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Rotation around a specific bond after photoexcitation is central to vision and emerging opportunities in
optogenetics, super-resolution microscopy, and photoactive molecular devices. Competing roles for
steric and electrostatic effects that govern bond-specific photoisomerization have been widely
discussed, the latter originating from chromophore charge transfer upon excitation. We systematically
altered the electrostatic properties of the green fluorescent protein chromophore in a photoswitchable
variant, Dronpa2, using amber suppression to introduce electron-donating and electron-withdrawing
groups to the phenolate ring. Through analysis of the absorption (color), fluorescence quantum yield,
and energy barriers to ground- and excited-state isomerization, we evaluate the contributions of sterics
and electrostatics quantitatively and demonstrate how electrostatic effects bias the pathway of
chromophore photoisomerization, leading to a generalized framework to guide protein design.

P
hotoisomerizable chromophores, such
as those in rhodopsins, phytochromes,
photoactive yellow proteins, and fluo-
rescent proteins (FPs), rotate around
specific bonds after photoexcitation in

the protein environment, which is essential to
converting light energy intomolecular motion
(1). To investigate the role of the protein envi-
ronment on tuning bound chromophore and/or
ligand functionality, we chose to study FPs, a
relatively simple model system consisting of
an autocatalytically formed chromophore con-
tained in a b barrel (2). The chromophore’s
local environment canmarkedly alter its photo-
physical properties, leading to a wide range
of colors, fluorescence quantum yields (FQYs),
and photoswitching characteristics (3). The
chromophore’s FQY increases by three orders
of magnitude when contained in the protein
scaffold compared with when it is free in so-
lution (4). The dominant nonradiative decay
process that lowers the chromophore’s FQY is
isomerization about either the phenolate (P)
or imidazolinone (I) bonds, resulting in a P-ring
flip or cis-trans isomerization, respectively
(Fig. 1A) (5). This nonradiative decay process
is enhanced in photoswitching FPs that are
widely used for super-resolution microscopy
(3). Modulating the probability between ra-
diative and nonradiative decay, and for the
latter, the propensity for P- or I-bond isomer-
ization, epitomizes the essential features of
protein control.
The most well-studied and intuitively ap-

pealing hypothesis for the chromophore’s
substantial increase in FQY in the protein sug-
gests that steric confinement of the protein
scaffold physically prevents the bond rotation

required for nonradiative decay, as demon-
strated by studies involving chemically locked
or artificially confined chromophores (6). An
alternative hypothesis identifies the role of
electrostatics in modulating the FQY. After
a perturbation to either the chromophore’s
electronic state (e.g., by photon absorption)
or nuclear coordinates (e.g., by isomerization),
a redistribution of the chromophore’s electron
density occurs, which is usually described as
charge transfer between the rings. Conse-
quently, the electric field exerted by the envi-
ronment can either promote or hinder charge
transfer and thus could control whether fluo-
rescence or isomerization is more favorable
after excitation (7).
In earlier work on split green fluorescent

protein (GFP),we linked structure and function
with energetics (8) and showed that the dom-
inant energetic feature governing the compe-

tition between fluorescence and isomerization
is the excited-state (ES) barrier for chromo-
phore bond rotation (Fig. 1B, process 2). Here
we present a systematic study investigating
the contributions of sterics and electrostatics
to energetic features of the chromophore’s
potential energy surface in both the ground
state (GS) and ES. To experimentally probe
these effects, we introduced a diverse range of
substituents on the chromophore’s P ring
using amber suppression (9) with substituted
tyrosine residues (10), taking advantage of the
chromophore’s autocatalytic maturation pro-
cess (Fig. 2A). The electronic perturbation to
the chromophore due to the substituent can
be thought of as analogous to a perturbation
of the protein environment around the chro-
mophore that alters the chromophore’s elec-
tronic properties, as suggested by past studies
on polymethine dyes (11). As a model system,
we chose the widely used photoswitchable FP
Dronpa2 [the Met159→Thr (M159T) mutant
of Dronpa] because of the balance between
its moderately high FQY and photoisomer-
ization efficiency (12). We also include results
from a nonphotoswitchable FP, a superfolder
GFP construct, to generalize the scope of our
conclusions.
We expressed wild-type and 10 Dronpa2 var-

iants with chromophores containing electron-
donating andelectron-withdrawing substituents
on the P ring (Fig. 2B). X-ray crystal struc-
tures confirm that the P-ring substituent(s)
occupies a single orientation, except for the
3-F variant, which has two orientations (sup-
plementary text S1 and fig. S2). Introduction
of the substituent(s) causes little to no struc-
tural deviation compared with the wild type
(supplementary text S2 and figs. S1 to S3).
The absorption spectrum for each Dronpa2
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Fig. 1. Model for chromophore isomerization
in FPs. (A) Rotation can occur about either
the P or I bond, leading to a P-ring flip or cis-trans
isomerization, respectively. R1 and R2 represent
residues Gly64 and Cys62, respectively, which
covalently link the chromophore to the rest of the
FP (Fig. 2A). (B) General potential energy diagram
along the isomerization reaction coordinate for a
photoisomerizable chromophore. 0-0 TE represents
the TE between the lowest vibrational state of the
ground and excited electronic states. Three features
studied in this work are emphasized: fluorescence
(1, green), ES barrier crossing (2, purple), and
GS barrier crossing (3, yellow).
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variant directly reflects the electronic con-
tribution of the substituent: Electron-donating
groups red-shift, whereas electron-withdrawing
groups blue-shift the absorption maximum
(Fig. 2C and fig. S4). Both the trend of elec-
trostatic color tuning and the direction of
charge transfer upon excitation can be under-
stood through either a Hammett analysis
(supplementary text S3) or Olsen’s resonance
color theory (13) (supplementary text S4 and
fig. S8), agreeing with simulations that sug-
gest negative charge flows from the P ring to
the I ring upon photon absorption (5). We use
the absorption peak maximum [an approxi-
mation of the 0-0 transition energy (TE)]
(supplementary text S5) as a scale to reflect the
substituents’ electron-donating and electron-
withdrawing capabilities (supplementary text
S4) because the initial Franck-Condon excita-
tion is purely an electronic process.
We then sought to examine the influence of

each chromophore’s steric and electronic prop-
erties on ES processes. First, wemeasured each
variant’s FQY (Fig. 1B, process 1) and plotted
the values against the corresponding TE
(Fig. 3A). The trend is nonmonotonic with a
peaked shape; variants with red- and blue-
shifted TEs show positive and negative cor-
relations with FQY, respectively. A variant of
superfolder GFP with the same series of sub-
stituted chromophores exhibits the same trend
(fig. S7), suggesting that electrostatic sensitivity
is an intrinsic chromophore property.
To elucidate the underlying energetics, we

estimated the ES energy barrier (Fig. 1B,
process 2) for each Dronpa2 variant using
temperature-dependent fluorescence lifetime
measurements (supplementary texts S6 and
S7 and figs. S10 to S15), which capture the com-
bined decay rate of all relaxation processes from
the S1 minimum. As with FQY, the ES barrier
heights show a peaked trend when plotted
against TE (Fig. 3B). Linear fits to the electron-
donating and electron-withdrawing variants’
data exhibit slopes with similar magnitude
but opposite sign (Fig. 3D), which describe
the extent and direction of charge transfer
during the ES barrier crossing. A change of
1 kcal/mol in TE in either direction corre-
sponds to a change of ~1.5 kcal/mol in ES
barrier height, implying that ES barrier cross-
ing, a nonradiative process, is more sensitive
to electronic effects than Franck-Condon
excitation.
To investigate the role of steric and elec-

tronic effects onGS isomerization barrier height
(Fig. 1B, process 3), we determined the isomer-
ization rate constant through pH-dependent
thermal relaxation kineticsmeasurements after
photoexcitation to a cis-trans photostationary
state, assuming the validity of transition state
theory (supplementary text S8 and figs. S17 to
S18). A plot of the GS barrier height versus TE
(fig. S19) appears to show a lack of correlation

between the GS barrier and the substituent’s
electronic effects. Close examination of fig. S19
reveals that the substituent’s steric properties
may also contribute to the observed trends.
For example, among the data points for the
3-F, 3-Cl, 3-Br, and 3-I substituents, as high-
lighted by the gray box in fig. S19, the barrier
height increases as a function of halogen size
despite similar TEs, indicating that substitu-
ent size influences GS barrier height. To iso-
late the electrostatic contribution to GS barrier
height, we created an isosteric substituent se-
ries (defined in supplementary text S9) and
plotted the corresponding data for this sub-
group, which monotonically decrease as a
function of TE (Fig. 3C). The extent of charge
transfer during GS barrier crossing reflected
by the slope in Fig. 3C is approximately one-
third of that in the ES (Fig. 3B and charge-

transfer extent in Fig. 3D), suggesting that
changes in the electronic properties of the
chromophore have a smaller, but still evident,
impact on thermal relaxation. In contrast to
the GS barrier, the influence of sterics on the
ES barrier is minimal (Fig. 3D and fig. S20). If
sterics were the dominant factor, large sub-
stituents would be expected to increase the
barrier to chromophore twisting in the ES and,
consequently, FQY. However, electrostatics is
clearly the dominant factor for ES isomeriza-
tion in a constant protein environment (Fig. 3,
A and B, and fig. S20).
The observation of two approximately equal

but opposite slopes between ES barrier height
and TE (Fig. 3B) suggests amechanism change
for barrier crossing that depends on the elec-
tronic properties of the chromophore (supple-
mentary text S3). Charge transfer is coupled
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Fig. 2. Incorporation of electron-donating and electron-withdrawing substituents into the Dronpa2
chromophore. (A) Scheme depicting incorporation of substituents (represented by a green “X”) through
amber suppression of Y63 and chromophore maturation in Dronpa2 variants (C, Cys; Y, Tyr; G, Gly).
(B) Dronpa2 amber suppression variants grouped by electron-donating and electron-withdrawing properties.
The electron density maps (2mFo – DFc, 1s) from solved x-ray structures (except 3,5-F2, which could not be
crystallized; see supplementary text S2) show substituent orientation(s) (see fig. S2 for omit maps).
Two conformations were necessary for modeling the chromophore of the 3-F variant (fig. S2). The legend
of fig. S2 includes the identity of the monomer displayed for each variant. WT, wild type. (C) Image of purified
proteins and their corresponding 77 K absorption peak maxima.
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with bond twisting in the ES of monomethine
dyes (5, 14). In the GFP chromophore, this
twisting can proceed about either the P or I
bond (Fig. 1A). Both P and I twisting in the
isolated anionic chromophore have compa-
rable barrier heights but opposite charge-
transfer directions, suggesting that small
perturbations to the chromophore or its envi-
ronment could influencewhich twisting pathway
is more energetically favorable (14). Our data
reveal a decrease in FQY and ES barrier height
compared with those from wild-type Dronpa2
regardless of the substituent’s electronic effect
(Fig. 3, A and B), indicating that the electronic
properties of the chromophore can tune the
relative ES barrier heights for P and I twisting,
thus biasing toward the pathway with the
lower barrier. By contrast, the GS chromo-
phore follows the same isomerization mech-
anism regardless of the substituent’s electronic
effect (Fig. 3C).
The observed trends in energetics can

be linked to structural intuition through a
valence-bond model depicting the deproto-
nated chromophore as an allylic anion (Fig. 4,
A and B) (5, 14, 15). In Fig. 4C, we present an
energetic model for chromophore isomeriza-
tion guided by the adiabatic states in Fig. 4B.
The electronic properties of the chromophore,
governed in this work by the substituent on
the P ring, determine the ES barrier height
difference between P and I twisting. For GS
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and dots represent unpaired electrons. The color scheme is equivalent to
that in Fig. 1A. (A) Three diabatic states of the chromophore in planar, I-twisted,
and P-twisted geometries, with energetic penalties required for breaking
double bonds for rotation. Mixing of the coupled states (highlighted in green)
leads to the adiabatic states shown in (B). For variants with electron-withdrawing
substituents, the I-twist pathway is more energetically downhill, and thus
preferred, compared with the P-twist pathway. Electron-donating substituents
would have the opposite energetic effect and favor the P-twist pathway (not
shown for clarity). Although the relative energy levels of this allylic anion model
are qualitative, they are consistent with high-level calculations on the free

chromophore at different bond rotation geometries (15). Negative charge
transfer (CT) occurs from I to P for the I-twist pathway and from P to I for
the P-twist pathway, which agrees with a Hammett analysis (supplementary
text S3) and simulations of the free chromophore (5, 14). (C) Potential
energy diagram for FP chromophore isomerization with two competing bond
rotation pathways inspired by the mixed adiabatic states in (B). The GS
cis chromophore is excited from S0 to S1 and relaxes to an S1 local minimum
(relaxation coordinate not shown) (13). From the S1 minimum, the chromo-
phore rotates about either the P or the I bond, depending on the relative
ES barrier heights of the competing processes. The diagram represents
Dronpa2 variants with electron-withdrawing substituents; variants with electron-
donating substituents would have an inverted barrier height ratio between the
two competing twisting pathways.
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relaxation from trans to cis, we are limited
by what we can measure spectroscopically,
namely the photochromic cis-trans isomer-
ization. We can therefore observe only one
GS twisting mechanism (I twist), which ex-
plains the monotonic trend in GS barrier
height as a function of TE (Fig. 3C). In the
potential energy diagram (Fig. 4C), the tran-
sition state for either the P- or I-twist path-
way in S1 (ES) lies closer to planarity than the
corresponding transition state in S0 (GS). As a
result, reaching the transition state on the GS
surface requires greater bond rotation, ex-
plaining the enhanced steric sensitivity ob-
served for GS isomerization.
By engineering chromophore variants using

amber suppression, we have systematically
elucidated the role of electrostatics on chro-
mophore color and isomerization in an FP
environment. The electrostatic sensitivities of
the chromophore stem from the intrinsic di-
rection of charge transfer during electronic
transitions and photoisomerizable bond rota-
tions, which is ubiquitous in other photo-
isomerizable systems (8, 16–24). By tuning
the environment of the chromophore in these
protein systems, with an emphasis on the
often-overlooked electrostatic component, it
may be possible to finely control properties of
interest, such as regioselective isomerization,
because of distinctive charge redistributions
as different bonds are rotated. On the basis of
our results in FPs, introducing hydrogen-bond–
donating residues around the P ring of the
chromophore would bias toward the I-twist
photoisomerizationpathway (13). In the photo-
isomerizable retinal chromophore in rhodop-
sins, theoretical studies have suggested that
different bond-specific photoisomerization
intermediates have different electronic dis-
tributions (21), allowing for similar targeted
environmental modifications to bias bond
rotation pathways. As such, our conclusions
provide an initial, generalizable framework

to incorporate electrostatic and steric effects
into the design of other photoisomerizable
systems to help develop improved variants
and new functionalities in optogenetics and
imaging (1).

REFERENCES AND NOTES

1. C. P. O’Banion, D. S. Lawrence, ChemBioChem 19, 1201–1216
(2018).

2. R. Y. Tsien, Annu. Rev. Biochem. 67, 509–544 (1998).
3. D. Bourgeois, V. Adam, IUBMB Life 64, 482–491 (2012).
4. A. Acharya et al., Chem. Rev. 117, 758–795 (2017).
5. M. E. Martin, F. Negri, M. Olivucci, J. Am. Chem. Soc. 126,

5452–5464 (2004).
6. C. L. Walker et al., Curr. Opin. Chem. Biol. 27, 64–74 (2015).
7. J. W. Park, Y. M. Rhee, J. Am. Chem. Soc. 138, 13619–13629

(2016).
8. C.-Y. Lin, J. Both, K. Do, S. G. Boxer, Proc. Natl. Acad.

Sci. U.S.A. 114, E2146–E2155 (2017).
9. Amber suppression allows for the site-specific incorporation of

noncanonical amino acids into recombinant proteins.
The amino acid site of interest on the relevant gene is mutated
to the amber stop codon, TAG. Non-native tRNA containing
an anticodon recognizing the amber stop codon is encoded on
a separate plasmid. A non-native aminoacyl tRNA synthetase is
also introduced into the cell that is capable of charging the
non-native tRNA with the noncanonical amino acid. The
tRNA then recognizes the amber stop codon on the mRNA
within the translation machinery of the cell, allowing for the
incorporation of the noncanonical amino acid into the growing
polypeptide chain.

10. A. Dumas, L. Lercher, C. D. Spicer, B. G. Davis, Chem. Sci. 6,
50–69 (2015).

11. S. R. Marder et al., Science 265, 632–635 (1994).
12. A. C. Stiel et al., Biochem. J. 402, 35–42 (2007).
13. C.-Y. Lin, M. G. Romei, L. M. Oltrogge, I. I. Mathews, S. G. Boxer,

J. Am. Chem. Soc. 141, 15250–15265 (2019).
14. S. Olsen, K. Lamothe, T. J. Martínez, J. Am. Chem. Soc. 132,

1192–1193 (2010).
15. S. Olsen, R. H. McKenzie, J. Chem. Phys. 130, 184302

(2009).
16. S. Schenkl, F. van Mourik, G. van der Zwan, S. Haacke,

M. Chergui, Science 309, 917–920 (2005).
17. C. Ko, A. M. Virshup, T. J. Martínez, Chem. Phys. Lett. 460,

272–277 (2008).
18. L. S. Wolfe et al., Proc. Natl. Acad. Sci. U.S.A. 107,

16863–16868 (2010).
19. S. Gozem, I. Schapiro, N. Ferré, M. Olivucci, Science 337,

1225–1228 (2012).
20. G. Bassolino et al., J. Am. Chem. Soc. 136, 2650–2658 (2014).
21. S. Gozem, H. L. Luk, I. Schapiro, M. Olivucci, Chem. Rev. 117,

13502–13565 (2017).
22. D. Smyrnova, M. d. C. Marín, M. Olivucci, A. Ceulemans,

J. Chem. Theory Comput. 14, 3163–3172 (2018).
23. M. d. C. Marín et al., J. Am. Chem. Soc. 141, 262–271 (2019).

24. C. Punwong, S. Hannongbua, T. J. Martínez, J. Phys. Chem. B
123, 4850–4857 (2019).

ACKNOWLEDGMENTS

We dedicate this manuscript to the memory of Seth Olsen, whose
theoretical studies of the GFP chromophore motivated much of the
analysis of this work. We thank S. Lynch of the Stanford NMR
Facility for assistance with NMR data collection and interpretation.
R. A. Mehl of the Unnatural Protein Facility was instrumental in
providing an aminoacyl-tRNA synthetase for 3-methyltyrosine
incorporation. S. H. Schneider helped develop the MATLAB code
for statistical analysis of the fluorescence lifetime data. We thank
J. I. Brauman, T. J. Martínez, N. H. List, S. D. Fried, and
L. M. Oltrogge for discussions regarding this work. Funding: M.G.R.
was supported by a Center for Molecular Analysis and Design
graduate fellowship. C.-Y.L. was supported by a Kenneth and
Nina Tai Stanford Graduate Fellowship and the Taiwanese Ministry
of Education. This work was supported, in part, by the NIH
(grant GM118044 to S.G.B.). Part of this work was performed at
the Stanford Nano Shared Facilities (SNSF) and supported by the
National Science Foundation (award ECCS-1542152). Use of
the Stanford Synchrotron Radiation Lightsource, SLAC National
Accelerator Laboratory, is supported by the U.S. Department of
Energy (DOE), Office of Science, Office of Basic Energy Sciences
(contract no. DE-AC02-76SF00515). The SSRL Structural
Molecular Biology Program is supported by the DOE Office of
Biological and Environmental Research and by the National
Institutes of Health (NIH), National Institute of General Medical
Sciences (NIGMS) (including P41GM103393). The contents
of this publication are solely the responsibility of the authors and
do not necessarily represent the official views of the NIGMS
or NIH. Author contributions: M.G.R. and C.-Y.L. designed the
experiments, expressed the proteins, performed the experiments,
interpreted the results, and wrote the manuscript. I.I.M. assisted
with protein crystallization, collected x-ray diffraction data, and
assisted with data refinement. S.G.B. discussed results and wrote
the manuscript. Competing interests: The authors declare no
competing interests. Data and materials availability: All x-ray
density maps and atomic models for Dronpa2 variants have been
deposited in the Protein Data Bank (wild type: 6NQJ; 3-F: 6NQK;
3-Cl: 6NQL; 3-Br: 6NQN; 3-I: 6NQO; 2,3-F2: 6NQP; 2,3,5-F3: 6NQQ;
3-NO2: 6NQR; 3-CH3: 6NQV; 3-OCH3: 6NQS). All other data are
presented in the main text or supplementary materials.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/367/6473/76/suppl/DC1
Materials and Methods
Supplementary Texts S1 to S9
Figs. S1 to S27
Tables S1 to S11
References (25–86)

View/request a protocol for this paper from Bio-protocol.

1 March 2019; resubmitted 4 June 2019
Accepted 31 October 2019
10.1126/science.aax1898

Romei et al., Science 367, 76–79 (2020) 3 January 2020 4 of 4

RESEARCH | REPORT
on January 2, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

https://science.sciencemag.org/content/367/6473/76/suppl/DC1
https://en.bio-protocol.org/rap.aspx?eid=10.1126/science.aax1898
http://science.sciencemag.org/


Electrostatic control of photoisomerization pathways in proteins
Matthew G. Romei, Chi-Yun Lin, Irimpan I. Mathews and Steven G. Boxer

DOI: 10.1126/science.aax1898
 (6473), 76-79.367Science 

, this issue p. 76; see also p. 26Science
properties.
bonds during photoisomerization. These insights may guide future design of photoswitchable proteins with desired 
interactions between the chromophore and its environment influence the barrier heights for twisting around different
Crystal structures and spectroscopic analyses of a series of these variants support a model in which the electrostatic 

).et al.Dronpa2, thus systematically altering the electronic properties of the chromophore (see the Perspective by Hu 
 studied this behavior by introducing unnatural amino acids into the photoswitchable green fluorescent proteinet al.

to sense light and can influence the photophysical properties of fluorescent proteins used in imaging applications. Romei 
is exploited in biology−−the twisting of bonds in a molecule in response to absorption of light−−Photoisomerization

Electrostatics guide chromophore twist

ARTICLE TOOLS http://science.sciencemag.org/content/367/6473/76

MATERIALS
SUPPLEMENTARY http://science.sciencemag.org/content/suppl/2019/12/30/367.6473.76.DC1

CONTENT
RELATED http://science.sciencemag.org/content/sci/367/6473/26.full

REFERENCES

http://science.sciencemag.org/content/367/6473/76#BIBL
This article cites 84 articles, 9 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.ScienceScience, 1200 New York Avenue NW, Washington, DC 20005. The title 
(print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement ofScience 

Science. No claim to original U.S. Government Works
Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

on January 2, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/content/367/6473/76
http://science.sciencemag.org/content/suppl/2019/12/30/367.6473.76.DC1
http://science.sciencemag.org/content/sci/367/6473/26.full
http://science.sciencemag.org/content/367/6473/76#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/


 science.sciencemag.org/content/367/6473/76/suppl/DC1 

Supplementary Materials for 

Electrostatic control of photoisomerization pathways in proteins 

Matthew G. Romei*, Chi-Yun Lin*, Irimpan I. Mathews, Steven G. Boxer† 

*These authors contributed equally to this work.

†Corresponding author. Email: sboxer@stanford.edu 

Published 3 January 2020, Science 367, 76 (2020) 

DOI: 10.1126/science.aax1898 

This PDF file includes: 

Materials and Methods 

Supplementary Texts S1 to S9 

Figs. S1 to S27 

Tables S1 to S11 

References  



2 
 

Table of Contents 
Materials and Methods ..................................................................................................3 

Plasmid Construction ...................................................................................................3 

DNA Sequences ...........................................................................................................4 

Protein Sequences .......................................................................................................4 

Synthesis of Tyrosine Analogs .....................................................................................5 

Protein Expression and Purification..............................................................................7 

UV-Vis Absorption Measurements ...............................................................................8 

Low Temperature (77 K) Absorption Measurements ....................................................8 

Extinction Coefficient Determination.............................................................................9 

Fluorescence Quantum Yield Determination ..............................................................10 

Fluorescence Lifetime Measurements........................................................................10 

Excited State Energy Barrier Determination ...............................................................11 

MATLAB Code for Bootstrap Analysis of Fluorescence Lifetime Data .......................12 

Thermal Relaxation Kinetics Measurements ..............................................................14 

Ground State Energy Barrier Determination ...............................................................15 
19F NMR .....................................................................................................................15 

Protein Crystallization .................................................................................................16 

Diffraction Data Collection and Structure Determination ............................................17 

Supplementary Text.....................................................................................................18 

S1.  Discussion of 19F NMR ....................................................................................18 

S2. Discussion of Dronpa2 Variant Structures .......................................................21 

S3.  Hammett Analysis ............................................................................................23 

S4.  Resonance Color Theory and Isolation of the Substituent’s Electronic Effect .25 

S5.  Approximating 0-0 Transition Energy with Absorption Maximum .....................26 

S6.  Discussion of Excited State Barrier and Validity of Arrhenius Behavior ...........27 

S7.  Multiexponential Behavior of Fluorescence Decay ..........................................30 

S8.  Derivation of the pH-Dependent Apparent Thermal Relaxation Rate ..............32 

S9.  Discussion of the Isosteric Series ....................................................................33 

Supplementary Figures ...............................................................................................34 

Supplementary Tables .................................................................................................67 

 



3 
 

Materials and Methods 
 
Plasmid Construction 
 

The gene for Dronpa2 (Dronpa-M159TV2.0) was generously provided by the Stefan 
Jakobs lab at the Max Planck Institute for Biophysical Chemistry (25) and inserted into 
the pET-15b vector (Novagen) at the NdeI and XhoI restriction sites using NEBuilder HiFi 
DNA assembly (New England Biolabs). Point mutations were made using the 
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) according to the 
manufacturer’s protocol. The same plasmid design was used for the GFP plasmids and 
mostly followed our previous works on superfolder GFPs (8, 26). The specific circular 
permutant ih:loop:GFP (see (8) for notation) was chosen because the non-canonical 
amino acids were originally introduced to residue 66 via semi-synthetic strategies (27) 
with split GFPs to study short hydrogen bonds; however, amber suppression (26) was 
later found to be more efficient and afforded superior protein yields. To further increase 
the yields, we removed the proteolytic cleavage loop to produce ih:GFP and restored 
cysteine at residue 70 since denaturation was unnecessary.  We note that this study could 
have been carried out with any circular permutant or with Aequorea victoria GFPs. The 
residue numbering scheme follows that of GFP without circular permutation; all nucleic 
acid and protein sequences are given below. 

 
The site-specific incorporation of 10 non-canonical amino acids was achieved 

using five different aminoacyl-tRNA synthetases (aaRSs) and their corresponding 
tRNACUA. As described previously (26), 3-ClY was incorporated using ClYRS (in pEVOL 
plasmid) from Professor Jiangyun Wang at Chinese Academy of Sciences (28); 2,3-F2Y, 
3,5-F2Y, and 2,3,5-F3Y were incorporated using FnY-RS E3 (in pEVOL plasmid) from 
Professor JoAnne Stubbe at MIT (29). In the course of this work, we discovered ClYRS 
is quite promiscuous and used this aaRS/tRNA pair to site-specifically incorporate 3-FY, 
3-BrY, and 3-IY. To expand the range of electron-withdrawing/donating abilities, we used 
distinct aaRSs for the remaining non-canonical amino acids: 3-NO2Y and 3-CH3Y were 
incorporated via Mj 3NY(5B) (30) and Mb-ClTyrRS-C6 (31) (both in pDule plasmid) from 
Professor Ryan Mehl at Oregon State University, respectively. The latter’s activity was 
unveiled by screening in the Unnatural Protein Facility directed by Professor Mehl. 3-
OCH3Y was incorporated via OMeYRS (32). The gene was reconstructed from the protein 
sequence (PDB: 4HK4) by comparing against wild-type M. jannaschii codons and 
inserted into pUltra plasmid to increase the incorporation efficiency (33). 
 
DNA Sequences 
 
Dronpa-M159TV2.0 º Dronpa2. Y63 codon in bold. 
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ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGGGCGGCAGCCATATGG
TGAGCAAGGGCGAGGAGAACAACATGGCCGTGATTAAACCAGACATGAAGATCAAGCTGCGTAT
GGAAGGCGCTGTAAATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAG
GGAAAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCCTATGACATCT
TGACAACTGTGTTCTGTTACGGCAACAGGGTATTCGCCAAATACCCAGAAAATATAGTAGACTA
TTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGGGAACGAAGCATGAATTACGAAGACGGGGGC
ATTTGTAACGCGACAAACGACATAACCCTGGATGGTGACTGTTATATCTATGAAATTCGATTTG
ATGGTGTGAACTTTCCTGCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATC
CACTGAGAAATTGTATGTGCGTGATGGAGTGCTGAAGGGTGATGTTAACACGGCTCTGTCGCTT
GAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCTAAGAAGGTTGTCCAGT
TGCCAGACTATCACTTTGTGGACCACCACATTGAGATTAAAAGCCACGACAAAGATTACAGTAA
TGTTAATCTGCATGAGCATGCCGAAGCGCATTCTGGGCTGCCGAGGCAGGCCATGGACGAGCTG
TACAAGTAA 
 
ih:GFP S65T º GFP. Y66 codon in bold. 
ATGGGGCATCATCATCATCATCATAGCAGCGGCGGCAAACTACCGGTGCCGTGGCCGACCCTGG
TGACCACCTTAACCTATGGCGTGCAGTGCTTTAGCCGCTATCCGGATCATATGAAACGCCATGA
TTTTTTTAAAAGCGCGATGCCGGAAGGCTATGTGCAGGAACGCACCATTAGCTTTAAAGATGAT
GGCAAATATAAAACCCGCGCGGTGGTGAAATTTGAAGGCGATACCCTGGTGAACCGCATTGAAC
TGAAAGGCACCGATTTTAAAGAAGATGGCAACATTCTGGGGCATAAACTGGAATATAACTTTAA
CAGCCATAACGTGTATATTACCGCGGATAAACAGAAAAACGGCATTAAAGCGAACTTTACCGTG
CGCCATAACGTGGAAGATGGCAGCGTGCAGCTGGCGGATCATTATCAGCAGAACACCCCGATTG
GCGATGGCCCGGTGCTGCTGCCGGATAACCATTATCTGAGCACCCAGACCGTGCTGAGCAAAGA
TCCGAACGAAAAACGCGATCACATGGTGCTGCTGGAATTTGTGACCGCAGCGGGCATTACACAC
GGCATGGATGAACTGTATGGCGGCACCGGCGGCAGCGCGAGCCAGGGCGAAGAACTGTTTACCG
GCGTGGTGCCGATTCTGGTGGAACTGGATGGCGATGTGAACGGCCATAAATTTAGCGTGCGCGG
CGAAGGCGAAGGCGATGCGACCATTGGCAAACTGACCCTGAAATTTATTTCCACCACCTAA 
 
Protein Sequences 
 
Dronpa-M159TV2.0 º Dronpa2. Chromophore residues in bold. 
MGSSHHHHHHSSGLVPGGSHMVSKGEENNMAVIKPDMKIKLRMEGAVNGHPFAIEGVGLGKPFE
GKQSMDLKVKEGGPLPFAYDILTTVFCYGNRVFAKYPENIVDYFKQSFPEGYSWERSMNYEDGG
ICNATNDITLDGDCYIYEIRFDGVNFPANGPVMQKRTVKWEPSTEKLYVRDGVLKGDVNTALSL
EGGGHYRCDFKTTYKAKKVVQLPDYHFVDHHIEIKSHDKDYSNVNLHEHAEAHSGLPRQAMDEL
YK 
 

ih:GFP S65T º GFP. Chromophore residues in bold. 
MGHHHHHHSSGGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDD
GKYKTRAVVKFEGDTLVNRIELKGTDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFTV
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RHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPNEKRDHMVLLEFVTAAGITH
GMDELYGGTGGSASQGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFISTT 
 
Synthesis of Tyrosine Analogs 
 

All chemicals were purchased from Sigma-Aldrich, unless otherwise stated. 3-
Chloro-L-tyrosine (CAS 7423-93-0, 3-ClY), 3-bromo-L-tyrosine (Abcam, CAS 38739-13-
8, 3-BrY), 3-iodo-L-tyrosine (Chem-Impex International, CAS 70-78-0, 3-IY), and 3-nitro-
L-tyrosine (621-44-3, 3-NO2Y) were commercially available and directly used without 
further purification. 3-Fluoro-L-tyrosine (3-FY), 3,5-difluoro-L-tyrosine (3,5-F2Y), 2,3-
difluoro-L-tyrosine (2,3-F2Y), 2,3,5-trifluoro-L-tyrosine (2,3,5-F3Y), 3-methyl-L-tyrosine (3-
CH3Y), and 3-methoxy-L-tyrosine (3-OCH3Y) were enzymatically synthesized from their 
corresponding phenols as described below, a method also reviewed by several labs (34, 
35). 

 
The plasmid (tn5:tnaA pLATE11) for Citrobacter freundii tyrosine phenol lyase 

(TPL) was kindly provided by Professor Robert Phillips at University of Georgia (36). The 
TPL plasmid was transformed into chemically competent BL21(DE3) Escherichia coli 
(Invitrogen) and grown in 1 L of 25 g/L Luria Broth (LB) Miller with 100 mg/L ampicillin 
(CAS 69-52-3) and 35 mg/L kanamycin (CAS 64013-70-3) at 37°C and shaken at 180 
rpm. The cells were induced at OD600 0.6 – 0.7 with 0.25 g/L isopropyl β-D-1-
thiogalactopyranoside (IPTG; Fisher, CAS 367-93-1) and allowed to express overnight at 
30°C. The cells were pelleted at 6500 rcf for 30 min. The orange pellets were 
resuspended in a lysis buffer at pH 7.5 containing 100 mM potassium phosphate 
monobasic (EMD, CAS 7778-77-0) and 1 mM EDTA (Mallinckrodt AR, CAS 60-00-4). The 
cells were subsequently lysed with a high-pressure homogenizer (Avestin EmulsiFlex-
C3). The lysate was centrifuged at 25000 rcf for 90 min. Solid ammonium sulfate (CAS 
7783-20-2) was added to the supernatant at a concentration of 0.15 g per mL (~ 25%), 
and the supernatant was then spun down at 25000 rcf for 15 min to remove impurities. 
The resulting supernatant was kept, and 0.33 g solid ammonium sulfate per mL (~ 70%) 
was added to salt out TPL. The mixture was again spun down at 25000 rcf for 15 min, 
and the light yellow pellet was resuspended in a minimal amount of lysis buffer containing 
1 mM dithiothreitol (CAS 3483-12-3) to completely dissolve the pellet and yield the crude 
solution of TPL. The enzyme concentration was roughly determined by its OD280 (usually 
around 70). The mixture can be stored at 4°C for up to two days without any appreciable 
decrease in enzyme activity. Wild-type TPL was used in fluorotyrosine production (34, 
35), while 3-CH3Y and 3-OCH3Y production required the mutant M379V (32).  

 
The reaction was initiated by mixing 16.6 g ammonium acetate (Mallinckrodt AR, 

CAS 631-61-8) and 7 mL of pyruvic acid (CAS 127-17-3) in 800 mL of deionized water in 
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a beaker. The solution was then titrated to pH 8.25 with around 10 mL of 7 M ammonium 
hydroxide solution (Fisher, CAS 7664-41-7) to achieve the optimal pH for TPL activity and 
transferred to a one-liter bottle wrapped with aluminum foil. 27.4 mg of the cofactor 
pyridoxal 5′-phosphate hydrate (CAS 853645-22-4, light sensitive!), 0.35 mL of 2-
mercaptoethanol (Bio-Rad, CAS 60-24-2), 10 mmol of the corresponding phenols (1.5 g 
of 2,3,6-trifluorophenol (CAS 113798-74-6), 1.3 g of 2,6-difluorophenol (CAS 28177-48-
2) or 2,3-difluorophenol (CAS 6418-38-8), 0.89 mL of 2-fluorophenol (CAS 367-12-4), 
1.03 mL of o-cresol (CAS 95-48-7), 1.1 mL of guaiacol (CAS 90-05-1)), and 10 mL of 
crude TPL solution (with OD280 = 65) were subsequently added in the dark. It is critical to 
keep the phenol concentration low to prevent protein denaturation. The mixture was 
brought to 1 L with deionized water, fully mixed, and stored in a fume hood at room 
temperature for approximately one week. During that week, reaction progress was 
monitored daily by injecting 0.2 mL aliquots into an HPLC (1260 Infinity; Agilent) using an 
analytical ThermoElectron Aquasil C18 column (3 μm, 150 × 4.6 mm) with a flow rate of 
0.6 mL/min. The gradient was designed as follows: 

 
Solution A: 0.1% trifluoroacetic acid (Fisher, CAS 76-05-1) in water 
Solution B: acetonitrile (Fisher, CAS 75-05-8) 
0 – 5 min: 0% B, 5 – 20 min: gradient from 0% to 40% B, 20 – 25 min: gradient 
from 40% - 95% B, 25 – 29 min: 95% B and back to 0% B afterwards. 

 
Tyrosine products eluted around 17 – 19 min, while unreacted phenols eluted around 

25 – 27 min detected at 260 nm. The wild-type enzyme activity was measured to be the 
highest for 2-fluorophenol, followed by 2,3-difluorophenol, and the lowest for 3,5-
difluorophenol. Thus, 0.45 mL of 2-fluorophenol was added daily, while 0.65 g of  
difluorophenols were added every other day. For the M379V mutant, 0.5 mL of o-cresol 
was added daily, and 0.6 mL of guaiacol was added every other day. The mixture was 
allowed to sit for another 2 days prior to purification after a total of 30 mmol of phenols 
were added. 

 
The light yellow reaction mixture (with flakes of insoluble tyrosine product) was directly 

applied to a column of 200 g (~ 300 mL) Dowex 50WX8 hydrogen form 50 – 100 mesh 
cation exchange resin (CAS 69011-20-7) pre-equilibrated with 200 – 300 mL of 3 M 
hydrochloric acid (Fisher, CAS 7647-01-0). The pH of the eluent was constantly 
monitored with pH paper to ensure effective binding and exchange. The column was 
subsequently washed with 2 column volumes of deionized water and then eluted with 300 
mL of 10% ammonium hydroxide solution. 10 mL fractions were collected. The column 
became hot during elution due to neutralization heat, and the yellow cofactor coeluted 
with the desired product. Because of its high concentration, the product was found to 
precipitate in some fractions. The collected fractions were examined by spotting onto a 
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TLC plate (Fisher) and stained with a ninhydrin solution with 0.2% (w/v) ninhydrin (J. T. 
Baker, CAS 485-47-2), 95% (v/v) n-butanol (J. T. Baker, CAS 71-36-3), 0.5% (v/v) acetic 
acid (Fisher, CAS 64-19-7), and 4.5% (v/v) water. After heating the TLC plate with a heat 
gun, spots with tyrosine became dark purple, and the corresponding fractions were 
pooled into a 250 mL round bottom flask and concentrated to 30 – 50 mL at 40°C for half 
a day with a Schlenk line. Because of the relative insolubility of tyrosine derivatives in 
water, products in the form of white solids were observed during the concentration 
process. The flask was then capped and cooled at 4°C overnight. The resulting mixture 
was transferred to a centrifuge tube and the product was spun down at 5000 rcf for 10 
min. The pellet was washed with 4°C deionized water several times by resuspension and 
centrifugation to yield 5 – 15 grams (depending on the enzyme activity) of desired tyrosine 
product, which was dried under vacuum and confirmed by 1H NMR in D2O (35). The 
tyrosine analogs’ structures were confirmed by x-ray crystallography (vide infra) when 
incorporated into Dronpa2 (Figure 2B). 
 
Protein Expression and Purification 
 

The pET-15b vector containing either Dronpa2 or GFP was co-transformed with 
the appropriate aaRS plasmid into chemically competent BL21(DE3) Escherichia coli 
(Invitrogen). The appropriate antibiotics were purchased from Sigma-Aldrich and used at 
each expression step at the following concentrations: ampicillin (100 mg/L, for pET-15b), 
chloramphenicol (35 mg/L, for pEVOL), tetracycline (15 mg/L, for pDule), spectinomycin 
(50 mg/L, for pUltra). Single colonies were used to inoculate 10 mL of LB Miller (25 g/L). 
After growing to saturation overnight, the starter cultures were used to inoculate 1 L of 
modified Terrific Broth (47.6 g/L supplemented with 8 mL/L glycerol, Fisher) at a 1:100 
dilution in a 3 L baffled flask. When expressing amber variants, 0.5 mM of the desired 
non-canonical amino acid was added to the Terrific Broth prior to autoclaving the media, 
except for the 3-OCH3 variant, which required adding the amino acid before induction. 
Several liters of culture were grown for lower-yield variants. The cells were shaken at 200 
rpm and 37°C to an OD600 = 0.6 – 0.8. The flasks were immediately removed from the 
incubator, induced with 1 g/L L-arabinose (for pEVOL and pDule), and rapidly cooled on 
ice to a temperature of 20°C. The flasks were then induced with IPTG to a final 
concentration of 1 mM and shaken at 200 rpm and 20°C overnight (16 – 20 hrs).  The 
cells were pelleted at 6774 rcf for 30 minutes and then resuspended in a lysis buffer 
containing 50 mM Tris-HCl (Fisher, CAS 1185-53-1) at pH 8.0 and 250 mM NaCl (Fisher, 
CAS 7647-14-5). The cells were lysed at high pressure with a homogenizer (Avestin 
EmulsiFlex-C3), and the lysate was centrifuged at 26712 rcf for 90 minutes at 4°C to pellet 
cell debris. The supernatant was filtered through a 0.45 μm Millex-HV syringe filter 
(Millipore) and loaded onto a column of Ni-NTA agarose resin (QIAGEN) equilibrated with 
lysis buffer. The column was washed with 2 column volumes of lysis buffer containing 20 
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mM imidazole (Aldrich, CAS 288-32-4) before elution with 2 column volumes of lysis 
buffer containing 200 mM imidazole. The eluted protein was exchanged into Buffer A (20 
mM Tris-HCl at pH 8.0, 10 mM NaCl) with spin filtration (10K Amicon Ultra-15 Centrifugal 
Filters; Millipore). For 3,5-F2, 2,3,5-F3, and 3-NO2 Dronpa2 variants, chromophore 
maturation efficiencies were impeded, and thus the samples were allowed to mature up 
to a week at 4°C. The protein was subsequently purified via anion-exchange 
chromatography (HiTrap 5 mL Q HP; GE Healthcare) with a gradient of Buffer A and 
Buffer B (20 mM Tris-HCl at pH 8.0, 1 M NaCl). The final purified protein was stored in a 
buffer containing 50 mM Tris-HCl at pH 8.0 and 250 mM NaCl at 4°C. The identity and 
purity of all proteins were confirmed with electrospray ionization mass spectrometry (ESI-
MS) measured with LC-MS (Waters 2795 HPLC with ZQ single quadrupole MS in 
Stanford University Mass Spectrometry (SUMS) facility). The expected and observed 
masses are summarized in Table S1. 
 
UV-Vis Absorption Measurements 
 

All UV-Vis absorption measurements at room temperature were performed with a 
PerkinElmer Lambda 25 UV-vis spectrometer. Data were acquired every 1.0 nm at a scan 
rate of 480 nm/min. 
 
Low Temperature (77 K) Absorption Measurements (Figure S4) 
 

Low temperature absorption measurements were facilitated by a home-built 
electronic Stark spectroscopy setup, whose method with slight variations was reviewed 
elsewhere (13). The sample cell consisted of a pair of 12.7 mm diameter by 1 mm thick 
fused silica windows (FOCtek Photonics, Inc.) separated by a pair of finely cut 27-micron 
thick Teflon spacers and held in place with a metal clamp and four adjustable screws at 
the corners. The interference fringes were optimized by adjusting the screw tightness 
under a fluorescent lamp to make the windows as parallel as possible, and the path length 
in between was determined by the undulation in UV-Vis absorption from 500 – 1100 nm. 
The cell was mounted onto a home-built rod (the length of which is adjusted to match the 
distance between the center of the optical windows and the top of the cryostat, vide infra). 
A concentrated protein sample of interest in buffer doped with 50% glycerol was 
centrifuged at 16873 rcf for at least 40 min and loaded carefully into the cell by capillary 
uptake. The whole rod was then rapidly plunged into an immersion cryostat pre-filled with 
liquid nitrogen (Praxair) to allow the sample to form a transparent glass upon flash cooling. 
 

The spectrometer is dual-beamed (sample and reference channels) to account for 
the fluctuations in the intensity of the 500 W xenon lamp. Specifically, light from the lamp 
was dispersed through a monochromator (1681B; SPEX) with an entrance 0.50 mm wide 
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slit and an exit pinhole and split into two channels with a striped mirror scavenged from a 
UV-Vis Spectrometer (Lambda 2; PerkinElmer). Along the sample channel, the light was 
modulated by a beam chopper (SR540; Stanford Research), focused onto the sample, 
and again focused onto a silicon diode detector prepackaged with an operational amplifier 
(EG&G Judson HUV-1100BQ or Hamamatsu S8745-01) with a custom-made circuit 
board (OSHPark) connected to a lock-in amplifier (SR830; Stanford Research); along the 
reference channel, the light was modulated by another beam chopper and focused onto 
another silicon diode detector (PDA55; Thorlabs, Inc) with both connected to another 
lock-in amplifier. The magnitudes of output signals were detected at the first harmonic of 
the chopper modulation frequency (3029 Hz). The monochromator scanning rate was set 
to be 0.3 nm/s, and the time constant was 300 ms to avoid over-averaging. The blank 
sample was prepared by carefully removing the protein sample from the cell with an air 
hose and loading with a 1:1 buffer and glycerol mixture. LabView programs were used to 
facilitate data collection. By comparing the output voltages from both channels with 
samples and blanks, the absorbance A was determined with good reproducibility and an 
absolute uncertainty around ±0.01. The final absorbance was obtained by averaging over 
three to four scans for each sample. Undulation can occasionally be seen in the baseline 
at the red-edge of the absorption spectra due to light interference between two plates of 
the sample cell. 
 
Extinction Coefficient Determination (Figures S5 and S9) 
 

Concentrations of Dronpa2 and GFP with the wild-type chromophore (Y63 or Y66, 
respectively) were determined by measuring the UV-Vis absorbance at 447 nm in 0.2 M 
NaOH (Fisher BioReagents, CAS 497-19-8) and scaling by the known extinction 
coefficient of the deprotonated chromophore in the denatured protein (44100 M-1cm-1) 
(37). For mutants with modified chromophores, however, no precedent literature value 
was available. We assume that all GFP variant samples are 100% pure (since they 
demonstrated no maturation issues), such that the extinction coefficients can be 
normalized against the 290 nm band from the protein background in 0.2 M NaOH (27000 
M-1 cm-1) for wild-type GFP. The maximum at 290 nm was used instead of that at the 
usual 280 nm due to the presence of deprotonated tyrosine at pH 13.3 (34). The 
corresponding extinction coefficient for the visible peak of the denatured protein variant 
(Table S2) was subsequently used as a reference value for Dronpa2 base denaturation. 
We ensured the comparison between base-denatured Dronpa2 and GFP is valid by 
overlaying their UV-Vis absorption spectra (Figure S9) even though they have slightly 
different chromophores (CYG for Dronpa2 vs TYG for GFP). The determined extinction 
coefficients are summarized in Table S2. Note that absorption maxima of denatured 
deprotonated chromophores follow the trend expected from electron-donating 
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and -withdrawing abilities of the substituents (except bromination and iodination), and 
transition dipole moments tend to decrease upon modification. 
 
Fluorescence Quantum Yield Determination (Figures 3A and S7) 
 

Absolute fluorescence quantum yields were determined as previously described 
by comparing sample fluorescence to that of a known standard (38). Briefly, fluorescence 
spectra were measured on a PerkinElmer LS 55 fluorescence spectrometer. Excitation 
and emission slit widths were set to 1.0 nm. The sample was excited at 488 nm, and the 
emission spectrum was obtained every 0.5 nm at 120 nm/min. Sample absorption was 
determined using a PerkinElmer Lambda 25 UV-vis spectrophotometer and then 
converted into absorption factor according to the following equation: 𝑓 = 1 − 10&'()) , 
where 𝑓 is the absorption factor and 𝐴+,, is the absorbance at 488 nm. The absorption 
factor was plotted against the integrated emission spectrum for different protein 
concentrations, and the slope of the linear fit was compared against that of fluorescein 
(Aldrich, CAS 2321-07-5) in 0.1 M NaOH, a known standard with a reported absolute 
fluorescence quantum yield of 0.90 at 488 nm (39). 
 
Fluorescence Lifetime Measurements (Figures S10-S12) 
 

Fluorescence lifetime was measured on a Horiba Fluorolog-3 fluorescence 
spectrometer using time-correlated single photon counting (TCSPC). Sample 
temperature was controlled with a temperature bath (NESLAB RTE-7 circulating bath, 
Thermo Fisher Scientific) and measured with a thermocouple (870 Digital Thermometer, 
Keithley). Samples were diluted to 2 μM (A488 < 0.1) with buffer containing 50 mM Tris-
HCl at pH 8.0 and 250 mM NaCl in a 1.5 mL quartz cuvette (Hellma Analytics). The 
cuvette was equilibrated at the desired temperature for 5 minutes before data acquisition. 
The sample was excited with 488 nm light polarized at 0 degrees from a Fluorolog 
EXTREME supercontinuum laser (pulse width ~ 20 – 40 ps), and fluorescence emission 
polarized at the magic angle (55 degrees) was detected at 510 nm for all samples except 
the Dronpa2 3-OCH3 variant (545 nm). Three separate measurements were obtained for 
each sample at each temperature. The excitation and emission slit widths were varied 
between 2 and 5 nm to keep the detection rate below 2%. The instrument response 
function was measured at 488 nm by scattered light from a solution of LUDOX® HS-40 
colloidal silica. 
 

Fluorescence decay data was analyzed using the DecayFit software in MATLAB 
(developed by Dr. Søren Preus) (40). In brief, the program performs an iterative 
reconvolution of the instrument response function (IRF) with a simulated decay model 
using a least squares analysis, allowing for a channel shift between the IRF and each 
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decay. By analyzing the chi-squared values and the residuals plot, we determined that a 
double exponential model best represented the data for all variants, as shown in Figure 
S12. As a control for the data acquisition and analysis protocols, the lifetime of fluorescein 
in 0.1 M NaOH was measured and found to be in good agreement with the reported single 
exponential behavior and the literature value of 4.1 ns (41). As discussed in 
Supplementary Text S7, we also analyzed the decays using the maximum entropy 
method (42) to validate the use of the double exponential fit. 
 
Excited State Energy Barrier Determination (Figures 3B and S13) 
 

The excited state energy barrier was determined by measuring the temperature 
dependence of each protein variant’s fluorescence lifetime 𝜏  assuming an Arrhenius 
behavior of barrier crossing (Supplementary Text S6): 

.
/
= 𝐴. + 𝐴1𝑒&34/67                   (S1) 

where 𝐴.  and 𝐴1  are temperature independent constants and 𝐸9  is the excited state 
energy barrier height. Only one of the lifetimes for each variant was fit to the Arrhenius 
equation, the reason for which is thoroughly described in Supplementary Text S7. In all 
cases, the fit using the lifetime component with the major, narrower population as 
determined by the MEM analysis was used to extract the excited state energy barrier 
height. Lifetime components with minor, broad populations exhibited large uncertainties 
which prevented accurate extraction of any potential temperature dependence. In all 
cases except for the 3-NO2 variant, the major population corresponded to the longer 
lifetime. 
 

To calculate 𝐸9  and its corresponding confidence interval for each variant, a 
parametric bootstrap analysis was performed. The custom MATLAB code is shown below. 
In brief, a sampled set of inverse lifetime values at each temperature was selected using 
the experimental average and standard deviation (n = 3) based on a random distribution. 
This set of points was fit to Equation S1 to determine 𝐴., 𝐴1, and 𝐸9 with the lsqnonlin 
function, which minimizes residuals using nonlinear least-squares fitting. 1000 iterations 
were performed. Due to the asymmetric distribution of the parameters, the reported 
parameter values were determined by taking the median value from the 1000 iterations. 
34.1%, or one standard deviation, of the values are included within the reported 
confidence interval above and below the median value, leading to the asymmetric 
confidence interval reported in Table S11. 
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MATLAB Code for Bootstrap Analysis of Fluorescence Lifetime Data 
 
function [ a1, a2, ea, a1_m, a2_m, ea_m] = ... 
    ParametricBootstrap(T,k,k_stdev,iterations) 
% ParametricBootstrap.m uses the average and standard deviation of k as a 
% function of T to extract the energy barrier height according to the 
% Arrhenius equation shown below: 
%           y = a1 + a2 * exp(-ea/RT) 
% The fitting is done using the lsqnonlin function, which minimizes 
% residuals using nonlinear least-squares fitting. 
  
% Input Arguments: 
%       T           independent variable, Temperature 
%       k           dependent variable, vector of average ks at each temp 
%       k_stdev     standard deviation of k, vector of standard deviations     
%                   of k at each temp 
%       iterations  how many times to run the loop 
  
%  Output Arguments: 
%       a1       column of all a1s, based on mean 
%       a2       column of all a2s, based on mean 
%       ea       column of all eas, based on mean 
%       a1_m     column of all a1s, based on median 
%       a2_m     column of all a2s, based on median 
%       ea_m     column of all eas, based on median 
  
clf 
    T_error = 0.1;    % Standard deviation of temperature measurement 
    starting_points = [0.25 1E5 8];     % initial guess for a1, a2, ea 
    lower_bounds = [0 -Inf 0];          % lower bounds on a1, a2, ea 
    upper_bounds = [1 Inf 50];          % upper bounds on a1, a2, ea 
     
    options = optimoptions('lsqnonlin', 'Algorithm', ... 
        'trust-region-reflective','Display', 'off', 'MaxIter', 10000,... 
        'MaxFunEvals', 1000, 'TolFun', 1.000E-20,'TolX', 1.000E-20); 
     
    all_params = [];                % saves all the output values 
    params = [];                    % output values for one iteration 
    xall = [];                       
    yall = [];                       
    Eqtestall = []; 
  
for i = 1:iterations 
     
    % Generate normal distribution of T and k based on averages and  
    % standard deviations 
    random_x = T + (T_error.* randn(1));  
    random_y = k + (k_stdev.* randn(1)); 
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    % Define Arrhenius equation 
    myfunction = @(b)(random_y - (b(1) + b(2) .* exp((-b(3))... 
        ./(0.0019872036.*random_x)))); 
     
    % Perform nonlinear least-squares fit with lsqnonlin function 
    [params] = lsqnonlin(myfunction, starting_points, lower_bounds, ... 
        upper_bounds, options); 
     
    % Store parameter outputs 
    all_params = [all_params; params];             
    xall = [xall; random_x];                       
    yall = [yall; random_y];                         
end 
  
    a1_all = all_params(:,1); 
    a2_all = all_params(:,2); 
    ea_all = all_params(:,3); 
     
    % Statistical analysis assuming normal distribution 
    a1(1,1) = mean(a1_all); 
    a1(1,2) = std(a1_all); 
    a2(1,1) = mean(a2_all); 
    a2(1,2) = std(a2_all); 
    ea(1,1) = mean(ea_all); 
    ea(1,2) = std(ea_all); 
     
    % Statistical analysis for non-normal distribution 
    a1_m(1,1) = median(a1_all);             % median 
    a1_m(1,2) = quantile(a1_all,[0.025]);   % 2 std dev 
    a1_m(1,3) = quantile(a1_all,[0.975]);   % 2 std dev 
    a1_m(1,4) = quantile(a1_all,[0.15865]); % 1 std dev 
    a1_m(1,5) = quantile(a1_all,[0.84135]); % 1 std dev 
     
    a2_m(1,1) = median(a2_all);             % median 
    a2_m(1,2) = quantile(a2_all,[0.025]);   % 2 std dev 
    a2_m(1,3) = quantile(a2_all,[0.975]);   % 2 std dev 
    a2_m(1,4) = quantile(a2_all,[0.15865]); % 1 std dev 
    a2_m(1,5) = quantile(a2_all,[0.84135]); % 1 std dev 
     
    ea_m(1,1) = median(ea_all);             % median 
    ea_m(1,2) = quantile(ea_all,[0.025]);   % 2 std dev 
    ea_m(1,3) = quantile(ea_all,[0.975]);   % 2 std dev 
    ea_m(1,4) = quantile(ea_all,[0.15865]); % 1 std dev 
    ea_m(1,5) = quantile(ea_all,[0.84135]); % 1 std dev 
end 
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Thermal Relaxation Kinetics Measurements 
 

For the pH-dependent measurements, a universal buffer containing 6.67 mM 
sodium citrate dihydrate (CAS 6132-04-3), 10 mM dibasic sodium phosphate (J.T. Baker, 
CAS 7558-79-4), 10.14 mM boric acid (Mallinckrodt, CAS 10043-35-3), and 250 mM NaCl 
was adjusted to the desired pH using either HCl or NaOH. Samples were diluted to 2 μM 
with the universal buffer into a 1.5 ml quartz cuvette containing a magnetic stir bar. A 30 
mW 488 nm diode laser (85-BCD-030-115, Melles Griot) was used to irradiate the 
continuously stirring sample until a photostationary state had been reached 
(Supplementary Text S8 and Figure S16), as determined by a plateau of the peak 
absorption as a function of irradiation time. The cuvette was then transferred to a 
PerkinElmer Lambda 25 UV-Vis spectrometer to monitor the thermal relaxation kinetics 
in the dark. Absorption at the room temperature peak maximum of each protein variant 
was monitored every 1.0 s. The time evolution of peak absorbance for all variants except 
2,3,5-F3 was fit to an exponential to extract the thermal relaxation rate 𝑘 as a function of 
pH. 

𝐴(𝑡) = 𝐴>𝑒&?@ + 𝐶                                                 (S2) 
 

Due to the prohibitively long relaxation time of the 2,3,5-F3 variant, an alternative 
method was used to extract the rate that relies on the initial slope of the relaxation curve. 
The absorbance of the two limiting cases at time 𝑡 = 0 and 𝑡 = ∞ are as follows: 

𝐴(𝑡 = 0) = 𝐴> + 𝐶          (S3) 
𝐴(𝑡 = ∞) = 𝐶 = 	 𝑐𝑖𝑠>                            (S4) 

At 𝑡 = 0  (immediately following irradiation), the absorbance represents that of the 
photostationary state, while at  𝑡 = ∞, the absorbance represents the initial absorbance 
of the sample before irradiation (𝑐𝑖𝑠>). The initial slope of the relaxation curve is equal to 
the time derivative of the absorbance (Equation S2) at 𝑡 = 0. The derivative yields: 

G'
G@
H
@I>

= −𝐴>𝑘 = −(𝐴(𝑡 = 0) − 𝑐𝑖𝑠>)𝑘          (S5) 

Solving for 𝑘  provides the relaxation rate as a function of the initial slope and the 
absorbance at 𝑡 = 0 and 𝑡 = ∞. 

𝑘 = − .
'(@I>)&JKLM

G'
G@
H
@I>

                                         (S6) 

This initial slope method is in good agreement with full trace fitting for other variants. 
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Ground State Energy Barrier Determination (Figures 3C, S18, and S19) 
 

The ground state energy barrier for thermal relaxation from the deprotonated trans 
to the cis chromophore conformation was determined by measuring the pH dependence 
of each variant’s apparent thermal relaxation rate 𝑘NOL (43), namely 

𝑘NOL =
?PQR?QQ.>STU4VTW

.R.>STU4VTW
          (S7) 

whose derivation and data can be found in Supplementary Text S8 and Figure S18, 
respectively. 𝑘'X and 𝑘XX are the thermal relaxation rate constants from the protonated 
and deprotonated trans to the cis chromophore, respectively, and the pKa is for the trans 
species (Figure S17). The data was found to fit best when including a Hill coefficient, 𝑛, 
which indicates that the protonation equilibrium is more complex than a simple one-site 
titration, a reasonable assumption in the chromophore environment (44): 

𝑘NOL =
?PQR?QQ.>Z(STU4VTW)

.R.>Z(STU4VTW)
            (S8) 

At the low pH limit, 𝑘NOL ≈ 𝑘'X , while at the high pH limit, 𝑘NOL ≈ 𝑘XX . The process of 
interest is anionic chromophore isomerization and not proton transfer, so 𝑘XX  is the 
relevant rate constant. Applying transition state theory to 𝑘XX yields: 

𝑘XX =
?Q7
\
𝜅 exp a−bc‡

67
e          (S9) 

where 𝑘X is the Boltzmann constant, 𝑇 is the temperature, ℎ is Planck’s constant, 𝜅 is the 
transmission coefficient assumed to equal 1 (one-time barrier crossing), 𝑅 is the gas 
constant, and Δ𝐺‡ is the desired energy barrier height for ground state isomerization. The 
reported error represents one standard deviation from the reported barrier height values. 
Standard deviation was calculated using MATLAB’s nonlinear least squares fitting 
algorithm, and this value was propagated from rates using the initial fit to Equation S8 to 
energies based on Equation S9. 
 
19F NMR (Figures S24-S26) 
 

All NMR data were collected at 25°C on a 500 MHz Varian Inova NMR 
spectrometer equipped with a 5 mm pulsed field gradient inverse probe (19F Larmor 
frequency at 470 MHz). No proton decoupling was applied due to the known nearly 
complete peak cancellation from 1H-19F nuclear Overhauser effect (NOE) in proteins 
around 30 kDa (45). Protein samples were concentrated to 1.33 mM in a buffer containing 
50 mM Tris-HCl at pH 8.0 and 250 mM NaCl before 10% dilution to 1.20 mM with D2O for 
locking. 300 μL of the protein sample was loaded into a Varian-style Shigemi tube. A 10 
mM solution of trifluoroacetic acid (CAS 76-05-1) in 10% D2O was used as an external 
reference at -76.1 ppm. All spectra were processed in MestreNova (Mestrelab Research) 
using an exponential apodization function at 50 Hz and a backward linear prediction of 
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15 points with 1000 basis points and 15 coefficients to account for the common baseline 
roll of 19F wide-window measurement. 
 

1D NMR spectra (Figure S24) were collected with a spectral width of 51000 Hz 
and averaged over 40000 scans. T1 was determined using a standard inversion recovery 
pulse sequence with a recycle delay of 4 s and inversion delays of 0.1 s, 0.2 s, 0.4 s, 0.8 
s, 1.6 s, and 3.2 s. The area as a function of inversion time for each peak was fit to the 
following equation to extract T1: 𝑀l = 𝑀>m1 − 2𝑒&//7op. 1D EXSY experiments (Figure 
S26) were performed using a standard pulse sequence of 90° – 𝜏. – 90° – 𝜏qrs – 90° (46) 
set on resonance to one of the two peaks of the 3-F Dronpa2 variant (either -8406 Hz for 
the -129.7 ppm peak or -11284 Hz for the -135.9 ppm) with a pulse width of 8.5 μs and a 
recycle delay of 4 s. 𝜏. was set to 1/(2∆𝜈'X), where ∆𝜈'X is the chemical shift difference 
in frequency between the two peaks (two different fluorine orientations, Figure S24). The 
mixing time, 𝜏qrs, was varied from 0.1 ms to 2 s with 480 accumulations each, and the 
peak intensity as a function of mixing time was fit to a double exponential to account for 
the exchange rate and T1. Steady-state saturation transfer difference spectra (Figure S25) 
(47) were obtained by alternating between saturation of one peak (either -8406 Hz for the 
-129.7 ppm peak or -11284 Hz for the -135.9 ppm peak) and saturation of an off-resonant 
frequency (-5400 Hz). The saturation time was set to 5 s to ensure complete saturation 
of any potential exchange processes on a timescale up to that of T1. Internal subtraction 
of the on- minus off-resonant data accumulated over 4944 cycles for 2,3-F2 Dronpa2 and 
9312 cycles for 3-F Dronpa2 yielded the final difference spectra. See Supplementary Text 
S1 for additional information. 
 

Protein Crystallization 
 

Protein crystallization protocols were adapted from Kaucikas et al. (48). Purified 
proteins were exchanged into buffer containing 50 mM Tris-HCl at pH 7.8 and 120 mM 
NaCl using spin centrifugation and concentrated to 10 mg/mL using the extinction 
coefficients measured in Table S2. Crystals were grown in the dark at 19°C using the 
sitting drop method in a 48-well INTELLI-PLATE (Art Robbins Instruments) with a mother 
liquor of 0.1 M Tris-HCl at pH 7.4, 0.1 M MgCl2 (CAS 7786-30-3), and varying amounts 
of PEG 3350 (Hampton Research, CAS 25322-68-3) listed in Table S3. The mother liquor 
was mixed 1:1 with the protein sample to form the initial drop. Looping was performed in 
limited lighting with minimal time spent in the cryoprotectant (0.1 M Tris-HCl at pH 7.4, 
0.1 M MgCl2, and 35% PEG 3350) before flash cooling in liquid nitrogen. Any extended 
time the crystal spent in the cryoprotectant led to crystal cracking and poor diffraction, as 
discussed further in Supplementary Text S2. 
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Diffraction Data Collection and Structure Determination (Figures 2B and S1-S3) 
 

The x-ray diffraction data for all the protein variants were collected at 100 K at the 
Stanford Synchrotron Radiation Lightsource (Menlo Park, CA) at beamlines specified in 
Table S4. The data were indexed, reduced, and scaled using X-ray Detector Software 
(XDS) (49) using the autoxds script (50). The structures were solved by molecular 
replacement with PHENIX (51) using the coordinates from the wild-type room-
temperature structure of Dronpa-M159T (PDB: 4UTS) (48). Chromophore restraint files 
were built using REEL and eLBOW in PHENIX. Numerous rounds of model building and 
refinement were performed with Coot (52) and PHENIX. Non-crystallographic symmetry 
was not applied during the refinement stage, since it was found to increase Rfree. Two 
conformations were necessary for modelling the chromophore of the 3-F variant (see 
Figure S2). The resulting data collection and refinement statistics are summarized in 
Table S4. Further discussion can be found in Supplementary Text S2. 
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Supplementary Text 
 
S1.  Discussion of 19F NMR  
 

The crystal structure of the 3-F variant of Dronpa2 shows that the chromophore 
can exist in two rotational conformers that differ by an approximately 180 degree rotation 
about the P-bond (Figure 1A), unlike other Dronpa2 variants which show a single 
occupancy within the noise of the crystallography data (Figures 2B and S2). There are 
two possible scenarios that can explain this observation and describe the behavior of the 
phenolate ring within the protein. One hypothesis is that the orientation of the fluorine is 
locked in place during protein folding and chromophore maturation, as suggested 
previously in the context of GFP with globally incorporated 3-FYs (53). Alternatively, the 
two conformations can exchange through a ring flip about the P-bond, the rate of which 
in either direction is determined by the forward and reverse energy barriers. Because this 
barrier would be relevant to our analysis, we used 19F NMR to test these two hypotheses 
to determine if and at what rate exchange between the two rotamers occurs. The latter 
hypothesis has been supported for cyan fluorescent protein (Y66W) with globally 
incorporated 6-fluorotryptophans (6-FWs), which showed a timescale of 1.3 ms by 19F 
NMR relaxation and lineshape analysis, utilizing the fact that there is only one tryptophan 
in wild-type GFP (45). However, identifying both chromophore conformations of 3-FY 
globally incorporated in GFP was not possible through 19F NMR due to spectral clutter 
and ambiguity in assignments from the rest of the nine non-chromophore-forming 
fluorotyrosines (54). We can now site-specifically incorporate 3-FY to facilitate the 
following investigation. Note that fluorine is the most sterically and electronically 
conserved substituent one can attach to the chromophore (55), so the conclusion could 
be potentially extended to WT Dronpa2. 
 

The 1D 19F NMR spectrum of the 3-F variant of Dronpa2 shows two major peaks 
at -129.7 (conformer X) and -135.9 (conformer Y) ppm (Figure S24, orange trace), which 
is consistent with observing two chromophore conformations in the x-ray structure 
(Figures 2B and S2). The peak area ratio between X and Y (44:56) is consistent with 
partial occupancy analysis of the crystal structure (40:60, averaged across 8 monomers 
within the asymmetric unit, PDB: 6NQK), suggesting that conformation Y is the more 
stable rotamer. Conformation X is then assigned to the rotamer with the F pointing 
opposite to the imidazolinone carbonyl, while the F in conformation Y lies on the same 
side as the carbonyl. The more stable Y conformer matches the substituent orientation of 
all other Dronpa2 variants, suggesting that the steric bulk of the larger substituents at the 
3 position likely raises the energy minimum enough such that only the single most stable 
conformation is occupied. The 1D 19F NMR spectrum also shows two small peaks shifted 
more negative from each major peak suggesting that minor subpopulations exist for each 
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chromophore conformation that cannot be resolved in the crystal structure, owing to the 
sensitivity of the 19F chemical shift to the environment (54) through electrostatic 
interactions, van der Waals interactions, and ring currents (55). These minor 
subpopulations may result from different side chain orientations or water locations within 
the chromophore pocket. As a control experiment, we also acquired the 1D 19F NMR 
spectrum of the 2,3-F2 variant of Dronpa2 (Figure S24, blue trace), which follows our 
expectations for two different fluorine positions (-146.8 and -162.9 ppm) within the same 
conformer in the crystal structure (Figures 2B and S2). Interestingly, even though the 19F 
chemical shift is sensitive to the environment, the chemical shifts we observed in the 
Dronpa2 environment were not far from the values obtained for free fluorotyrosines in 
D2O (-137.7 ppm for 3-FY; -143.2 and -163.2 ppm for 2,3-F2Y) (35). 
 

For the 3-F species exhibiting two peaks, steady-state saturation transfer 
difference spectra (on minus off resonance) were obtained to determine whether any 
exchange between conformations occurs on a time scale on the order of seconds or less 
(limited by the longitudinal relaxation time T1, measured to be 1.4 s). Any process with a 
rate faster than 1/∆𝜈, where ∆𝜈 is the difference between the two peaks in Hz, would not 
be resolved as two peaks (fast exchange) (56). Since we observe two peaks in the 1D 
19F NMR spectrum, any possible exchange must be occurring with a timescale slower 
than 1/∆𝜈, or 0.35 ms for X and Y. As seen in Figure S25a, upon saturation of Y at -135.9 
ppm (purple trace), no magnetization transfer occurs, indicating that no other peak 
exchanges with Y within the 5 s saturation time. Yet, upon saturation of X at -129.7 ppm 
(pink trace), a small negative feature appears at the chemical shift of Y. This asymmetric 
result shows that Y exchanges with X to some extent, but X does not exchange with Y 
within the timescale we can detect. As a control, we also performed the same pulse 
sequence on the 2,3-F2 variant. As expected, we observed a symmetric and negative 
NOE (dipolar coupling) between the two fluorines (Figure S25b). 
 

There are two possible explanations for the small amplitude exchange peak at -
135.9 ppm upon saturation of X that depend on the rate of exchange. If exchange is slow 
on a timescale similar to T1, the small amplitude exchange peak represents a partially 
exchanged population limited by the competition between longitudinal relaxation and 
chemical exchange. If exchange is fast, then only a small subpopulation of Y is capable 
of exchanging completely within the saturation time. To test these two possibilities, we 
performed 1D exchange spectroscopy (EXSY), a time-resolved selective inversion 
transfer experiment that would provide the exchange rate. The rates in EXSY are the sum 
of the forward and reverse rates and do not depend on the directionality of exchange, so 
irradiation of either X or Y should provide the same result. Figure S26 shows 
representative data for the peak intensity of Y as a function of mixing time after selective 
inversion of X. The time evolution of the peak intensity can be fit with a double exponential, 
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with the shorter timescale as the chemical exchange time and the longer timescale as T1 
(46). The experiment was performed in triplicate, yielding an average fast exchange 
lifetime of 3 ms. However, the dip amplitude is small compared to the total peak intensity 
(𝑡 → ∞ value), which suggests only a small population is exchanging. The observation of 
a short lifetime supports the second explanation described above – on timescales less 
than seconds, only a small population of Y can exchange with X, while X does not 
exchange with Y. 
 

Combining the results of 1D 19F NMR, saturation transfer, and 1D EXSY, Figure 
S27 summarizes a model for ring flipping around the P-bond of the Dronpa2 3-F 
chromophore in the ground state at room temperature. A high energy state exists for both 
conformations of the chromophore, X and Y. Since Y is more stable than X, the high 
energy state associated with Y is lower in energy than that of X, meaning that it is 
accessible at room temperature. The high energy state of Y can exchange with the low 
energy state of X on a ms timescale (solid green arrow). No other exchange can be 
detected either due to degeneracy of the chemical shifts or NMR timescale limitations 
(represented by dashed arrows). 
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S2.  Discussion of Dronpa2 Variant Structures  
 

The only previously reported structure of Dronpa2 (PDB: 4UTS) was collected at 
room temperature (48). As a control, we compared the room temperature structure to our 
low temperature structure in Figure S1. Overlays of the protein β-barrel, the chromophore, 
and its environment reflect the similarity of the structures despite the temperature 
difference during data collection and show that our flash cooling methods do not artificially 
distort the structure in any way. Note that all alignments discussed below were generated 
in PyMOL by minimizing the RMSD between structures. 

 X-ray crystallography of the Dronpa2 variants proved more challenging than we 
anticipated based on the prevalence of published structures of Dronpa. The single point 
mutation to produce Dronpa2 from Dronpa (M159T) is responsible for these challenges. 
We attempted several initial experiments on Dronpa with a subset of the substituted 
chromophore variants; however, the thermal relaxation rate was too slow to determine 
the ground state barrier height. As a result, we chose to proceed with Dronpa2 as the 
model system. Crystals of our Dronpa2 variants readily formed in previously reported 
conditions (except for 3,5-F2, for which extensive condition screening yielded no crystals) 
(48), but any crystal handling or transfer into various cryoprotectant solutions led to 
substantial crystal cracking and poor diffraction. To obtain the reported structures, we 
tried many different crystallization conditions, cryoprotectants, and diffraction techniques. 
In addition to screening the mother liquor condition, we tried different crystal growth 
approaches including hanging drop, sitting drop, and crystallization on grids that could be 
directly cryo cooled and mounted to eliminate the need to handle the crystals. The 
attempted cryoprotectants included various PEG sizes (400 to 3350) and concentrations, 
carbohydrate solutions, and oils. Room temperature data collection in a humidity-
controlled device did not improve diffraction quality. The solved structures reported in this 
work were obtained by minimizing the time that the crystal spent in the cryoprotectant 
(maximum of 2 seconds) before flash cooling in liquid nitrogen and data collection.  

However, the data quality and resolution for three of the variants (2,3,5-F3, 3-NO2, 
and 3-CH3) could not be improved despite numerous attempts, as shown by the “Quality 
of Chain” metric within the PDB validation report. The chain quality parameters represent 
the fraction of residues that do not contain geometry outliers. Seven of the Dronpa2 
variants (WT, 3-F, 3-Cl, 3-Br, 3-I, 2,3-F2, 3-OCH3) have chain quality parameters above 
85% among all resolvable residues, while the remaining three variants have chain quality 
parameters below 75%. As a result, in order to demonstrate that the protein environment 
is preserved in all Dronpa2 variants, we have overlaid the structures of the seven higher 
quality Dronpa2 variants. Due to the substituents’ diversity in size and electrostatic effects 
within this set of variants, we feel confident in extending the conclusions discussed below 
to the additional four variants (2,3,5-F3, 3-NO2, 3-CH3, and 3,5-F2).  
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 Despite the poorer data quality for three of the variants, the electron density and 
omit maps are still useful for determining the orientation of the substituted phenolate ring 
(Figure S2). Figure S3a overlays the β-barrel structure of the seven variants mentioned 
above and shows near perfect alignment of the tertiary structure, confirming that the 
overall protein fold is not influenced by the substituent. Alignment of the chromophores is 
depicted in Figure S3b and shows little to no deviation in chromophore structure (dihedral 
angles of the P-bond and I-bond as defined in ref. (57) are -24° ± 5° and 19° ± 1°, 
respectively, across the variants). The chromophore pocket is shown in Figure S3c. 
Important chromophore contacts to the P-ring remain structurally similar across the seven 
variants (S142 and H193 in Figure S3d). Residues essential for maturation and 
coordination of the I-ring oxygen also overlay quite well (R66 and R91 in Figure S3e). The 
only residues that appear to have subtle changes dependent on substituent size are 
shown in Figure S3f. In variants with large substituents, V157, at which the substituent 
directly points, is pushed away from the chromophore (~ 1 Å shift of the α-carbon for the 
largest substituent compared to WT), and the aromatic ring of F173 tilts away from the 
substituent (~ 40° change in the χ2 dihedral angle, Cα-Cβ-Cγ-Cδ1, for the largest 
substituent compared to WT). Since the displacements are relatively minor and do not 
involve electrostatic interactions with the chromophore, we believe that the approximation 
of a constant protein environment across all Dronpa2 variants is valid. 

 Note that in Figure 4, the equilibrium ground state chromophore is depicted as 
planar (0° dihedral angles) despite the crystallographically determined dihedral angles of 
-24° ± 5° and 19° ± 1°. We argue that a planar chromophore is an appropriate 
approximation to describe the energetics of the equilibrium ground state. Isomerization 
can be thought of as the breaking of a π-bond. The relevant π-bond strength is 
proportional to the overlap between two neighboring p-orbitals, which is usually 
formulated as a cosine function of the dihedral angle (58). Since cos(-24°) = 0.91 and 
cos(19°) = 0.95 are approximately 1, the potential energy difference between the planar 
and the observed equilibrium state can be neglected. 

 Lastly, the structural model for the 3-NO2 variant shows unusually short O-O bond 
distances in some monomer units between one oxygen of the 3-NO2 substituent and the 
oxygen of the S142 side chain. Although this bond would be chemically improbable, we 
performed a chemical cleavage reaction with hydroxylamine on the 3-NO2 variant, along 
with the 3-Cl variant as a control, followed by SDS-PAGE and mass spectrometry 
analyses to confirm that there is no covalent bond present between those two oxygens. 
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S3.  Hammett Analysis 
 

A Hammett analysis compares the rate of a given reaction to systematic changes 
in a substituent’s electron-donating and -withdrawing properties (59). Relevant 
parameters are summarized in Equation S10: 

log a?z
?W
e = 𝜌𝜎            (S10) 

where 𝜌  is the reaction constant, 𝜎  is the substituent constant, and ?z
?W

 is the ratio of 

reaction rates between the substituted and unsubstituted reactant. The reaction constant, 
𝜌, represents the degree to which a given reaction is sensitive to a substituent’s electronic 
contribution. 𝜌 is defined to be unity for the protonation equilibrium of substituted benzoic 
acid derivatives, and the Hammett parameter, 𝜎, assumed to be universal for individual 
substituents, is shown in Table S8 for a series of substituents. A clear trend can be seen: 
electron-withdrawing groups have positive 𝜎 , while electron-donating groups have 
negative 𝜎. Here we adopt the values for substituents at the para position, since 𝜎 for 
ortho substituents cannot be measured without confounding steric factors (59). 
 

The “reactions” that we are analyzing are Franck-Condon absorption and ground 
and excited state barrier crossing. It is worth mentioning that the Hammett analysis has 
been applied to photochemistry previously in a similar context (60). Since the features 
associated with these reactions (TE and barrier heights) are represented in units of 
energy, we divided them by the thermal energy and thereby converted them to a unitless 
modified reaction rate according to the following equation, as suggested by the Arrhenius 
equation: 

log}~
S�z
��

~
S�W
��
� = 𝜌𝜎            (S11) 

with the modified reaction rate term for the substituted and unsubstituted chromophore in 
the numerator and denominator, respectively. The energy term represents the absorption 
maximum of either the ground or excited state energy barrier height. By rearranging the 
equation (Equation S11), we plotted the modified term against the substituent constant, 
𝜎 (Figures S21-S23). 

− 3z
��(.>)67

= 𝜌𝜎 − 3W
��(.>)67

        (S12) 
From these plots, we can extract 𝜌  as the slopes. The magnitude of 𝜌  shows the 
sensitivity of the given reaction to substituent electronic effects, while the sign of 𝜌 reveals 
the direction of negative charge transfer during the reaction. In the protonation equilibrium 
for substituted benzoic acid derivatives, for which 𝜌 = 1, the ring accumulates negative 
charge during deprotonation such that electron-withdrawing groups stabilize the product. 
When considering the GFP chromophore, a positive 𝜌 indicates accumulation of negative 
charge on the phenolate ring, meaning charge transfer from the imidazolinone to the 
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phenolate ring (I to P); a negative 𝜌 indicates a loss of negative charge on the phenolate 
ring and consequent P to I charge transfer. Rate acceleration (or an energy decrease) for 
variants with either electron-donating or -withdrawing substituents indicates competing 
mechanisms for the same reaction, while rate deceleration (or an energy increase) for 
either variant group suggests a consecutive kinetic scheme in which the rate-determining 
step changes depending on whether the substituent is electron-donating or -withdrawing.  
 

To summarize Figures S21-S23, charge transfer occurs from P to I during 
absorption and excited state barrier crossing for electron-donating substituents based on 
the sign of 𝜌 in each plot. During excited state barrier crossing for electron-withdrawing 
substituents and ground state barrier crossing for all substituents, charge transfer occurs 
from I to P. Based on these slopes, this Hammett analysis points to the possibility of two 
competing mechanisms during the excited state barrier crossing. The charge transfer 
directions for each process are consistent with those summarized in Figure 3D. Note that 
2,3-F2, 3,5-F2, and 2,3,5-F3 are not shown on the plots since no Hammett substituent 
parameters are available for multiple fluorine substitutions. 
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S4.  Resonance Color Theory and Isolation of the Substituent’s Electronic Effect 
 
 

Resonance color theory (13 and references therein) qualitatively explains the 
trends in absorption peak maxima among the Dronpa2 variants. The anionic B state of 
the GFP chromophore can adopt two resonance forms; the negative charge lies either on 
the phenolate or imidazolinone oxygen atom (Figure S8a). The ground and first electronic 
excited states of the chromophore exist as a superposition of the two states. Since the 
phenolate anion is preferentially stabilized due to the intrinsic difference in basicity 
between the two rings, the ground state of the chromophore contains greater phenolate 
anion character compared to the excited state. Placing an electron-donating group on the 
phenolate ring will destabilize this anionic state, raising the ground state energy more 
than that of the excited state and causing a red-shift in the absorption maximum. 
Alternatively, an electron-withdrawing group will have the opposite effect, stabilizing the 
ground state more than the excited state and causing a blue-shift in the absorption 
maximum (Figure S8b). This explanation of the absorption peak trend only considers the 
electronic nature of the chromophore. We argue below that this treatment is valid. 
 

As discussed in Supplementary Text S2 and shown in Figure S3, there is little to 
no change in the structure among the different Dronpa2 variants, both at the level of the 
tertiary β-barrel fold and the local chromophore environment. The consistent structural 
alignment means that the Dronpa2 variants have similar nuclear coordinates in the 
ground state. During the timescale of Franck-Condon excitation, which is the process 
responsible for the absorption peak maximum, the nuclei remain fixed. Therefore, the 
trends in the absorption peak maximum, which is reasonably approximated as the TE 
(Supplementary Text S5), is purely due to the electronic properties of the chromophore. 
We can then decouple the steric and electronic effects of the substituent by plotting the 
other data in this work (e.g. FQY and barrier heights) against TE (Figures 3A-3C). Based 
on this argument, we use TE as a scale to represent the substituents’ electron-donating 
and -withdrawing capabilities, as mentioned in the main text. 
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S5.  Approximating 0-0 Transition Energy with Absorption Maximum 
 

The transition energies mentioned in the main text are best understood as the 0-0 
transition energies (also known as the pure electronic transitions or the zero-phonon line 
positions), since they are free of any contribution from vibrational degrees of freedom and 
thus are only influenced by pure electronic effects. However, the 0-0 transition energies 
of polyatomic molecules in condensed phases generally cannot be identified by the 
absorption maxima, especially when the vibronic coupling is strong. To justify this 
important approximation in the main text, we have to understand the general vibronic 
structures of fluorescent protein visible bands. 
 

The most rigorous method of determining the true 0-0 transition energy is through 
spectral hole-burning, relying on the fact that persistent holes can only be burned at the 
0-0 position due to the fast vibrational relaxation of other vibronic transitions even at 
cryogenic temperatures. Völker and colleagues conducted a series of studies on the 
vibronic structures and 0-0 positions of various GFP mutants (61). They noticed that the 
persistent hole positions they burned were only slightly off (~ 200 cm-1, about 5 nm 
difference at 480 nm) from peak maxima; this observation is also consistent with the small 
Stokes shifts for fluorescent protein mutants, also thoroughly investigated in our lab (13). 
Simulations on the vibronic structure of the GFP chromophore reached the same 
conclusion (62), justifying our assertion of approximating 0-0 transition energy as the peak 
maximum for these fluorescent proteins. In addition, because we are only interested in 
the relative change in the peak position upon chromophore modification, any change in 
absorption peak maximum should reflect the shift in 0-0 transition energy rather than 
vibronic coupling patterns. Note that the traditional method for obtaining the 0-0 transition 
energy uses the intersection of normalized absorption and emission spectra (63). 
However, this method is not accurate here due to the violation of the mirror-image rule 
from B state excitation caused by the existence of a small I population at the red edge 
(61). 
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S6.  Discussion of Excited State Barrier and Validity of Arrhenius Behavior 
 

During a fluorescence lifetime measurement, a sample of fluorophores in the 
ground state (𝐵) is excited by a pulse of light, creating a population of fluorophores in the 
excited state (𝐵∗). The signal output corresponds to the number of photons emitted from 
the sample as a function of time after the initial excitation pulse. The change in the number 
of photons 𝑁 emitted over time is equal to the radiative rate 𝑘�� times the concentration 
of fluorophores in the excited state: 

G�
G@
= 𝑘��[𝐵∗]	                                                    (S13) 

The excited state decays through both radiative and nonradiative pathways according to: 
−G[X∗]

G@
= −m𝑘�� + 𝑘X� + 𝑘�� + 𝑘���p[𝐵∗]          (S14) 

where 𝑘X�  is the rate of energy barrier crossing in the excited state, 𝑘��  is the rate of 
internal conversion, and 𝑘���  is the rate of intersystem crossing, all associated with 
nonradiative decay processes. By integrating Equation S14, solving for [𝐵∗], and plugging 
into Equation S13, the following equation is obtained: 

G�
G@
= 𝑘��[𝐵∗]>𝑒&m?��R?Q�R?��R?�z�p@    (S15) 

where [𝐵∗]> represents the concentration of the excited state population at time zero. As 
a result, the measured fluorescence lifetime is equal to the inverse of the sum of radiative 
and all nonradiative rates as follows: 

.
/
= 𝑘� + 𝑘�� = 𝑘�� + 𝑘X� + 𝑘�� + 𝑘���        (S16) 

In Equation S16, we consider all possible radiative and nonradiative decay pathways. 
Due to the short-lived nature and strict selection rules of the excited state, the possible 
excited state decay pathways from a singlet state are limited to fluorescence 
(spontaneous emission), internal conversion (including direct internal conversion and 
excited state reactions), and intersystem crossing involving conversion to a triplet state 
(64). The crucial simplifying assumption is that the most temperature-sensitive rate 
constant is 𝑘X� such that the other terms can be treated as constants in the temperature 
range studied. We will now justify this crucial assumption below. Based on the Strickler-
Berg equation, the spontaneous emission rate (𝑘�� ), is directly proportional to the 
extinction coefficient of a given molecule. Since the electronic absorption spectra over the 
temperature range in this study remain constant, 𝑘��  can be treated as temperature-
independent. It is also reasonable to assume that the rate of direct internal conversion, 
𝑘�� , which does not include barrier crossing in this case, is only weakly temperature-
dependent, or certainly not as strongly temperature-dependent as Arrhenius behavior. 
Section S11 of (8) discusses this assumption by thoroughly outlining a well-known 
argument from Jortner (65) for why direct internal conversion rates are only weakly 
temperature-dependent compared to Arrhenius behavior (exponential dependence on T). 
In short, by summing up Franck-Condon factors and thermally equilibrated populations of 
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phonons using the Fermi Golden Rule, one obtains the general expression for the direct 
interconversion rate, whose temperature dependence relies on the strength of vibronic 
coupling between vibrational normal modes and the electronic transition between the 
ground and excited state. According to the prior studies on the vibronic coupling of the 
GFP chromophore (66), the resulting temperature dependence is expected to be much 
weaker than that of the excited state barrier crossing rate for isomerization. The final rate 
constant, 𝑘���, can be neglected in fluorescent proteins. An unambiguous observation of 
the GFP triplet state was reported last year (67). They estimated the intersystem crossing 
(ISC) rate constant to be 3 × 106 s-1 based on the triplet generation quantum yield (~ 1%), 
so triplet formation is a relatively minor process and cannot be the dominant factor in our 
observations. Based on these arguments, 𝑘X� is treated as the dominant temperature-
dependent component of the fluorescence lifetime.  
 
Rewriting Equation S16 and assuming an Arrhenius behavior of 𝑘X� yields 

.
/
= 𝐴. + 𝐴1𝑒&34/67                   (S17) 

where 𝐴. depends on 𝑘��, 𝑘��, and 𝑘��� and is independent of temperature. 𝐴1 is the pre-
exponential factor for excited state barrier crossing, and 𝐸9 is the excited state energy 
barrier height, as shown in Equation S1. Experimentally, this treatment can be further 
supported by studying the temperature-dependent excited state decay of similar systems 
containing a negligibly small excited state energy barrier, such as photoactive yellow 
protein (PYP) and rhodopsin. In these types of systems, there should be minimal changes 
to the excited state decay across the range of temperatures in this work. Experiments on 
PYP (68) and on rhodopsin (69) show a temperature-independence of excited state decay 
using ultrafast spectroscopic methods, further validating the argument presented above. 
In a separate system, the special pair in the bacterial reaction center, when the excited 
state charge transfer pathway is blocked, the internal conversion rate shows only a weak 
increase as a function of temperature (by a factor of 1.7 from 80 K and 280 K) (70). 
 

The validity of applying the Arrhenius behavior (which can be explained by 
transition state theory (TST)) to the excited state barrier crossing process was discussed 
in Section S15 of ref. (8). Here, we present another back-of-the-envelope argument for 
completeness. The applicability of TST depends on whether the excited state population 
following excitation is thermalized prior to barrier crossing. In other words, the rate of 
intramolecular vibrational energy redistribution has to be faster than the rate of barrier 
crossing. If the energy difference between the Franck-Condon state and S1 minimum is 
higher than the excited state energy barrier, the population will very likely not thermalize 
before barrier crossing even with the intervention of friction. Among all variants we have 
studied, the 3-NO2 variant has the lowest excited state barrier (3.4 kcal/mol). For PYP 
and GFPs, the S1 surface is considerably more shallow than S0 based on the π to π* 
transition of the chromophore (13), and therefore the upper bound for the energy 
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difference between the Franck-Condon state and S1 minimum is considerably less than 
half of the Stokes shift, which is 3 kcal/mol for the 3-NO2 variant, at the edge of the TST 
regime. For other variants, the excited state barriers are larger and the Stokes shifts are 
smaller, so we can conclude that the use of TST, and therefore the application of the 
Arrhenius behavior, for these variants is justified. 
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S7.  Multiexponential Behavior of Fluorescence Decay 
 

The fluorescence decays of all Dronpa2 variants from the TCSPC measurements 
were fit using double exponential functions (Figure S12), meaning each variant has two 
fluorescence lifetimes. The observation of two lifetimes in Dronpa2 agrees with the 
literature (72), and multiple fluorescence lifetimes is not unusual in other fluorescent 
proteins, regardless of photoswitching properties (73 – 75). Multiple lifetimes in 
fluorescent proteins may indicate that the protein exists in multiple ground state 
conformations not resolvable with x-ray crystallography or the chromophore has more 
flexibility within the chromophore pocket (72 and references therein). As evidence for the 
former, Morozov et al. suggested that there are multiple hydrogen bonding configurations 
of the chromophore in the ground state (76). Supporting the latter, the shorter threonine 
side chain at residue 159 of Dronpa2 leads to an enlarged chromophore pocket. Thus, a 
more flexible chromophore and/or an equilibrium of ground state populations could 
explain the multiple fluorescence lifetimes observed for each variant.  
 

If multiple ground state conformations exist, varying the excitation wavelength 
across the chromophore absorption spectrum could preferentially excite one population 
over the other, provided they are spectrally different and do not exchange at a shorter 
timescale than fluorescence emission (75, 76). We performed excitation wavelength-
dependent fluorescence lifetime measurements on Dronpa2, and the results are plotted 
in Figure S14 along with the temperature-dependent lifetime data. The variation in lifetime 
as a function of excitation wavelength is negligible compared to the variation as a function 
of temperature, showing that the lifetime data are consistent across the absorption 
spectrum. We also measured the FQY as a function of excitation wavelength and found 
that there is little to no change between excitation at 450 and 488 nm (Table S6). These 
combined results suggest one of two conclusions. 1) The two species are 
spectroscopically indistinguishable, so they cannot be isolated by preferentially exciting 
one over the other. 2) The two species are distinguishable spectroscopically, but their 
photophysical properties are virtually identical. Either way, these conclusions do not 
impact the results presented in Figures 3A and 3B. 

 
To further support the use of a double exponential fit and our decision to choose 

just the dominant lifetimes from each variant to depict the Arrhenius behavior, we have 
analyzed the TCSPC decays using an alternative approach called the maximum entropy 
method (MEM). It is well-known that converting time-resolved fluorescence decay into 
lifetime distributions amounts to an inverse Laplace problem, which is ill-conditioned even 
when the analyzed traces are noise-free (77). The commonly used nonlinear least-
squared fitting (NLLS) method, which is invoked in our study, faces this problem and is 
susceptible to a strong correlation between fitting parameters, namely the populations 
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and lifetimes. This phenomenon has been clearly demonstrated in the Supplementary 
Information of Fišerová et al. (78) using a double exponential decay fit along with 
bootstrap analysis. However, it is not possible to avoid this pitfall when using a NLLS 
approach, as described by Lakowicz (79). Therefore, we have also analyzed our data set 
using MEM, which is well-suited to avoid this correlation (80). 

In contrast to NLLS, which requires a prior assumption of the number of 
components used for exponential decay fits, MEM requires no a priori knowledge of the 
lifetime distribution (42). It achieves the lifetime distribution by maximizing the Shannon 
entropy of a series of equally spaced lifetimes on the log-scale subject to a goodness-of-
fit parameter. As such, it is especially robust at determining the populations and the 
relative inhomogeneity of each distinct lifetime component and is complementary to the 
NLLS method we used. Since MEM is dependent on maximizing the Shannon entropy of 
the lifetime population terms, it can better resolve between degenerate fitting solutions 
and provide a more reliable result. Figure S15 shows representative lifetime distributions 
from each variant determined by MEM. All variants exhibit two populations with distinct 
lifetimes that correspond well to the lifetimes determined by the double exponential decay 
fit (Table S7), further validating our choice in this work of a double exponential NLLS fit 
(Figure S12). The peaks with the major population all show a much sharper distribution 
than the minor ones. In fact, the former are so sharp that they are almost delta functions 
within the resolution of lifetimes in the analysis (250 equally spaced log-lifetimes between 
0.03 ns and 20 ns), while the latter are much broader than the anticipated temperature-
dependent variation in lifetime, which is why we were unable to identify a definitive 
temperature dependence for these minor populations using our NLLS protocol. 
Interestingly, the populations of the major peaks from MEM are always larger than those 
obtained from NLLS, implying that the populations for each lifetime component from NLLS 
must be adjusted to account for the broad lifetime distributions. Consequently, the 
populations from NLLS are not as reliable as those from MEM. 

Based on comparisons between MEM and NLLS analysis methods from us and 
other studies (81), we are confident with the lifetimes (but not the populations) provided 
by the NLLS double exponential decay fit. While it seems like MEM is a superior method 
for analyzing fluorescence decay data and does not require any prior assumption on 
lifetime distributions, it is also worth noting that the results from MEM are dependent on 
the stopping criteria, data quality, and resolution of the lifetimes (79), unlike the more well-
defined NLLS analysis. As a result, even though the MEM analysis we have used led to 
consistent shapes and magnitudes in lifetime distributions from the constraint of maximal 
Shannon entropy, a larger error in the lifetime values is observed compared to that from 
NLLS. These small variations in the lifetime, further discussed in (82), are on the order of 
the expected temperature-dependent shifts, likely due to the much larger number of 
closely-spaced lifetimes allowed in MEM compared to the two distinct lifetimes in NLLS 
using a double exponential. Thus MEM is not well-suited for our temperature-dependent 
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lifetime analysis for energy barrier determination, while the NLLS analysis provides more 
robust results. 
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S8.  Derivation of the pH-Dependent Apparent Thermal Relaxation Rate 
 

The Dronpa2 chromophore exists in the ground state in a cis conformation and is 
deprotonated, denoted Bcis, throughout the range of pH under study (Figure S16). 
Isomerization to the trans conformation involves a proton transfer, yielding the trans, 
protonated conformation, Atrans. The populations of protonated and deprotonated trans 
chromophores are determined by the pKa of the trans chromophore, due to a fast 
equilibrium between the two protonation states, Atrans and Btrans. Figure S17 represents 
the kinetic scheme of thermal relaxation, which captures the thermal relaxation of both 
protonated and deprotonated trans chromophores to the deprotonated cis chromophore 
as well as the equilibrium between the protonated and deprotonated trans chromophores. 
The rate equations for each species and equilibrium constant for the trans protonation 
states are as follows: 

G[X���]
G@

= 𝑘'X[𝐴@�9�L] + 𝑘XX[𝐵@�9�L]         (S18)	
G['��4Z�]
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= −𝑘'X[𝐴@�9�L] − 𝑘O[𝐴@�9�L] + 𝑘9[𝐵@�9�L][𝐻R]            (S19) 
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                           (S21) 
During the thermal relaxation experiment, the trans chromophore isomerizes in the 
ground state to form the cis chromophore, so the observed relaxation rate is the sum of 
Equations S19 and S20. Simplification and substitution with Equation S21 provides the 
following equation: 

𝑘NOL([𝐴@�9�L] + [𝐵@�9�L]) =
G['��4Z�]

G@
+ G[X��4Z�]

G@
= −𝑘'X[𝐴@�9�L] 	− 𝑘XX[𝐴@�9�L]

�4
[�V]

        

(S22) 
Equation S22 can be rearranged into a sigmoid function of pH representing a titration 
curve, as seen in Figure S18. 

𝑘NOL =
?PQR?QQ.>STU4VTW

.R.>STU4VTW
                (S23) 
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S9.  Discussion of the Isosteric Series 
 

As discussed in the main text, the data in Figure S19 appears to suggest that there 
is no correlation between a substituent’s electronic properties and the ground state 
energy barrier. Since there are two main effects that the substituents have on the 
properties of the chromophore (steric and electrostatic), we decided to isolate the 
electrostatic effect by only comparing data from variants with similarly sized substituents,   
motivating us to create an isosteric series of substituents that takes the position and size 
of the substituent into account. Since substituents at the 2 position of the phenolate ring 
have been shown to sterically clash with the imidazolinone nitrogen (53), any variant that 
contains a fluorine at this position was excluded. We then tabulated a list of two 
quantitative parameters that report on the steric bulk of the substituent: the Taft steric 
parameter (83) and the Meyer steric parameter (84). The Taft steric parameter is 
calculated based on the effect of substituents on the rate of an ester hydrolysis reaction. 
The Meyer steric parameter represents the volume occupied by a given substituent. We 
referred to two different parameters that quantify “sterics” in very different ways to 
eliminate any potential artefacts or biases of the methods used to obtain these 
parameters. For example, the two parameters disagree on the relative steric effect of 3-
CH3 compared to 3-OCH3. Two different parameter sets were also useful to account for 
incomplete sets of data. For example, the Meyer steric parameter has not been 
determined for the 3-NO2 variant. Using these data, we determined that the WT and 3-I 
variants did not fit in the isosteric series due to the absence and large steric bulk of the 
corresponding substituent, respectively. The remaining six substituents, 3-OCH3, 3-CH3, 
3-F, 3-Cl, 3-Br, and 3,5-F2 comprised the isosteric series referred to in the main text. 
Table S9 summarizes the isosteric series, including the justification for either including or 
excluding each variant. Note that this approach was not required for the fluorescence 
quantum yield or the excited state barrier height. These excited state processes 
demonstrate a clear correlation with only the electrostatic properties of the substituents; 
a lack of correlation with the steric properties of the substituents is demonstrated by 
Figure S20. 
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Supplementary Figures 

 
Figure S1. Overlay of cryo temperature (PDB: 6NQJ, red, this work) and room 
temperature (PDB: 4UTS, gray, (48)) Dronpa2 x-ray structures. The alignment shows 
minimal differences in protein tertiary structure (left) and within the chromophore pocket 
(right). See the legend of Figure S2 for the identity of the monomer displayed for the WT 
cryo temperature variant. 
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Figure S2. Omit maps (mFo – DFc) of Dronpa2 variant chromophores contoured at the 
level of ±3σ. The omit maps were generated from models without the chromophore (left) 
and without the substituents (right) after simulated annealing. The presence of positive 
features in the difference electron density maps above (green) signifies unaccounted for 
electron density where the chromophore/substituent(s) should be located. The color 
scheme is consistent with that in Figure 2. The monomer displayed for each variant is as 
follows: WT chain D; 3-F chain H; 3-Cl chain A; 3-Br chain E; 3-I chain H; 2,3-F2 chain H; 
2,3,5-F3 chain D; 3-NO2 chain G; 3-CH3 chain E; 3-OCH3 chain C.  
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Figure S3. Overlay of seven Dronpa2 variant x-ray structures (WT, 3-F, 3-Cl, 3-Br, 3-I, 
2,3-F2, 3-OCH3). The color scheme is consistent with that in Figure 2. See the legend of 
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Figure S2 for the identity of the monomer displayed for each variant. (a) Tertiary structure 
is preserved across the Dronpa2 variants. (b) The chromophore maintains similar 
geometry across the Dronpa2 variants as evidenced by the narrow range of P-bond and 
I-bond dihedral angles (-24° ± 5° and 19° ± 1°, respectively). (c) Alignment of the 
chromophore and its immediate environment for the seven Dronpa2 variants. (d) and (e) 
Alignment of residues in close contact with the P- and I-rings, respectively, showing 
minimal structural changes across the variants. (f) Alignment of the two residues impacted 
by the chromophore substituent(s). In variants with large substituents, the distance of 
V157 to the chromophore and the tilting angle of the ring of F173 are altered presumably 
to accommodate the substituent size.   



41 
 

 
Figure S4. Low temperature (77 K) absorption spectra of each Dronpa2 and GFP variant 
normalized to unity at the visible absorption maximum. Low temperature spectra are more 
resolved than their room temperature counterparts (Figure S5), facilitating unambiguous 
identification of subtle trends in peak maxima and vibronic features. The peak maxima 
are listed in nm in Figure 2C and in kcal/mol in Tables S5 and S11. 

Dronpa2 GFP
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Figure S5. Room temperature (293 K) absorption spectra of each Dronpa2 and GFP 
variant normalized to the extinction coefficients shown in Table S2. 

Dronpa2 GFP
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Figure S6. Comparison of room temperature and 77 K absorption spectra for GFP and 
Dronpa2 variants. (a) 3-Cl Dronpa2 spectra shown as a representative comparison. A 
blueshift of 11 nm can be seen upon freezing, which has been also noted for wild-type 
Dronpa (85). (b) 3-Cl GFP spectra shown as a representative comparison. Almost no shift 
is observed. (c) Absorbance peak maxima correlation plot for all Dronpa2 (green) and 
GFP (fuchsia) variants, with a dashed diagonal line drawn as a visual aid. A constant 
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blue-shift upon freezing can be seen for Dronpa2 variants, while no shift is generally 
observed for GFP variants. 

  



45 
 

 
Figure S7. Absorption and fluorescence properties of GFP variants (cf. Figures 2C and 
3A). The color scheme for the substituents is consistent with that in Figure 2. (a) Images 
of purified GFP variants in order from reddest to bluest absorption peak maximum. (b) 
Correlation between fluorescence quantum yield and transition energy for GFP variants. 
The data are listed in Table S5. The nonmonotonic, peaked shape of the plot qualitatively 
agrees with the trend observed for the Dronpa2 variants (Figure 3A), suggesting the 
electrostatic tuning of the fluorescence quantum yield should be universal across any 
system (e.g. protein, nucleic acid, etc.) that harbors the GFP chromophore even if the 
protein is traditionally not considered photoswitchable. Note that contrary to common 
belief, GFP was shown to photoswitch in our previous study (8). 
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Figure S8. Resonance color theory (13) explaining the trend in absorption maxima 
among the Dronpa2 variants. (a) Resonance forms of the anionic B state of the GFP 
chromophore showing the negative charge either localized on the imidazolinone or the 
phenolate oxygen. (b) Schematic of the substituent (X) electronic effect on the absorption 
peak maximum. The two lowest energy electronic states are superpositions of the two 
chromophore resonance forms, with the ground state adopting more anionic character on 
the phenolate oxygen compared to the excited state. Electron-donating groups destabilize 
the ground state more than the excited state, leading to a red-shifted peak maximum, 
while electron-withdrawing groups stabilize the ground state more than the excited state, 
blue-shifting the peak maximum, as seen in Figure 2C. 
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Figure S9. UV-Vis absorption spectra of base-denatured GFP and Dronpa2 variants. The 
peak maxima and the corresponding extinction coefficients are listed in Table S2. 
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Figure S10. Comparison of TCSPC decays for each Dronpa2 variant at 278 K including 
the instrument response function (IRF).  
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Figure S11. Temperature-dependent TCSPC decays for each Dronpa2 variant including 
the instrument response function (IRF). 

3-CH3

3-Br

3-NO2

2,3,5-F3

2,3-F2

3,5-F2

3-F

3-Cl

3-I

WT

3-OCH3



50 
 

 

 
Figure S12. Analysis to determine the best model for fluorescence decay fitting within 
DecayFit (40). From left to right, the reconvolution uses either a single, double, or triple 
exponential model. As shown by the residual plots and the chi-squared values, the double 
exponential model is preferred. 

Chi-squared = 10.649 Chi-squared = 1.261 Chi-squared = 1.202
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Figure S13. Inverse fluorescence lifetime as a function of temperature for each Dronpa2 
variant. Solid lines represent the fit to the data using Equation S17. The data are listed in 
Table S7. 
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Figure S14. Excitation wavelength dependence of Dronpa2’s inverse fluorescence 
lifetime. The variation in fluorescence lifetime as a function of excitation wavelength 
(shown in red) is negligible compared to the variation as a function of temperature (shown 
in blue). 
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Figure S15. Representative results from an MEM analysis of the fluorescence decays of 
each Dronpa2 variant at 293 K with 250 equally spaced log-lifetimes between 0.03 ns 
and 20 ns. These data support the use of a double exponential fitting protocol, as 
explained in Supplementary Text S7. The lifetime with the major, narrow population was 
chosen to determine the excited state energy barrier. 
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Figure S16. Light-activated room temperature absorption spectra normalized to 
extinction coefficients for each Dronpa2 variant at pH 8.0. Each sample was irradiated 
with a 488 nm laser at 27 mW until a photostationary state was reached. The cuvette was 
then transferred to a spectrometer, and the “post-irradiated” spectrum was obtained. Note 
that the “post-irradiated” spectrum does not represent the true photostationary state due 
to relaxation between the time of irradiation and the time of data collection (typically less 
than a minute). As discussed in the caption to Figure S17, the cis species exists only in 
the deprotonated state at pH 8.0. For the 3-NO2 variant, the spectrum did not change 
upon irradiation, so its ground state thermal relaxation could not be measured. This 
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suggests either a lack of photoswitching behavior or indistinguishable cis and trans 
absorption spectra. The degree of switching depends on the extinction coefficients of both 
cis and trans species and their photoswitching quantum yields (8). In most cases, a bluer 
peak appeared upon switching, which we speculate to be the protonated trans species, 
as described previously (86). Multi-fluorine substitutions should lower the trans state pKa, 
and a redder band emerged after irradiation for these variants, suggesting the formation 
of the deprotonated trans species. Based on the observed spectral evolution, we used 
the wavelength with the greatest absorbance change to monitor Bcis ground state 
recovery (Figure S18). 
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Figure S17. Kinetic scheme for the thermal relaxation of the Dronpa2 chromophore. 
Before irradiation, the chromophore exists as the cis deprotonated state (Bcis), as shown 
by Figure S16. After reaching the cis-trans photostationary state by irradiating the sample 
with 488 nm light, the trans chromophore exists in an acid-base equilibrium between a 
protonated (Atrans) and deprotonated (Btrans) state. Each conformation relaxes back to the 
cis deprotonated chromophore (Bcis) along the ground state surface at different rates. The 
data in Figure S18 are analyzed according to Supplementary Text S8 based on this kinetic 
scheme. 
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Figure S18. pH-dependent observed thermal relaxation rate constant for each Dronpa2 
variant. Data fitting (solid lines) is described in Materials and Methods (Equation S8). 
Relaxation rates could not be determined for the 3-NO2 variant due to the minimal 
absorption change upon irradiation (Figure S16). Note that the insensitivity of kobs across 
the measured pH range for the 2,3-F2 and 2,3,5-F3 varants is consistent with the 
speculation concerning trans protonation states described in the figure caption of Figure 
S16. Interestingly, the ground state recovery rates from the protonated trans to 
deprotonated cis conformation (kAB) are observed to be faster than those from the 
deprotonated trans conformation (kBB), suggesting a cooperative effect between 
chromophore protonation and isomerization. 
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Figure S19. Ground state energy barrier height plotted against transition energy. Points 
shaded within the gray box correspond to halogen substituents of increasing size. 
Triangular data points correspond to variants that contain fluorine at the 2 position of the 
phenolate ring. 
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Figure S20. Steric effect on excited state parameters of Dronpa2 variants. (a) and (c) 
show the dependence of the ES barrier height on the Taft and Meyer steric parameters, 
respectively, while (b) and (d) depict the corresponding dependence of the fluorescence 
quantum yield on the same steric parameters. The scattered nature of the plots support 
the claim that the substituents’ steric effects on the processes in the excited state are 
minimal (Figure 3D). Note that the variants with multiple fluorine substituents are not 
included since Taft and Meyer steric parameters have not been determined for those 
substituents. See Supplementary Text S9 for further discussion of the steric parameters. 
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Figure S21. (a) Transition energy and (b) modified transition energy (defined by Equation 
S12) for the Dronpa2 variants plotted against the substituents’ Hammett parameters 
(Table S8). Note that Hammett parameters for 2,3-F2, 3,5-F2, and 2,3,5-F3 substituents 
are not available. 
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Figure S22. Modified excited state (ES) barrier height (defined by Equation S12) of the 
Dronpa2 (a) electron-withdrawing and (b) electron-donating variants (both including WT) 
as a function of the substituents’ Hammett parameters (Table S8). 
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Figure S23. Modified ground state (GS) barrier height of the Dronpa2 variants in the 
isosteric series (Supplementary Text S9) as a function of the substituents’ Hammett 
parameters (Table S8). 
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Figure S24. 1D 19F NMR spectrum for the 3-F (orange) and 2,3-F2 (blue) Dronpa2 
variants at pH 8.0 and 298 K. Chemical shifts shown within and not within the parentheses 
are referenced against trifluoroacetic acid and CFCl3, respectively. “X” and “Y” refer to 
the different fluorine orientations of the 3-F variant as described in Supplementary Text 
S1. The feature around -150 ppm for the blue trace (labeled with an asterisk) is an artifact 
of the center glitch at the middle of the acquisition window. 
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Figure S25. Overlay of the steady-state saturation transfer difference spectra with the 1D 
NMR spectra for (a) 3-F and (b) 2,3-F2 Dronpa2 variants. Absolute intensity differences 
between the saturation transfer difference spectra and the 1D NMR spectra are not 
meaningful and simply reflect the difference in the number of scans. The feature around 
-150 ppm for the blue trace (labeled with an asterisk) is an artifact of the center glitch at 
the middle of the acquisition window. 
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Figure S26. Peak intensity of Y as a function of mixing time from a representative 1D 
EXSY experiment for the 3-F Dronpa2 variant. A double exponential fit to the data is 
shown in black. The inset focuses on the data from the early mixing times below 0.2 s. 

  

Mixing Time =mix (s)
0 0.5 1 1.5 2

Pe
ak

 In
te

ns
ity

 a
t -

13
5.

9 
pp

m

12

13

14

15

16

0 0.1 0.2
12

12.5

13



66 
 

 
Figure S27. The chemical exchange between conformation X and Y for the chromophore 
of the 3-F Dronpa2 variant. Conformer X and Y in various environments are represented 
by blue and red energy levels, respectively. The relative energies are estimated based 
on the relative NMR peak areas and the Boltzmann distribution. Only the exchange 
process associated with the green solid arrow was captured by EXSY and saturation 
transfer experiments within the detectable timescale. Dashed arrows are hypothetical 
processes, and they are either non-existent or slower than seconds. The hypothetical 
dashed blue level was added to symmetrize the situation between the X and Y conformers. 
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Supplementary Tables 
 

Table S1. Expected and measured mass for each Dronpa2 and GFP variant. 

Variants Expected Massa (Da) Observed Massb (Da) 

Dronpa2 variants 
WT 28917 28920 

Y63(3-FY) 28935 28939 
Y63(3-ClY) 28951 28956 
Y63(3-BrY) 28996 28998 
Y63(3-IY) 29043 29046 

Y63(2,3-F2Y) 28953 28958 
Y63(3,5-F2Y) 28953 28958 

Y63(2,3,5-F3Y) 28971 28979 
Y63(3-NO2Y) 28962 28966 
Y63(3-CH3Y) 28931 28935 

Y63(3-OCH3Y) 28949 28956 
GFP variants 

WT 28041 28045 
Y66(3-FY) 28059 28062 
Y66(3-ClY) 28076 28082 
Y66(3-BrY) 28120 28124 
Y66(3-IY) 28167 28174 

Y66(2,3-F2Y) 28077 28083 
Y66(3,5-F2Y) 28077 28081 

Y66(2,3,5-F3Y) 28095 28099 
Y66(3-NO2Y) 28086 28091 
Y66(3-CH3Y) 28055 28059 

Y66(3-OCH3Y) 28071 28073 
a Predicted from the primary sequence with N-terminal methionine removed. 
b Proteins with ~ 30 kDa have ±10 Da deviations, depending on the protonation states. 
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Table S2. Extinction coefficients for Dronpa2 and GFP variants. Relative errors for the 
extinction coefficients are within 5%. 

Variants 
Extinction coefficient 

at the visible absorption maximum 
(M-1 cm-1) 

Absorption  
maximum at 293 K  

(nm) 
Base-denatured GFP (in 0.2 M NaOH) 

WT 44100 447 
Y66(3-FY) 35700 443 
Y66(3-ClY) 36000 445 
Y66(3-BrY) 35300 447 
Y66(3-IY) 33900 451 

Y66(2,3-F2Y) 36000 438 
Y66(3,5-F2Y) 36100 438 

Y66(2,3,5-F3Y) 30900 435 
Y66(3-NO2Y) 24000 410 
Y66(3-CH3Y) 39500 461 

Y66(3-OCH3Y) 41000 474 
Dronpa2 at pH 8.0 

WT 74000 492 
Y63(3-FY) 61000 490 
Y63(3-ClY) 55000 489 
Y63(3-BrY) 54000 489 
Y63(3-IY) 54000 489 

Y63(2,3-F2Y) 53000 481 
Y63(3,5-F2Y) 54000 483 

Y63(2,3,5-F3Y) 39000 479 
Y63(3-NO2Y) 32500 459 
Y63(3-CH3Y) 65000 500 

Y63(3-OCH3Y) 61600 507 
GFP at pH 8.0 

WT 57800 485 
Y66(3-FY) 51400 483 
Y66(3-ClY) 57400 493 
Y66(3-BrY) 64500 498 
Y66(3-IY) 65400 504 

Y66(2,3-F2Y) 52000 475 
Y66(3,5-F2Y) 51000 482 

Y66(2,3,5-F3Y) 47900 476 
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Y66(3-NO2Y) 34800 474 
Y66(3-CH3Y) 68500 502 

Y66(3-OCH3Y) 94400 517 
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Table S3. PEG 3350 concentration for crystallization of each Dronpa2 variant.  

Dronpa2 variant WT 3-F 3-Cl 3-Br 3-I 2,3-F2 2,3,5-F3 3-NO2 3-CH3 3-OCH3 

PEG 3350 
concentration 

(%) 
15 12 12 15 21 16 18 16.5 18 16 
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Table S4. X-ray data collection and refinement statistics for Dronpa2 variants. Values 
within parentheses correspond to data from the highest resolution shell. 

 WT 3-F 3-Cl 3-Br 3-I 

PDB entry 6NQJ 6NQK 6NQL 6NQN 6NQO 

Data collection statistics 

beamline BL 12-2 BL 14-1 BL 7-1 BL 12-2 BL 14-1 
wavelength 

(Å) 0.979 1.195 1.127 0.979 1.195 

detector 
distance 

(mm) 
400 250 225 350 275 

resolution 
range (Å) 

38.28 – 2.00 
(2.05 – 2.00) 

39.76 – 2.00 
(2.05 – 2.00) 

39.59 – 2.15 
(2.21 – 2.15) 

37.61 – 2.10 
(2.15 – 2.10) 

37.54 – 2.10 
(2.15 – 2.10) 

space group P 1 21 1 (No.4) P 1 (No.1) 
unit cell 

dimensions 
a, b, c (Å) 
α, β, γ (°) 

70.03, 85.80, 78.58 
90, 110.1, 90 

81.75, 86.48, 143.81 
90, 94.9, 90 

81.71, 86.28, 143.35 
90, 95.1, 90 

71.39, 79.49, 85.65 
89.9, 92.4, 94.9 

71.38, 79.31, 85.57 
90.0, 87.6, 85.0 

Matthews 
coefficient 2.21 2.47 2.45 2.36 2.35 

solvent 
content (%) 44.4 50.2 49.9 47.9 47.7 

total 
observations 

221,620 
(14,393) 

1,469,234 
(41,033) 

875,592 
(66,083) 

638,711 
(31,849) 

646,905 
(48,004) 

unique 
reflections 

57,932 
(4,118) 

134,566 
(9,849) 

107,363 
(7,923) 

106,887 
(7,389) 

98,509 
(7,285) 

multiplicity 3.8 
(3.5) 

10.9 
(4.2) 

8.2 
(8.3) 

6.0 
(4.3) 

6.6 
(6.6) 

completeness 
(%) 

97.8 
(93.8) 

99.8 
(99.1) 

99.0 
(98.6) 

97.7 
(91.6) 

90.3 
(90.5) 

mean 
I/σI  

8.7 
(1.3) 

14.5 
(1.7) 

9.2 
(1.5) 

9.2 
(1.8) 

11.6 
(1.7) 

Wilson 
B-factor (Å2) 23.6 34.3 26.2 31.0 31.5 

Rmeas 
0.129 
(1.15) 

0.092 
(0.86) 

0.190 
(1.43) 

0.139 
(0.84) 

0.127 
(1.23) 

Rpim 0.092 
(0.681) 

0.046 
(0.495) 

0.060 
(0.613) 

0.092 
(0.517) 

0.082 
(0.775) 

CC1/2 
0.996 

(0.462) 
0.999 

(0.810) 
0.997 

(0.774) 
0.996 

(0.691) 
0.998 

(0.619) 
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 WT 3-F 3-Cl 3-Br 3-I 

Refinement statistics 

reflections 
used 57,919 134,332 106,758 106,845 94,541 

reflections 
used for Rfree 

2,912 6,714 1,993 5,345 1,988 

Rwork 0.177 0.197 0.198 0.173 0.183 
Rfree 0.235 0.222 0.234 0.205 0.224 

chromophore 
three-letter 

code 
GYC KZV KZ7 KZ4 KZG 

number of 
non-H atoms 

protein 
ligand 

solvent 

 
7,746 
7,020 

84 
642 

 
15,641 
13,892 

352 
1,397 

 
15,594 
13,790 

206 
1,598 

 
15,184 
13,902 

176 
1,106 

 
15,212 
13,967 

176 
1,069 

protein 
residues 882 1,735 1,734 1,745 1,749 

RMSD bond 
lengths (Å) 0.011 0.009 0.009 0.008 0.009 

RMSD bond 
angles (°)  1.42 1.24 1.28 1.29 1.32 

Ramachandran 
favored (%) 98.49 98.94 98.94 98.88 98.30 

Ramachandran 
allowed (%) 1.51 1.00 1.06 1.12 1.70 

Ramachandran 
outliers (%) 0.00 0.06 0.00 0.00 0.00 

rotamer 
outliers (%) 0.67 0.47 0.34 0.20 0.33 

clashscore 6.55 4.28 4.91 4.75 7.66 
Average  

B-factor (Å2) 
protein 
ligand 

solvent 

 
29.9 
29.4 
22.1 
36.4 

 
40.7 
40.4 
34.2 
45.7 

 
31.6 
31.0 
29.9 
36.4 

 
37.5 
37.3 
31.0 
41.6 

 
37.0 
36.9 
29.7 
39.7 
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 2,3-F2 2,3,5-F3 3-NO2 3-CH3 3-OCH3 

PDB entry 6NQP 6NQQ 6NQR 6NQV 6NQS 

Data collection statistics 

beamline BL 14-1 
wavelength (Å) 1.195 

detector 
distance (mm) 250 250 300 250 300 

resolution 
range (Å) 

39.25 – 2.20 
(2.26 – 2.20) 

39.52 – 2.60 
(2.67 – 2.60) 

37.51 – 2.90 
(2.98 – 2.90) 

39.34 – 2.70 
(2.77 – 2.70) 

39.87 – 2.50 
(2.56 – 2.50) 

space group P 1 21 1 (No.4) P 1 (No.1) P 1 21 1 (No.4) 
unit cell 

dimensions 
a, b, c (Å) 
α, β, γ (°) 

79.30, 85.97, 143.02 
90, 94.9, 90 

80.84, 86.38, 143.59 
90, 95.1, 90 

71.61, 79.43, 
85.93 

90.0, 92.5, 94.8 

79.99, 85.73, 143.01 
90, 94.9, 90 

82.40, 86.49, 144.08 
90, 95.0, 90 

Matthews 
coefficient 2.37 2.43 2.37 2.38 2.49 

solvent 
content (%) 48.1 49.5 48.2 48.4 50.7 

total 
observations 

1,060,718 
(52,653) 

419,426 
(29,394) 

124,346 
(4,715) 

366,981 
(28,259) 

534,266 
(41,057) 

unique 
reflections 

94,353 
(6,792) 

59,806 
(4,354) 

36,613 
(2,678) 

51,870 
(3,833) 

69,116 
(5,144) 

multiplicity 11.2 
(7.8) 

7.0 
(6.8) 

3.4 
(1.8) 

7.1 
(7.4) 

7.7 
(8.0) 

completeness 
(%) 

97.0 
(95.3) 

98.5 
(97.9) 

87.5 
(86.0) 

97.4 
(98.4) 

98.4 
(99.6) 

mean 
I/σI  

15.1 
(1.7) 

10.6 
(1.7) 

11.6 
(1.6) 

7.7 
(1.6) 

10.7 
(2.1) 

Wilson 
B-factor (Å2) 41.2 48.5 53.4 42.7 37.9 

Rmeas 
0.099 
(1.20) 

0.120 
(1.11) 

0.094 
(0.88) 

0.200 
(1.38) 

0.139 
(1.12) 

Rpim 0.055 
(0.578) 

0.060 
(0.457) 

0.093 
(0.468) 

0.090 
(0.478) 

0.070 
(0.458) 

CC1/2 
0.999 

(0.786) 
0.999 

(0.853) 
0.997 

(0.597) 
0.997 

(0.842) 
0.999 

(0.874) 
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 2,3-F2 2,3,5-F3 3-NO2 3-CH3 3-OCH3 

Refinement statistics 

reflections 
used 94,222 59,748 36,573 51,633 68,624 

reflections 
used for Rfree 

4,711 1,992 1,827 1,963 1,997 

Rwork 0.228 0.265 0.219 0.262 0.217 
Rfree 0.264 0.308 0.278 0.294 0.251 

chromophore 
three-letter 

code 
KY4 KZ1 KY7 KZY KXV 

number of 
non-H atoms 

protein 
ligand 

solvent 

 
14,646 
13,702 

184 
760 

 
13,976 
13,707 

192 
77 

 
13,835 
13,643 

192 
0 

 
13,936 
13,589 

176 
171 

 
14,760 
13,973 

184 
603 

protein 
residues 1,729 1,748 1,736 1,726 1,752 

RMSD bond 
lengths (Å) 0.008 0.018 0.016 0.015 0.010 

RMSD bond 
angles (°)  1.27 1.63 1.54 1.62 1.47 

Ramachandran 
favored (%) 98.28 96.65 96.86 97.09 98.01 

Ramachandran 
allowed (%) 1.66 3.12 2.78 2.85 1.82 

Ramachandran 
outliers (%) 0.06 0.24 0.36 0.06 0.18 

rotamer 
outliers (%) 0.34 2.36 2.37 2.02 0.88 

clashscore 6.22 24.14 20.32 24.32 5.20 
Average  

B-factor (Å2) 
protein 
ligand 

solvent 

 
53.2 
53.6 
46.7 
47.1 

 
70.0 
70.2 
67.3 
55.1 

 
55.5 
55.2 
75.7 

 

 
52.4 
52.8 
34.9 
37.9 

 
39.9 
40.0 
33.5 
38.2 
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Table S5. Summary of transition energies and fluorescence quantum yields (FQYs) for 
GFP variants (shown graphically in Figure S7). SD: standard deviation.   

Variant 
Transition 

energy 
(kcal/mol) 

FQY 
(%) 

FQY SD 
(%) 

3-NO2 60.7 5.6 0.5 
2,3,5-F3 59.8 43 3 
3,5-F2 59.5 52 3 
2,3-F2 60.2 47 1 

3-F 59.4 58 4 
3-Cl 58.0 72 2 
3-Br 57.5 66 2 
3-I 56.6 52 4 
WT 59.2 57 2 

3-CH3 56.9 58 2 
3-OCH3 55.0 11.4 0.4 
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Table S6. Dependence of fluorescence quantum yield (FQY) on excitation wavelength 
for a subset of Dronpa2 variants. SD: standard deviation. 

Variant 488 nm excitation 450 nm excitation 
FQY (%) FQY SD (%) FQY (%) FQY SD (%) 

3-Cl 59 2 60 1 
2,3-F2 24 2 23 1 
3,5-F2 29 2 26.8 0.8 

2,3,5-F3 13.0 0.9 17 1 
3-NO2 0.73 0.02 2.4 0.8 
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Table S7. Temperature-dependent TCSPC lifetime data for each mutant. The lifetime 
component used to determine the energy barrier for each variant is highlighted in gray 
(shown graphically in Figure S13). This corresponds to the longer lifetime component, 𝝉𝟐, 
for all except the 3-NO2 variant, as discussed in Supplementary Text S7. Average lifetime 
populations are listed from the double exponential model determined by the DecayFit 
software (40). Avg Pop: average lifetime population, SD: standard deviation (see 
Materials and Methods). 

WT 
T (K) 278.55 281.25 284.05 286.95 289.85 292.75  

Avg Pop 0.314 0.303 0.327 0.367 0.367 0.384  
1/𝝉𝟏 

(ns-1) 0.590 0.638 0.67 0.68 0.735 0.79  

SD (ns-1) 0.008 0.006 0.01 0.02 0.005 0.01  
Avg Pop 0.686 0.697 0.673 0.633 0.633 0.616  

1/𝝉𝟐 
(ns-1) 0.3707 0.3820 0.3923 0.402 0.419 0.4350  

SD (ns-1) 0.0008 0.0003 0.0008 0.001 0.001 0.0008  
3-F 

T (K) 278.25 281.15 284.15 287.15 290.05 292.95  
Avg Pop 0.271 0.292 0.313 0.342 0.371 0.401  

1/𝝉𝟏 
(ns-1) 0.68 0.71 0.748 0.79 0.838 0.90  

SD (ns-1) 0.02 0.02 0.004 0.01 0.008 0.01  
Avg Pop 0.729 0.708 0.687 0.658 0.629 0.599  

1/𝝉𝟐 
(ns-1) 0.3771 0.389 0.4017 0.415 0.4303 0.448  

SD (ns-1) 0.0007 0.001 0.0003 0.001 0.0005 0.001  
3-Cl 

T (K) 278.55 281.15 284.05 286.95 289.75 292.75 295.55 
Avg Pop 0.094 0.102 0.110 0.113 0.143 0.165 0.167 

1/𝝉𝟏 
(ns-1) 0.68 0.67 0.67 0.71 0.70 0.68 0.74 

SD (ns-1) 0.06 0.03 0.02 0.04 0.07 0.04 0.04 
Avg Pop 0.906 0.898 0.890 0.887 0.857 0.835 0.833 

1/𝝉𝟐 
(ns-1) 0.3068 0.3104 0.3146 0.3206 0.326 0.332 0.340 

SD (ns-1) 0.0006 0.0004 0.0005 0.0009 0.002 0.002 0.001 
3-Br 
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T (K) 278.55 281.25 284.05 286.95 289.85 292.75 295.65 
Avg Pop 0.090 0.103 0.105 0.118 0.132 0.143 0.160 

1/𝝉𝟏 
(ns-1) 0.86 0.79 0.87 0.81 0.82 0.81 0.82 

SD (ns-1) 0.02 0.01 0.07 0.09 0.04 0.03 0.03 
Avg Pop 0.910 0.897 0.895 0.882 0.868 0.857 0.840 

1/𝝉𝟐 
(ns-1) 0.3144 0.3171 0.3221 0.326 0.3316 0.3383 0.3451 

SD (ns-1) 0.0004 0.0002 0.0005 0.001 0.0006 0.0003 0.0009 
3-I 

T (K) 278.85 281.55 284.25 287.25 290.05 292.95 295.85 
Avg Pop 0.082 0.091 0.101 0.104 0.117 0.125 0.127 

1/𝝉𝟏 
(ns-1) 1.05 1.01 0.87 0.96 0.91 0.84 0.90 

SD (ns-1) 0.03 0.03 0.08 0.04 0.02 0.03 0.05 
Avg Pop 0.918 0.909 0.899 0.896 0.883 0.875 0.873 

1/𝝉𝟐 
(ns-1) 0.3651 0.3679 0.369 0.3747 0.3782 0.3805 0.387 

SD (ns-1) 0.0002 0.0003 0.001 0.0006 0.0004 0.0006 0.001 
2,3-F2 

T (K) 278.45 281.15 284.15 287.05 289.95 292.85  
Avg Pop 0.247 0.262 0.277 0.299 0.319 0.356  

1/𝝉𝟏 
(ns-1) 1.26 1.3 1.44 1.47 1.59 1.82  

SD (ns-1) 0.05 0.1 0.08 0.06 0.08 0.02  
Avg Pop 0.753 0.738 0.723 0.701 0.681 0.644  

1/𝝉𝟐 
(ns-1) 0.489 0.507 0.529 0.551 0.578 0.608  

SD (ns-1) 0.001 0.003 0.002 0.002 0.002 0.002  
3,5-F2 

T (K) 278.45 281.15 284.05 287.05 289.85 292.85 295.75 
Avg Pop 0.285 0.302 0.322 0.331 0.337 0.360 0.374 

1/𝝉𝟏 
(ns-1) 0.979 0.98 1.004 1.08 1.16 1.22 1.39 

SD (ns-1) 0.001 0.02 0.007 0.03 0.04 0.05 0.07 
Avg Pop 0.715 0.698 0.678 0.669 0.663 0.640 0.626 

1/𝝉𝟐 
(ns-1) 0.442 0.4514 0.4616 0.476 0.492 0.505 0.523 
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SD (ns-1) 0.001 0.0009 0.0005 0.002 0.001 0.002 0.003 
2,3,5-F3 

T (K) 278.45 281.25 284.15 287.05 289.95 292.85 295.75 
Avg Pop 0.545 0.548 0.553 0.560 0.570 0.584 0.607 

1/𝝉𝟏 
(ns-1) 2.02 2.06 2.13 2.10 2.23 2.28 2.5 

SD (ns-1) 0.07 0.04 0.06 0.05 0.05 0.08 0.2 
Avg Pop 0.455 0.452 0.447 0.440 0.430 0.416 0.393 

1/𝝉𝟐 
(ns-1) 0.627 0.6447 0.665 0.682 0.706 0.726 0.752 

SD (ns-1) 0.002 0.0007 0.002 0.003 0.003 0.004 0.006 
3-NO2 

T (K) 278.55 281.25 284.15 287.05 289.95 292.85  
Avg Pop 0.813 0.822 0.827 0.834 0.846 0.853  

1/𝝉𝟏 
(ns-1) 1.299 1.336 1.38 1.422 1.454 1.506  

SD (ns-1) 0.006 0.003 0.01 0.009 0.002 0.007  
Avg Pop 0.187 0.178 0.173 0.167 0.154 0.147  

1/𝝉𝟐 
(ns-1) 0.439 0.443 0.452 0.460 0.462 0.470  

SD (ns-1) 0.002 0.001 0.003 0.004 0.002 0.001  
3-CH3 

T (K) 278.55 281.15 284.15 286.95 289.95 292.85 295.75 
Avg Pop 0.197 0.207 0.243 0.268 0.297 0.334 0.364 

1/𝝉𝟏 
(ns-1) 0.77 0.79 0.76 0.78 0.809 0.81 0.83 

SD (ns-1) 0.02 0.04 0.03 0.04 0.007 0.02 0.02 
Avg Pop 0.803 0.793 0.757 0.732 0.703 0.666 0.636 

1/𝝉𝟐 
(ns-1) 0.3369 0.345 0.352 0.362 0.3722 0.383 0.395 

SD (ns-1) 0.0007 0.001 0.001 0.002 0.0006 0.002 0.002 
3-OCH3 

T (K) 278.45 281.15 284.15 287.05 289.95 292.85 295.85 
Avg Pop 0.390 0.373 0.412 0.406 0.444 0.462 0.481 

1/𝝉𝟏 
(ns-1) 0.487 0.538 0.550 0.605 0.623 0.666 0.71 

SD (ns-1) 0.002 0.001 0.005 0.002 0.008 0.002 0.01 
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Avg Pop 0.610 0.627 0.588 0.594 0.556 0.538 0.519 
1/𝝉𝟐 

(ns-1) 0.2774 0.2879 0.2939 0.3063 0.314 0.3259 0.338 

SD (ns-1) 0.0004 0.0003 0.0005 0.0004 0.002 0.0002 0.002 
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Table S8. Hammett parameters for substituents incorporated in this study (59). 

Substituent σ 
-NO2 0.78 

-F 0.06 
-Cl 0.23 
-Br 0.23 
-I 0.18 
-H 0 

-CH3 -0.17 
-OCH3 -0.27 
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Table S9. Summary of the substituents for Dronpa2 variants in the order of increasing 
size based on previously reported steric parameters (83, 84), assuming the parameters 
are roughly additive. Note that the Taft steric parameter is offset by -1.24 from the original 
publications to set the WT value (-H substituent) to 0, a correction also performed by 
reference (83). Substituents shaded in green are included in the isosteric series (Figure 
3C). Substituents shaded in yellow contain a fluorine at the 2 position of the phenolate 
ring. Substituents shaded in orange were excluded due to the absence or large size of 
the substituent. In addition to its large size, the 3-NO2 variant’s thermal relaxation could 
not be measured due to the minimal absorption change upon irradiation (Figure S16). ND: 
not determined. 

Variant Taft steric 
parameter 

Meyer steric 
parameter (nm3) 

WT 0 0 
3-F -0.46 0.0122 

2,3-F2 ND ND 
3,5-F2 ND ND 
3-Cl -0.97 0.0254 

3-CH3 -1.24 0.0284 
3-Br -1.16 0.0329 

3-OCH3 ND 0.0339 
2,3,5-F3 ND ND 

3-I -1.40 0.0408 
3-NO2 -2.52 ND 
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Table S10. Fitting parameters to extract the ground state energy barrier for each Dronpa2 
variant (Equations S8 and S9). SD: standard deviation. N/A: not available. 

Variant kAB 
(s-1) 

kAB SD 
(s-1) 

trans 
pKa 

trans 
pKa SD 

kBB 
(s-1) 

kBB SD 
(s-1) 

ΔG‡ 
(kcal/mol) 

ΔG‡ SD 
(kcal/mol) 

WT 3.1 × 10-3 2 × 10-4 7.75 0.09 4 × 10-4 1 × 10-4 19.7 0.2 

3-F 5.5 × 10-3 6 × 10-4 8.5 0.2 1.1 × 10-3 4 × 10-4 19.0 0.2 

3-Cl 6.2 × 10-3 3 × 10-4 8.5 0.1 8 × 10-4 2 × 10-4 19.2 0.2 

3-Br 1.7 × 10-3 1 × 10-4 8.9 0.1 5 × 10-4 2 × 10-4 19.6 0.2 

3-I 1.84 × 10-3 7 × 10-5 7.43 0.04 1.2 × 10-4 3 × 10-5 20.3 0.1 

2,3-F2 N/A N/A N/A N/A 2.4 × 10-4 1 × 10-5 19.94 0.03 

3,5-F2 6.8 × 10-3 5 × 10-4 7.1 0.2 2.8 × 10-3 2 × 10-4 18.49 0.04 

2,3,5-F3 N/A N/A N/A N/A 2.4 × 10-5 5 × 10-6 21.3 0.1 

3-CH3 2.23 × 10-3 9 × 10-5 7.24 0.06 3.7 × 10-4 4 × 10-5 19.71 0.05 

3-OCH3 5.2 × 10-4 2 × 10-5 8.03 0.06 9 × 10-5 2 × 10-5 20.5 0.1 
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Table S11. Summary of ground and excited state properties for Dronpa2 variants (shown 
graphically in Figures 3A-3C and S19). SD: standard deviation. CI: confidence interval. 

Variant 
Transition 

energy 
(kcal/mol) 

FQY 
(%) 

FQY 
SD 
(%) 

Excited 
state 

barrier 
(kcal/mol) 

Excited state 
barrier CI 

(1σ, kcal/mol) 

Ground 
state 

barrier 
(kcal/mol) 

Ground 
state 

barrier 
SD 

(kcal/mol) 
3-NO2 62.9 0.73 0.02 3.4 3.1 3.7 N/A N/A 

2,3,5-F3 62.1 13.0 0.9 4.3 3.8 5.1 21.3 0.1 
3,5-F2 60.9 29 2 7.1 6.5 7.7 18.49 0.04 
2,3-F2 60.2 24 2 7.5 7.0 8.0 19.94 0.03 

3-F 59.8 40 1 7.3 7.0 7.8 19.0 0.2 
3-Cl 59.9 59 2 8.8 8.5 9.3 19.2 0.2 
3-Br 59.8 55.6 0.9 8.6 8.3 8.8 19.6 0.2 
3-I 59.5 55 3 8.3 7.9 8.6 20.3 0.1 
WT 59.4 47.1 0.8 8.6 8.1 9.1 19.7 0.2 

3-CH3 58.8 41 1 6.4 6.0 6.8 19.71 0.05 
3-OCH3 57.5 36 2 5.2 4.7 5.6 20.5 0.1 
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