous broadening based on the absorption spectrum,
which implicitly contains information on the distribution of the
transition frequencies as well as by taking into account the vibronic
structure of the excited states.”””> To apply these extrapolation
schemes, the successive F(w,wge,}/) functions had to be fitted to the
UV/vis absorption spectra using the parameters in Table S1,
Supporting Information. The corresponding simulated absorption
spectra are compared with the experimental spectra (Figure 2),
demonstrating a very close relationship between the two.

Computational Methods and Geometrical Structures. The
geometries of all chromophores and surrounding residues were
extracted from available X-ray diffraction data.**** The position of the
H atoms at the density functional theory (DFT) level using the B3LYP
exchange-correlation functional and the 6-31+G* basis set for the
chromophores (Figure S1, Supporting Information) but with the PM6
method for the chromophores surrounded by the first shell of residues.

The first hyperpolarizabilities (ff) determined by the second-order
Moller—Plesset (MP2) method recover the largest part of the electron
correlation effects.®® First, the static § values were calculated using the
finite field (FF) procedure implying a Romberg scheme to improve the
accuracy on the numerical derivative.”> Then the multiplicative
scheme’* was used to account for frequency dispersion (1 = 1900
nm):
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(—20);0),0))

ﬂTDHF
5 0;0,0) X
ﬂMpz( IAel ) (0‘010)

(-260;0),60)
ﬂCPHF

ﬂ MP2

where the frequency-dependence is described at the Hartree—Fock
(HF) level by combining the time-dependent Hartree—Fock (TDHF)
and the coupled-perturbed Hartree—Fock (CPHF) schemes for
obtaining the dynamic (or frequency-dependent) and the static values,
respectively.*” The static values extrapolated from experiment are best
compared with the calculated low-frequency dynamic values to
account for the optical dielectric constant of the environment.

The chromophore environment was modeled by employing (i) the
polarizable continuum model within the integral equation formalism
polarizable continuum model (IEFPCM)*° in CPHF/TDHF calcu-
lations and (ii) the ONIOM approach,” which explicitly takes the first
shell of residues into account. The outer layer is described at the HF
level whereas the MP2 scheme is adopted for the inner region
consisting of the chromophore. The 6-31+G* basis set was adopted
because valence polarization double-{ + polarization basis sets with
one set of diffuse functions are suitable to reproduce within about 5%
the f values of push—pull 7z conjugated molecules calculated with
much extended basis sets.*® Taking advantage of using the same basis
set for the two layers, there is a nice cancelation of terms in the
ONIOM energy expression

Eontom+ = Ereal,HF + Emodel,E2

and similarly for §. The only remaining approximation comes from the
use of the MP2 scheme to describe the correlation energy, which is
evaluated on the model system. This ONIOM scheme, applied to
correlation effects only, was named the ONIOM+ method.

The reported quantities are related to the HRS experiments with
plane-polarized incident laser light and the observation made
perpendicular to the propagation plane. Then, the full intensity reads

ﬁHRs(_ijwlw) =4 (ﬂ;zz) + <ﬁzzxx>

whereas the depolarization ratio (DR) is given by

_ B
B)

The (f%,,) and {f5xx) terms correspond to orientational averages
of all the /3 tensor components in the molecular frame. The DR gives
information on the geometry of the part of the molecule responsible
for the nonlinear optical (NLO) response, also called the NLO-phore.
All reported /3 values are given in 107" esu (107 esu = 115.7 au)
within the B convention. All calculations were performed with
mopac200976

DR

. 77
, Gaussian09’’ as well as homemade codes.
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Figure S1: Models of the isolated chromophores used for the
Gaussian calculations. (a) the eYFP chromophore model, (b)
SHardonnay and (c) zFP538. Table S1: Best parameters fitting
the UV/vis absorption spectra. Atomic coordinates of
chromophores used for the CPHF/TDHF calculations
(coord SHardonnay-small.xyz; coord eYFP-small.xyz, and co-
ord_zFPS38-smallxyz files). Atomic coordinates of chromo-
phores surrounded by the first shell of residues used for the
ONIOM+ calculations (coord eYFP-big.xyz; coord SHardon-
nay-bigxyz and coord_zFP538-bigxyz files). The CIF file of
SHardonnay (SHardonnay.mmcif). This material is available
free of charge via the Internet at http://pubs.acs.org.
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