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Fluorescent molecules are like antennas: The rate at which they
absorb light depends on their orientation with respect to the
incoming light wave, and the apparent intensity of their emission
depends on their orientation with respect to the observer. How-
ever, the directions along which the most important fluorescent
molecules in biology, fluorescent proteins (FPs), absorb and emit
light are generally not known. Our optical and X-ray investigations
of FP crystals have now allowed us to determine the molecular
orientations of the excitation and emission transition dipole mo-
ments in the FPs mTurquoise2, eGFP, and mCherry, and the photo-
convertible FP mEos4b. Our results will allow using FP directionality
in studies of molecular and biological processes, but also in devel-
opment of novel bioengineering and bioelectronics applications.
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ince their first use in biology (1), fluorescent proteins (FPs)

have illuminated an ever-expanding range of molecular events
in cells, tissues, and organisms (2). FP-based genetically encoded
sensors, nowadays indispensable in biological research, utilize
various FP properties and their sensitivity to changes in molecular
conformation, pH, or proximity to other optically active mole-
cules. Implicit in the function of many FP-based sensors, but often
acknowledged only cursorily or not at all, is the directionality of
FP optical properties. Although directionality is a fundamental
property of FP molecules, on par with excitation and emission
spectra or excited state lifetimes, it remains largely unexplored and
unexploited. Although polarization-resolved microscopy of FP-
based constructs has been used to obtain information on molec-
ular mechanisms of yeast cell division (3), G protein signaling (4,
5), cell membrane voltage sensing (6), or nuclear pore organiza-
tion (7), this information cannot be properly interpreted in terms
of protein structure without accurate quantitative knowledge of
FP directionality. Knowledge of FP directionality would also allow
interpreting fluorescence resonant energy transfer (FRET) ex-
periments (8) on a new level. Finally, knowledge of optical di-
rectionality of FPs should allow rational development of novel
genetically encoded optical probes.

Directionality of light absorption and emission by fluorescent
molecules is characterized by vectors: the excitation and emis-
sion transition dipole moment (XTDM and mTDM, respec-
tively). Only very limited information on FP TDMs is available.
Although an experimental determination of xTDM directions for
the green FP (GFP) through absorption measurements of pro-
tein crystals has been attempted (9), the data interpretation
contained flaws (10), and the data themselves reveal serious
experimental errors. Vibrational dichroism measurements car-
ried out on GFP solution yielded a value of 67 + 4° for the angle
between the XTDM of the 400-nm excitation and the stretching
vibration of the carbonyl group of the fluorophore (11). How-
ever, this orientation disagrees with published results of quantum
mechanical (QM) calculations (12, 13). Although the synthetic
fluorophore of the GFP has been experimentally investigated
(14), it can adopt conformations not allowed within the GFP
molecular framework. Thus, TDM directions in FPs remain
largely uncertain. Here we present the results of our efforts to
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determine the directions of TDMs of several representative FPs
through a combination of optical measurements and X-ray dif-
fraction observations of FP crystals.

Results

Molecular Structure of FP Crystals. Although crystals of FPs have,
in the past, failed to yield TDM directions, FP crystals do exhibit
anisotropic light absorption and emission (15). Combining re-
sults of optical measurements of FP crystals with knowledge of
the crystal structures should (9), in principle, allow determining
directions of TDMs within FP molecules. In order to investigate
directionality of optical properties of representative FPs, we
prepared and examined crystals of mTurquoise2 (16, 17), eGFP
(18-20), mCherry (21, 22), and mEos4b (23, 24) (a green-to-red
photoconvertible FP, compatible with electron microscopy ma-
trices). The excitation and emission wavelengths of the investi-
gated FPs span a large section of the visible spectrum, and the
studied fluorophores are present in most commonly used FPs.
Our X-ray crystallography measurements (Fig. 1 and SI Appen-
dix, Table S1) revealed that mTurquoise2 and eGFP (which
crystallized at pH 7.5 and 3.8) formed crystals similar to those
published (16, 25-29), in the orthorhombic space group P2,2,24,
containing molecules in four distinct symmetry-related orienta-
tions. The photoconvertible FP mEos4b also crystallized in the
P2,2,2, space group, but in an arrangement distinct from both
eGFP and mTurquoise2, as well as from that published (30).
Crystals of mCherry, distinct from those published (31), were in
the monoclinic C121 space group, which contains molecules in
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Fig. 1. Properties of FP crystals. (Left to Right) Crystal structure (crystallographic axes as indicated, corresponding to the shown crystal orientations);
typical images of crystal transmittance and fluorescence (polarizations of excitation and fluorescence indicated; scale bar, 20 um); a plot showing
typical values of crystal transmittance (T) and fluorescence intensity (F) for different polarizations of excitation and emission, respectively; and a plot of
log ratios of extinction coefficients log,(g;/z.) and fluorescence intensities log,(F;/F.) for polarizations parallel (||) and perpendicular (L) to the long
crystal axis. Mean values and 95% Cls are indicated. Differences between observed values were classified as statistically nonsignificant (ns, P > 0.05),
statistically significant (*P < 0.05), and statistically highly significant (***P < 0.001). (A) mTurquoise2; (B) eGFP, pH 7.5; (C) eGFP pH 3.8; (D) mCherry;

(E) mEos4b.

two symmetry-related orientations. Importantly, X-ray diffraction
measurements also yielded information on orientations of the
crystallographic unit cells with respect to the crystal surfaces (Fig. 1).
Briefly, in crystals of the P2,2,2; space group (mTurquoise2, eGFP,
mEos4b), the long axis of the elongated crystals coincided with the
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crystallographic axis A, while the major surfaces of the crystals
bisected diagonally the rectangle outlined by the axes B, C. In
crystals of the C121 space group (mCherry), the plane of the largely
planar crystals corresponded to the AB plane of the crystal unit cell,
with A corresponding to the long axis of the crystals.
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Anisotropic Optical Properties of FP Crystals. Optical properties of
FP crystals, positioned flat between two glass coverslips, were
measured on a customized laser scanning confocal microscope
(81 Appendix, Fig. S1). Although the crystals were conspicuously
fluorescent, in order to determine orientations of XTDMs, we
generally imaged absorption of the illuminating laser light as a
function of the laser light polarization. Imaging absorption,
rather than fluorescence, allowed avoiding artifacts caused by
high concentration of the FP molecules in the crystals. An ex-
ception was made for the red form of mEos4b. Here, we used
fluorescence intensity as a proxy for absorbance, in order to
circumvent effects of absorbing but nonfluorescent side products
of the green-to-red photoconversion. Conveniently, effects of
high optical density could, in this case, be avoided by limiting
photoconversion, thus lowering the concentration of the inves-
tigated species. In order to ascertain the directions of mTDMs,
we measured polarization of the emitted fluorescence in all ex-
amined FPs. Our measurements revealed pronounced aniso-
tropic optical properties in all of the investigated crystals (Fig. 1).

The observed optical properties of FP crystals were quanti-
tated and interpreted in terms of TDM orientations. In order to
derive the orientations of XTDMs, we ascertained the log ratios
of extinction coefficients for light polarized parallel (g)) and
perpendicular (¢, ) to the long crystal axis (Table 1, Fig. 1, and SI
Appendix, Supplementary Text). Analogously, we characterized
the observed fluorescence polarization by log ratios of intensities
of fluorescence polarized parallel (F)) and perpendicular () to
the crystal long axis. The experimentally determined values of
log,(g/e1) and log,(F/F.) were then compared to a mathe-
matical model (SI Appendix, Supplementary Text and Fig. S3),
based solely on two assumptions: 1) the TDM vector lying within
the plane of the fluorophore and 2) a cos? relationship between
the TDM orientation and the observed optical property (ab-
sorption rate or fluorescence intensity). The model accounted
for multiple molecular orientations present due to crystallo-
graphic symmetry. TDM orientations within a fluorophore were
described by an angle (1) between the TDM and a line con-
necting the centers of two aromatic rings of the fluorophore. For
each crystal type, the model yielded a pair of orientations (71, 75)
consistent with the observed values of log,(g|/e1) or log,(F/F1)
(Fig. 2, SI Appendix, Fig. S3, and Table 1).

Distinguishing within Pairs of Possible TDM Orientations. In order to
determine which one of the 74, T, values (from now on denoted
as 1) consistent with our measurements represented the TDM
orientation, additional information was needed. The xXTDMs
were disambiguated by observations of FP crystals rotated along
their long axis, and comparisons to mathematical model pre-
dictions (SI Appendix, Fig. S4). Disambiguation of mTDM de-
terminations was carried out through measurements of fluorescence
anisotropy (FA) of FP solutions (SI Appendix, Fig. S5). The ob-
served FA allowed calculating the angle (B) between the absorbing
and emitting dipoles (Table 1). The values of p ranged from
slightly over 10° (mTurquoise2, 488-nm absorption of eGFP) to
more than 15° (mCherry, green form of mEos4b). These p values
are consistent with those published (32, 33). However, they are
significantly higher than the differences between the mean xTDM
and mTDM orientations within the fluorophore (Aty; Aty =
|ty(mTDM) — t©;(xTDM)|) determined by our crystal observa-
tions. Values of f, measured in FP solutions, include contributions
of rotational diffusion and fluorophore vibrations, which have
been shown, under conditions used in our FA measurements (34),
to impart an apparent rotation of ~10° to FP molecules during
their excited state lifetime. Thus, a p value of 10° (measured in FP
solution) is consistent with At close to 0° (measured in a crystal).
The observed p values indicate that, within each pair of possible
mTDM orientations (ty, T,), the one closer to the XTDM repre-
sents the true mTDM orientation within the fluorophore. This
approach has now allowed us to unambiguously determine the
xTDM and mTDM orientations in all of the studied FPs (Figs. 2
and 3, Table 1, and SI Appendix, Table S4).

Discussion

The TDM orientations derived from our experiments are, as
expected, generally close to parallel to the long axis of the flu-
orophore, although sometimes with significant deviations. Ob-
servations of crystals of mTurquoise2 yield virtually identical
xTDMs and mTDM orientations, in agreement with our FA
measurements. In eGFP, crystal measurements reveal a subtle
difference in orientation between xXITDMs of the neutral and
anionic forms, consistent with our FA observations, as well as
with the known excited state proton transfer process in eGFP
(14). Although the TDM directions in eGFP derived by us (7, =
10.7° = 1.9°) deviate significantly from the published QM predictions

Table 1. Results of optical measurements
FP Wavelength (nm) Logz(g| /&) or Loga(Fj/FL)) (x2 SEM) 71 (95% CI) N B (£2 SEM)
mTurquoise2 405 (exc.) 2.42 + 0.09 3.6° (2.0° to 5.0°) 12 11.4° + 0.4°
458 (exc.) 2.39 + 0.10 3.9° (2.2° to 5.6°) 1 10.8° + 0.2°
489 to 531 (em.) 2.43 + 0.07 3.4° (2.0° to 4.7°) 10
eGFP (pH 7.5) 405 (exc.) 2.53 +0.13 10.7° (8.7° to 12.5°) 25 15.0° + 0.2°
488 (exc.) 2.34 + 0.09 14.1° (12.8° to 15.3°) 13 11.0° + 0.1°
529 to 555 (em.) 2.62 + 0.12 12.6° (9.6° to 15.3°) 18
eGFP (pH 3.8) 405 (exc.) 2.63 +0.14 9.0° (5.4° to 11.8°) 11 15.0° + 0.2°
488 (exc.) 2.29 + 0.06 15.4° (14.3° to 16.4°) 39 11.0° + 0.1°
529 to 555 (em.) 2.28 + 0.08 15.5° (14.2° to 16.8°) 15
mCherry 543 (exc.) 0.32 + 0.18 -7.5° (-9.2° to -5.8°) 12 17.3° + 0.1°
594 (exc.) 0.48 + 0.15 -8.7° (-10.4° to —-7.0°) 12 16.8° + 0.1°
600 to 690 (em.) 1.51 + 0.12 -17.8° (-18.6° to —16.9°) 12
mEos4b (green form) 488 (exc.) 457 +0.13 —2.7° (—3.6° to —1.8°) 13 13.0° + 0.2°
529 to 555 (em.) 3.89 + 0.12 -7.4° (-9.0° to -5.8°) 13
mEos4b (red form) 594 (exc.) 3.25 + 0.10 -12.6° (—13.5° to —11.8°) 15 12.4° + 1.3°
600 to 690 (em.) 2.49 + 0.13 —19.5° (-20.7° to -18.4°) 12

Loga(g|/eL), log ratios of extinction coefficients of light polarized parallel and perpendicular to the long axis of the crystal; Loga(F|/F.), log ratios of
fluorescence intensities polarized parallel and perpendicular to the long axis of the observed crystals; t1, angle of the TDM with respect to the line connecting
the centers of the fluorophore aromatic rings; N, number of crystals used for measurements; p, angle between the xTDM and mTDM, determined from FA
measurements of FP solutions. Wavelengths used for investigating fluorescence excitation and emission marked (exc. and em., respectively).
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Fig. 2. Directions of TDMs within FP fluorophores. Full colored lines: means and 95% Cls of t4; dotted colored lines: directions t,, consistent with some but
not all of our observations; thin gray lines: published QM predictions of TDM orientations. (A) mTurquoise2; (B) eGFP, pH 7.5; (C) eGFP, pH 3.8; (D) mCherry;

(E) mEos4b (green form); (F) mEos4b (red form).

(12), they are in excellent agreement with the only other experi-
mentally determined TDM direction (10, 11) (which corresponds
to t; = 10.3° + 4.0°). The TDM orientations in mCherry reflect
the extended conjugated double bond system of the fluorophore,
and match the published QM predictions well. Surprisingly, the
TDM orientations in the green form of mEos4b are distinct from
those in the chemically identical fluorophore of eGFP. We at-
tribute this to the conformational strain present in the mEos4b
fluorophore (SI Appendix, Fig. S6). Although presence of multiple
fluorophore states could also cause a similar result, neither our X-ray
crystallography observations nor our spectroscopic measurements
corroborate it.

Overall, our crystal measurements and FA observations have
yielded a consistent set of XTDM and mTDM orientations, span-
ning an interval larger than 40° with respect to the FP p-barrel
(Fig. 3). Variations in the conjugated double bond system of the
fluorophore generally affect the TDM direction in an expected
fashion. Dissociation of the phenolic OH group in GFP fluo-
rophore changes the TDM orientation by ~3° toward the dissoci-
ated OH group. The observed trends are consistent with a close
relationship between orientations of the TDM and the permanent
dipole moment of the fluorophore.

Our approach entails separate determinations of XTDM ori-
entations and mTDM orientations, and of the angle between them,
and should be capable of identifying potential problems. However,
our results are remarkably consistent, yielding credibility to our
experimental approach. Although our work combines data ac-
quired at cryogenic temperatures (X-ray crystallography) and at
room temperature (polarization microscopy), the effects of the
temperature difference are likely small, since published FP struc-
tures solved at room temperature (35) and at cryogenic tempera-
tures (36, 37) differ in fluorophore orientation by less than 1°.
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Similarly, comparing various available cryogenic X-ray structures
(including ours) of the investigated FPs, often with distinct crys-
tallization buffers and molecular crystal contacts, reveals variations
in fluorophore orientation of only ~1°. We therefore estimate the
accuracy of our determinations to be 1° to 2°.

We see two aspects of our work as critical for successful de-
termination of molecular TDM orientations: detailed knowledge
of the structure of the investigated crystals and thorough un-
derstanding of the relevant optical processes. Incorrect as-
sumptions regarding crystallographic unit cell structure and
orientation affected previous interpretations of FP crystal ob-
servations (9, 15). We caution against considering FP crystals as
an “oriented gas” of isolated fluorophores (15), as the average
distance between neighboring fluorophores is only around 4 nm,
likely within the Forster radius for homoFRET. The high optical
density of FP crystals leads to fluorescence reabsorption/reemission.
These phenomena, along with unequal penetration depths of exci-
tation light of distinct polarizations, prevent using fluorescence (and
necessitate using absorption) for obtaining information on XTDMs
in FP crystals. In contrast, by ensuring equal distribution of excita-
tion among the multiple molecular orientations present, these
phenomena aid in determinations of mTDM orientations through
observations of fluorescence polarization in the trans direction.
An even distribution of excitation is further supported by using
excitation light polarized linearly along one of the axes of crystal-
lographic symmetry (as light polarized circularly would cause
uneven excitation of the distinct molecular orientations). Impor-
tantly, the impact of other phenomena on our experiments was
limited. For example, observing crystals submerged in mother li-
quor containing polyethylene glycol (PEG) mitigated effects of
differences in refractive indices, as shown by the agreement be-
tween our predictions and measurements of tilted crystal properties.

Myskova et al.
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Fig. 3. Directionality of absorption and emission of FP molecules. (A)
Radial plots of probabilities of light absorption for different polarizations
(dark lobes), and of light emission for different emission directions (col-
ored toroidal shapes), within the framework of the respective FP mole-
cules, viewed laterally and axially. (B) Directions of xTDMs of the
investigated FPs, after alignment to the structure of mTurquoise2 shown
in stereo, for mTurquoise2 (in turquoise color), eGFP (light green), mCherry
(dark red), and the green and red forms of mEos4b (dark green and
orange, respectively).

No effects of crystal birefringence (double images; deviations of
transmittance curves from cos~ shapes) were noticed, likely because
the fast and slow refractive indices of protein crystals typically
differ only by around 0.001 (38, 39). Using ratios (and log ratios)
of extinction coefficients instead of the coefficients themselves
allowed bypassing imprecisions in determinations of crystal
thickness, as well as effects of small pH variations between
crystal preparations.

Our results firmly establish FPs as directional light absorbers
and emitters. Our findings will allow improved interpretations
of FRET measurements and polarization microscopy observa-
tions, using existing (5, 40, 41) or newly developed software
tools. They will be utilized in single-molecule and superresolution
microscopy, particularly in cryogenic settings (such as in combi-
nation with cryoelectron microscopy), where low temperature
greatly delays bleaching. Knowledge of FP directionality will
also enable novel FP applications, such as in biological lasers
(42) and bioelectronics (43). Some of those applications will
likely take advantage of the possibility of isomorphic, yet direc-
tionally distinct, molecular replacements (mTurquoise2/eGFP,
green/red forms of mEos4b). Furthermore, our results will in-
form future QM calculations of electronic and optical properties
of molecules. We look forward to seeing the applications of our
results.

Materials and Methods

Protein Purification and Crystallization. Plasmids were obtained as kind gifts
from the laboratories of R. Campbell, University of Alberta, Edmonton,
Canada (eGFP), D. Gadella, Univeristy of Amsterdam, Amsterdam, Holland
(mTurquoise2), and R. Tsien, University of California, San Diego (mCherry), or
synthesized commercially (mEos4b). FPs were expressed in Escherichia coli

Myskova et al.

(strain BL21, 200-mL cultures), and harvested after induction by isopropyl
p-d-1-thiogalactopyranoside (IPTG). Cells were lysed by French press, and the
lysate was cleared by ultracentrifugation and loaded onto a 1-mL His-Trap
column (GE Healthcare). Fast protein liquid chromatography (AKTA, GE
Healthcare) fractions were collected during elution with a 10- to 500-mM
gradient of imidazole in a 200-mM NacCl, 50-mM Tris-HCl (pH 7.4) buffer.
Fluorescent fractions were analyzed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. Fractions containing highly pure protein were
pooled, and concentrated by ultrafiltration (Vivaspin 10-kDa columns, Sar-
torius). Crystals were grown in hanging drops, by vapor diffusion at 18 °C, as
follows: mTurquoise2 (1 uL of 6 to 10 mg/mL) with 2 uL of the well solution
(14% PEG 8000, 100 mM Hepes pH 8.0 to 8.5, 80 mM MgCl,) gave rise to
crystals in the P2,2,2, space group; eGFP, 5 uL of 7 mg/mL solution with 2 pL
of the well solution (20% PEG 8000, 50 mM KH,PO,4 pH 3.8), and 2 uL of 10 to
15 mg/mL with 2 pL of the well solution (17% PEG 8000, 100 mM Hepes pH
7.5, 60 mM MgCly); mCherry (1.5 pL of 7.5 mg/mL solution) with 2 pL of 70%
well solution C2 of the JCSG++ screen (Jena Bioscience); and mEos4b (2 pL of
10 mg/mL solution) with 1.5 pL of well solution B9 of the JCSG++ screen. For
X-ray measurements, crystals were mounted in a loop, flash frozen, and
stored in liquid nitrogen until use. For polarization microscopy measure-
ments, crystals were placed in a drop (5 pL) of mother liquor and sandwiched
between glass coverslips sealed by an adhesive spacer (SecureSeal, Grace
Biolabs). Measurements of crystals rotated along their long axis were per-
formed by observing crystals positioned on the coverslip at an angle, be-
cause of interactions with other crystals.

X-ray Crystallography. Diffraction datasets for eGFP, mTurquoise2, and
mCherry crystals were collected in-house, on a MicroMax-007 HF Microfocus
X-ray generator with a VariMax VHF ArcSec optical system (Rigaku), an
AFC11 partial four-axis goniometer (Rigaku), a PILATUS 300K detector
(Dectris), and a Cryostream 800 cryocooling system (Oxford Cryosystems).
Diffraction datasets for mEos4b crystals were collected at 100 K on the MX
14.1 beamline operated by the Joint Berlin MX-Laboratory at the Berlin
Electron Storage Ring of the Society for Synchrotron Radiation (BESSY II) in
Berlin-Adlershof, Germany (44). All diffraction datasets were processed us-
ing the XDS software package (45). The crystal parameters and data col-
lection and refinement statistics are summarized in S/ Appendix, Table S1. All
FP structures were solved by molecular replacement with CCP4 Molrep (46,
47), using available structures of identical proteins. The initial models were
refined through several cycles of manual building using Coot and auto-
mated refinement with the software package CCP4 REFMACS (48). Visuali-
zations of structural data were performed in PyMOL (49) and Chimera (50).
Atomic coordinates and structure factors were deposited in the Protein Data
Bank (PDB) under the codes 6YLM, 6YLN, 6YLP, 6YLQ, and 6YLS.

Optical Measurements. Polarization microscopy measurements were per-
formed on a modified laser scanning microscope Olympus FV1200 (S/ Ap-
pendix, Fig. S1), observing at least 10 crystals of each kind. For assessment of
crystal shape and orientation, image z stacks of 1-um spacing were acquired
using a 40x objective lens (UApoN 340W, 40x, numerical aperture (NA) 1.15,
Olympus) and illumination wavelength at the edge of the absorption band
of the observed FP, in order for the illumination to reach the full thickness of
the crystal. For polarization microscopy measurements, the illuminating laser
beams traveled through a Glan-laser polarizer and a 0.5-mm aperture prior
to being steered into the laser scanning unit.

For xTDM determinations, the laser beams passed through a super-
achromatic half-wave plate (SAHWP05M-700, Thorlabs), mounted in a mo-
torized rotating mount (PRM1/MZ8, Thorlabs), prior to entering an underfilled
10x lens (UPlanFLN 10x, NA 0.3, Olympus). Transmitted light was collected by a
low NA (0.55) condenser, whose numerical aperture was reduced by an internal
diaphragm to NA of ~0.15. Before entering a photomultiplier detector, the
transmitted light passed through a wavelength-specific band-pass filter (FB405-
10, FL457.9-10, FL488-10, FL543.5-10, FB590-10, all Thorlabs) and a diffuser. For
the red form of mEosdb, fluorescence passing through an emission filter
(FELH0600, Thorlabs) was detected (instead of transmitted laser light). During
measurements, polarization of the laser beam was rotated between acquisition
of individual images in 10° increments over the range of 0° to 720°. Small
changes in excitation light intensity with polarization modulation were noted;
however, they did not affect measurements of transmittance, as they applied
equally to the crystal and background segments of the analyzed images.

For mTDM determinations, restricted diameter laser beam was scanned
through a 10x lens (UPlanFLN 10x, NA 0.3, Olympus). In order to ensure
equal excitation of all molecular orientations present in the crystal, the ex-
citation light was polarized linearly, parallel to the long crystal axis. Fluo-
rescence was collected by a low NA (0.55) condenser, whose numerical
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aperture was reduced by an internal diaphragm to NA of ~0.15. Before
entering a photomultiplier detector, the collected fluorescence passed
through an emission filter (Brightline 510/42 for mTurquoise2, 542/27 for
eGFP and mEos4b, FELH0600 for mCherry and mEos4b, all Thorlabs), a
polarizer mounted in a motorized rotating mount, and a diffuser. During
measurements, the polarizer was rotated between acquisition of individual
images in 10° increments over the range of 0° to 720°. Polarization sensitivity
of the detection pathway (4.6%) was compensated for during data analysis.

FA measurements were performed in 60% glycerol/50 mM Tris solutions of
FPs (10 pg/mL) in a 1-cm quartz cuvette, at 22.5 °C (as in ref. 34), using the
Horiba FluoroMax4 fluorometer equipped with calcite polarizer-based
fluorescence polarization module (alignment precision better than 1°). Ex-
citation and emission slits were set to 1 and 3 nm, respectively. Signal was
integrated over 1 s to 4 s. Mean values and SEs were calculated from
triplicate measurements.

Microscopy Image Analysis. Microscopy images were processed in Fiji,
using publicly available tools and in-house developed macros. For xTDM
determinations, the stacks of time series images acquired with differ-
ent polarizations were precisely aligned by the StackReg plugin (51), and a
dark detector response was subtracted. Images were then normalized by an
intensity corresponding to unattenuated laser power, calculated from
parts of the image not containing the crystal. The resulting transmit-
tance images were manually segmented, and transmittance values of
flat, clear parts of the observed crystals suitable for analysis were plotted
as a function of polarization of the illuminating light. Values of transmit-
tances of light polarized parallel and perpendicular to the long axis of
crystal (Tj, T.) were obtained by fitting the transmitted light intensity
data by a cosine squared function. T and T, were then used to derive the
value of g/e1, (and log,(g)/eL)), either using the simple relationship
g /gL = log(Ty/Tj0)/log(T./TLo) (for light of wavelengths 543 and 594 nm, of
polarization purity better than 99.8%), or a more complicated formula (S/
Appendix, Supplementary Text and Table S2; for wavelengths of 405, 458,
and 488 nm, whose polarization purity was lower than 99.8%). Using log
ratios allowed applying Gaussian statistics (generally not suitable to ratios),
as well as comparing the precision of determinations of ¢/, spanning a
large range of values. To interpret measurements of tilted crystals, the ex-
tent of rotation about the crystal long axis (crystal roll angle) was deter-
mined in Fiji by applying the angle measurement tool to vertical cross-
sections of z stacks of confocal images. Z-stack cross-sections also yielded
information on crystal thickness, which (when combined with protein con-
centration derived from the X-ray structures) allowed calculation of the
molar extinction coefficients ¢, &, (S/ Appendix, Table S3). However, only
the g /e, ratios, derived solely from transmitted light measurements, were
used for xTDM determinations.

For mTDM determinations, images of fluorescence intensity, acquired in
the trans direction, with different orientations of an analyzer placed in the
detection pathway, were background subtracted and manually segmented.
Fluorescence intensity was then plotted as a function of the analyzer ori-
entation. Values of fluorescence intensities polarized parallel and perpen-
dicular to the long axis of crystal (F, F.) and their log ratio (log,(F;/FL.))
were obtained by fitting the fluorescence intensity data by a cosine
squared function.

Mathematical Modeling. The TDM directions with respect to the fluorophore
were identified by mathematical modeling, using Mathematica (Wolfram
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Research). The fluorophore plane was defined by least-square fitting of
coordinates of heavy atoms participating in the conjugated bond system (S/
Appendix, Fig. S2). Optical measurements of the red form of mEos4b were
interpreted using the published structure (PDB ID code 6GOY) aligned with
the structure of the green form of mEos4b determined by us (6YLS). The
TDM vector was postulated to lie within the fluorophore plane, at an angle ©
with respect to a line connecting the centers of the fluorophore aromatic
rings. For XTDM determinations, values of log, (¢ /=1) expected for different
values of t (S/ Appendix, Fig. $3) were calculated by using a cos? relationship
of the absorption rate on the angle between the polarization of the exci-
tation light and the xTDMs present in the crystal. The log,(g/e1) value
derived from optical measurements was compared to the log,(g; /L) pre-
dictions, yielding two xTDM orientations (values of t) matching the results of
crystal measurements. From the two t values, the one consistent with
measurements performed on tilted FP crystals (S/ Appendix, Fig. S4) was
taken to represent the TDM orientation (t;). An analogous procedure was
used in mTDM orientation determinations, using intensities of fluorescence
polarized parallel (F;) and perpendicular (F,) to the long axis of crystal in-
stead of extinction coefficients. In order to distinguish between the two t
values obtained from fluorescence polarization measurements, we used in-
formation on FA in FP solutions and directions of XTDMs.

Statistical Analysis. All optical measurements of FP crystals were carried out
on at least 10 crystals, as indicated (Table 1). Mean values and 95% Cls (+2
SEM) of values of log, (¢ /¢1) and log,(F/F.) (Fig. 1 and Table 1) were used
to calculate the means and 95% Cls of TDM orientations (angles t) (Fig. 2
and Table 1). Unpaired t test was used to compare results of crystal mea-
surements, and P value < 0.05 (marked by * in Fig. 1) was used as a statistical
significance cutoff. P value < 0.001 is marked by ***. Measurements of FA
were carried out in triplicates and mean values and 95% Cls (+2 SEM) were
calculated (Table 1 and S/ Appendix, Fig. S5).

Data Availability. Protein structures data have been deposited in the PDB (PDB
ID codes 6YLM (mCherry), 6YLN (mTurquoise2), 6YLQ (eGFP, pH 7.5), 6YLP
(eGFP, pH 3.8) and 6YLS (mEos4b)).
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