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ABSTRACT
Untangling the intricacies of the brain requires innovative tools that power basic
research. Fluorescent proteins, first discovered in jellyfish, provide a genetically
encodable way to light up the brains of animal models such as mice and fruit flies. They
have been made into biosensors that change fluorescence in response to markers of neural
activity such as calcium ions (Ca2+). To visualize them, neuroscientists take advantage of
two-photon excitation microscopy, a specialized type of imaging that can reveal crisp
fluorescence images deep in the brain. Fluorescent proteins behave differently under twophoton excitation compared to one-photon excitation. Their inherent two-photon
properties, namely brightness and peak absorption wavelength, limit the scope of possible
experiments to investigate the brain.
This work aims to understand and improve these properties through three
projects: characterizing a set of red fluorescent protein-based Ca2+ indicators; finding
two-photon brighter green fluorescent proteins; and developing an instrument to screen
for improved fluorescent proteins for two-photon microscopy. Analyzing nine red Ca2+
indicators shows that they can be separated into three classes based on how their
properties change in a Ca2+-dependent manner. In one of these classes, the relative
changes in one-photon properties are different from the changes in two-photon properties.
In addition to characterizing, identifying and directly improving fluorescent proteins for
enhanced two-photon properties is important. Presented here is a physical model of the
light-absorbing molecule within the green fluorescent protein (the chromophore). The
model predicts that green fluorescent proteins absorbing at higher energy wavelengths
will be brighter under two-photon excitation. This proves to be the case for 12 blueshifted green fluorescent proteins, which are up to 2.5 times brighter than the commonly
used Enhanced Green Fluorescent Protein. A way to directly improve fluorescent proteins
is through directed evolution, but screening under two-photon excitation is a challenge.
An instrument, called the GIZMO, solves this challenge and can evolve fluorescent
proteins expressed in E. coli colonies under two-photon excitation. These results pave the
way for better two-photon fluorescent protein-based tools for neuroscience.
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CHAPTER ONE
THE ROLE OF TWO-PHOTON IMAGING AND FLUORESCENT PROTEINS IN
NEUROSCIENCE
The brain is an intricate network of neurons that communicate through chemicals
and electricity. To understand this complex system, scientists need tools that can reveal
the activity of individual neurons and how they relate to each other. Animal models such
as worms (Caenorhabditis elegans), flies (Drosophila melanogaster), and mice (Mus
musculus) are invaluable in this research. In fact, the first electrical recording of a neuron
was made with electrodes in a dissected giant squid (Hodgkin & Huxley, 1939).
Electrodes are one way to measure brain activity, but there is another way that makes it
possible to directly see activity in single neurons: two-photon microscopy combined with
engineered biosensors. These biosensors are based on fluorescent proteins and glow in
response to neural activity. There is a need to improve these biosensors to work better for
two-photon microscopy specifically. This dissertation lays the groundwork for
understanding the properties of these tools, especially for two-photon microscopy, and
for developing new ones that are optimally tuned to the two-photon regime.
To put this work into context, I will first describe fluorescent proteins, then how
those have been developed into biosensors with a focus on Ca2+ sensors, and finally I will
describe the importance of two-photon microscopy in neuroscience as a way to image
these biosensors in the brain.

2
Fluorescent Proteins
In the dense jungle of cells in the brain, a powerful method to visualize individual
cells is with fluorescence. Fluorescence is the process by which a molecule emits light
after being excited to a higher energy state. (This is how a white t-shirt glows under the
black lights of a laser tag arena.) Biologists have taken advantage of fluorescence to
reveal life's secrets for over a century (Renz, 2013). There are dyes such as DAPI and
Hoescht that become fluorescent after binding to DNA and which are ubiquitously used
to label cell nuclei. Immunofluorescence is a technique in which antibodies conjugated to
fluorescent dyes selectively bind to a protein of interest and reveal its spatial distribution
in a cell. Fluorescent dyes, however, have limited use in live sample preparations and
cannot by themselves be targeted to specific cell populations or proteins.
Enter the green fluorescent protein (GFP). The discovery and development of
GFP led to a Nobel Prize in Chemistry, awarded to Martin Chalfie, Roger Tsien, and
Osamu Shimomura in 2008. The first mention of it was in 1962, in a paper by Osamu
Shimomura describing the purification of aequorin, a bioluminescent protein from the
jellyfish Aequorea victoria (Shimomura et al., 1962). A brief footnote describes an
unknown protein extracted from the squeezate of the jellyfish that glows green under UV
light. Thirty years later, Douglas Prasher and colleagues cloned and sequenced the DNA
encoding GFP (Prasher et al., 1992). This made it possible to introduce the DNA into
other organisms for it to be read and translated into the protein. In 1994, Chalfie and
colleagues showed that adding the DNA to Escherichia coli and C. elegans led to the
expression of a functional GFP: the bacteria and worms glowed green under UV light
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(Chalfie et al., 1994). It was discovered very quickly that GFP could be fused to a protein
of interest and not disrupt either protein's function, thanks in part to its compact size of
238 amino acids (Wang & Hazelrigg, 1994). Here was an optical tool that was genetically
targetable and lent itself to live imaging.
Led by Roger Tsien, protein engineers immediately began mutating GFP to make
it brighter and to develop new colors (Heim et al., 1994). Additionally, now that the
general fluorescent protein sequence was known, more variants of fluorescent proteins
were found and cloned from other oceanic invertebrates, including corals and anemones
(Kelmanson & Matz, 2003; Matz et al., 1999; Wiedenmann et al., 2002). As a result of
protein engineering and hunting for new ones in nature, many other colors of useful
fluorescent proteins were developed, including blue, cyan, yellow, orange, and red
(Rodriguez et al., 2017). Further variants of fluorescent proteins are still being published
(Lambert et al., 2019).
The fluorescent protein is a photophysical feat of nature. After the protein folds, a
tripeptide in the middle of the protein sequence auto-cyclizes and oxidizes to create the
fluorescent chemical group, or chromophore, held tightly within the barrel-like protein
structure (Reid & Flynn, 1997; Subach & Verkhusha, 2012). Without the protein creating
a precise electrostatic environment to hold it in place, the chromophore would not be
fluorescent. Alterations to the chromophore structure can give rise to the different colors
seen. Surprisingly, the protein barrel itself also gives the chromophore its optical
characteristics. Many different fluorescent proteins have distinct optical properties but
contain the same chromophore.

4
Fluorescent Protein-Based Biosensors
By itself, the fluorescent protein is a great tool for looking at the spatial
distribution of proteins (Wang & Hazelrigg, 1994), quantifying gene expression (Chalfie
et al., 1994), or even looking at cell morphology over development (Okada et al., 1999).
But another important advance came with integrating fluorescent proteins into
biosensors, in which the fluorescent protein's fluorescence is somehow modulated by an
analyte of interest. Generally, this is done by fusing one or more fluorescent protein(s) to
another, analyte-sensitive protein. A conformational change in the analyte-sensitive
protein due to the presence of the analyte leads to a change in fluorescence of the
fluorescent protein(s). These genetically encoded biosensors have an inherent advantage
over analyte-sensitive fluorescent dyes because they can be targeted to specific cell types
or compartments with genetic tools such as cell-specific promoters.
A wide variety of genetically encoded biosensors are useful for neuroscience
(Leopold et al., 2019). These include sensors for the neurotransmitters acetylcholine (Jing
et al., 2018), norepinephrine (Feng et al., 2019), GABA (Marvin et al., 2019), glutamate
(Marvin et al., 2013), and dopamine (Patriarchi et al., 2018). There are even ones that can
sense voltage changes in the cell membrane (Panzera & Hoppa, 2019). The biosensor in
the widest use today was the first to be developed: the genetically encoded calcium ion
(Ca2+) sensor (Miyawaki et al., 1997).
Genetically Encoded Ca2+ Sensors. In the brain, the activity of neurons can be
approximated by their level of Ca2+. This is because when an action potential travels
through a neuron, voltage-gated Ca2+ channels open and flood the cell with Ca2+. Ca2+
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can then trigger the release of synaptic vesicles filled with neurotransmitters to signal the
next cell.
The first genetically encoded Ca2+ sensors were Förster resonance energy transfer
(FRET) based (Miyawaki et al., 1997). FRET is a photophysical process in which the
energy absorbed by one chromophore (the donor) can be transferred to another (the
acceptor). It depends strongly (by the inverse sixth power) on the distance between the
chromophores. The sensors, called cameleons, are made of two fluorescent proteins of
different colors (blue and green, or cyan and yellow), fused together with a Ca2+-sensitive
domain between them. The Ca2+-sensitive domain is made of the Ca2+-binding protein
calmodulin and the calmodulin-binding peptide of the myosin light chain kinase, M13. In
the absence of Ca2+, calmodulin is in an open, stretched conformation. When Ca2+ binds
to calmodulin, calmodulin then binds to M13, curling around it in a compact hug. The
contraction of the Ca2+-sensitive domain between the two fluorescent proteins reduces the
distance between them, which increases their FRET efficiency. Changes in Ca2+
concentration are read out as a change in the ratio between the two fluorescence colors,
corresponding to the donor and acceptor fluorescent proteins.
The cameleon setup worked, but the signal to noise was low. A different sensor
design was needed to overcome the limitations of FRET. Baird and colleagues discovered
that GFP could be circularly permuted at certain positions in the barrel (Baird et al.,
1999). In other words, it was possible to tie the original termini at the bottom of the barrel
together with a linker and introduce new ones towards the middle of the barrel while
retaining fluorescence. One promising position was on the seventh β-strand: circularly
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permuting it here created an opening near the chromophore. Two research works
published in February and March of 2001, respectively, took advantage of this and
showed that by adding M13 to the new N-terminus and calmodulin to the new Cterminus, the GFP fluorescence was now sensitive to Ca2+ (Nagai et al., 2001; Nakai et
al., 2001). The name that stuck for this new design was GCaMP.
It took another eight years of protein engineering and development to reach a
variant of GCaMP that was bright enough and sensitive enough to reliably detect neural
activity (Tian et al., 2009). GCaMP3 was developed by structure-guided mutagenesis and
screening small libraries for brightness and Ca2+ sensitivity in a HEK293 cell set-up. Tian
and colleagues found mutations that, compared to GCaMP2 (Tallini et al., 2006),
increased both the baseline brightness and dynamic range 3-fold. GCaMP3 also had a
1.3-fold higher affinity to Ca2+. Now neuroscientists had a tool to see neuronal activity in
their favorite animal models.
Protein engineers have continued to improve GCaMP. The latest ones are part of
the jGCaMP7 series (Dana et al., 2019). Additionally, other colors of genetically encoded
Ca2+ sensors have been developed, including blue, orange, red, and near-infrared
(Akerboom et al., 2013; Dana et al., 2016; Qian et al., 2019; Zhao et al., 2011).
Imaging in the Brain with Two-Photon Microscopy
The brain contains dense layers of opaque cells, which presents two challenges
for fluorescence imaging. First, light going in as well as light coming out is likely to be
absorbed and scattered. Second, to distinguish between different layers of cells, the
fluorescence signal must be confined to the layer in focus. Confocal microscopy
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addresses the second challenge by rejecting out-of-focus fluorescence with a pinhole.
Two-photon microscopy addresses both challenges by relying on two-photon absorption
(Göppert-Mayer, 1931) to generate fluorescence (Denk et al., 1990).
Two-photon absorption, also known as two-photon excitation, is when a molecule
absorbs two photons of light simultaneously to reach a higher energy state. Under onephoton excitation, it absorbs just one. If the molecule is fluorescent, then in either case it
can emit a single photon. The energy, or color, of these photons matters. Taking the
enhanced version of GFP (EGFP) as an example, it can absorb either one blue photon (at
a wavelength around 490 nm), or in the two-photon case, two near-infrared photons
(~980 nm), to then emit a green photon (~510 nm). The intensity of light required for
two-photon absorption far exceeds that required for one-photon absorption. While onephoton excited fluorescence in a solution of GFP is apparent with a weak blue flashlight,
two-photon excited fluorescence is only possible with a high powered, pulsed nearinfrared laser.
One-photon absorption works well for thin fluorescent samples. In thicker
samples, the fluorescence from the sample above and below the focal plane is just as
strong as the focal plane itself. Confocal microscopy is designed for one-photon
absorption, but it can selectively image different planes by rejecting out-of-focus light. A
laser is focused to a point in the sample, and then that point is imaged onto a pinhole.
Because of the pinhole, fluorescence from out-of-focus planes is mostly blocked.
Scanning the laser point in the sample builds up an image. However, the deeper the focus
is, the more out-of-focus fluorescence leaks through the pinhole because of scattering.
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Scattering also leads to some fluorescence from the focal point getting blocked by the
pinhole and lost.
As in confocal microscopy, two-photon microscopy involves scanning a laser in
the sample to build up an image. However, relying on two-photon absorption means that
no pinhole is needed, and the effects of scattering are minimized. Unlike one-photon
absorption, two-photon absorption is nonlinearly dependent (to the second power) on the
intensity of light. Therefore, fluorescence in the sample is only excited where the
intensity is high enough: at the focus of the objective. Because fluorescence is not
generated above or below the focal spot, all of the signal collected through the
microscope objective is useful. This also means that photobleaching, or the eventual
destruction of the chromophore by light, is confined to the excitation volume. As an
added bonus, the near-infrared light used for two-photon excitation is absorbed and
scattered by tissue much less than the visible light used for one-photon excitation.
Combining genetically encoded fluorescent tools with two-photon microscopy has
proven to be an incredible way to study the brain. One research group defined the
neuronal circuit that makes it possible for locomotion to enhance the response to visual
stimuli, by measuring brain activity in a live, running mouse (Fu et al., 2014). Another
group showed how motor learning is encoded in the brain during sleep in mice (Yang et
al., 2014). Yet another found how different sensory inputs converge at multiple circuit
levels in the brain to synergistically trigger an escape response in fly larvae (Ohyama et
al., 2015).
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One thing that can limit the information neuroscientists gather from these
experiments is the speed and scope of the microscope. To meet this challenge, engineers
and physicists have built larger and more complex two-photon microscopes that can
image multiple brain areas at once (Sofroniew et al., 2016; Stirman et al., 2016) and
image large volumes at breakneck speeds (Kazemipour et al., 2019; Lu et al., 2017).
There is a limit to how much laser power a mouse brain can handle, however (Podgorski
& Ranganathan, 2016). At that point, it becomes paramount to consider the two-photon
properties of the fluorescent protein itself.
Understanding and Improving Two-Photon Properties
Since the cloning of GFP, protein engineers have been working to improve its
properties and develop it into various sensors. However, this has been under the context
of one-photon excitation. The one-photon properties of a fluorescent protein are not
equivalent to its two-photon properties (Drobizhev et al., 2011). This also translates to the
properties of the biosensors that incorporate them. To better appreciate this, it may be
useful to consider a slightly more technical description of fluorescence and the properties
that go with it.
A molecule, in this case the fluorescent protein chromophore, has multiple
distinct energy states. Most of the time, it resides in what is known as the ground state, or
the lowest state of energy. It can reach a higher, excited state if it absorbs a quantity of
energy equal to the difference between the ground state and the excited state. Translated
to the relative energy of a photon, this transition energy can be considered the transition
wavelength (in which the wavelength is inversely related to energy). After excitation, the

10
chromophore relaxes to the lowest excited state in picoseconds and remains here on
average for about a few nanoseconds (the fluorescence lifetime). Then it relaxes back
down to the ground state, giving off the energy as a photon (fluorescence) or heat. The
probability of emitting the energy as a photon is called the fluorescence quantum yield.
The relative emission intensity depends on the wavelength, a function illustrated by the
emission spectrum. In the literature, the color of a fluorescent protein is typically defined
by where the peak of its emission spectrum lies on the electromagnetic spectrum.
The fluorescent protein is agnostic as to how it got to the excited state in the first
place, so its quantum yield and emission spectrum remain the same regardless of whether
one or two photons excited it. However, the relative strength of absorption as a function
of wavelength, known as the absorption spectrum, can depend on the mode of excitation.
While the peak transition wavelength of EGFP with one-photon absorption is ~490 nm, it
is ~460 nm with two-photon absorption (considering that two 920 nm photons are
equivalent in energy to a photon with half the wavelength). For one-photon excitation,
the strength of absorption is commonly defined as the molecular extinction coefficient (in
units of M-1cm-1). For two-photon, it is known as the two-photon cross section (in
Göeppert-Mayer units or GM, 10−50 cm4 s photon−1). The strength of absorption is
described quantum-mechanically by different formulas and depends on different
molecular parameters in each case.
All of these photophysical properties are subject to change based on the
chromophore structure or the chromophore's local protein environment. In a biosensor
based on a circularly permuted fluorescent protein, analyte-dependent conformational
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changes can affect either one, leading to a change in fluorescence intensity. Specifically,
this change in fluorescence intensity can be due to three different factors. The first is an
alteration of the equilibrium between the neutral and anionic forms of the chromophore.
The second is a change in the fluorescence quantum yield, and the third is a change in the
strength of absorption. The magnitude of the third factor can depend on the mode of
excitation. Chapter 2 contains an effort to define these factors in a set of red genetically
encoded Ca2+ sensors with an emphasis on their two-photon properties.
For two-photon imaging, a critical property to maximize is the two-photon
brightness of the fluorescent protein/biosensor. The brightness is defined as the strength
of absorption multiplied by the quantum yield. A higher one-photon brightness does not
necessarily indicate a higher two-photon brightness. Chapter 3 illustrates that an electric
field vector within GFP-like proteins affects both the maximum two-photon cross section
and the peak one-photon transition wavelength. By selecting fluorescent proteins based
on the latter property, we found ones that are up to 2.5 times brighter under two-photon
excitation compared to the commonly used EGFP. This is an important step to creating
two-photon brighter biosensors.
To get further, there needs to be a way to harness the power of directed evolution
to improve fluorescent proteins under two-photon excitation, as has been done under onephoton excitation for decades. Directed evolution is a synthetic process that mimics
evolution in nature: selecting the most desirable variants from a genetically diverse
population generation after generation. The vital ingredient for a successful directed
evolution experiment is a way to screen thousands of genetic variants for a defined
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parameter. A simple method to create a screenable library of fluorescent protein variants
is to introduce mutated copies of the fluorescent protein DNA into E. coli and grow the
bacteria on a plate of agar. Each resulting E. coli colony will produce a single type of
mutant protein. Screening under one-photon excitation can be as easy as shining a dim
blue flashlight on the plate and picking the brighter colonies. Screening under two-photon
excitation is much more challenging.
The challenges to screening under two-photon excitation stem from the fact that it
requires a focused, high power laser. Clearly, scanning a laser point to build up an image
of an entire agar plate would be inefficient and time-consuming. One demonstrated
solution is to instead focus the laser into a line and scan that across the plate (Stoltzfus et
al., 2015). The limitation here is that lasers with a high enough power output to make this
possible are usually of a fixed wavelength. With an affordable, wavelength-tunable laser,
only a focused point will contain enough light intensity to generate two-photon excited
fluorescence. Another solution is to selectively scan the laser point only at the positions
of each colony on the plate. Chapter 4 describes a custom instrument implementing this
solution to be able to screen 10,000 fluorescent protein mutants in a day.
Two-photon excitation was first proposed in 1930 by Maria Göeppert-Mayer in
her Ph.D. thesis (she later went on to win a Nobel Prize in Physics for something
completely different―nuclear shell structure). The actual experimental demonstration of
two-photon excitation was not possible until lasers were invented in 1961 (Kaiser &
Garrett, 1961). It took another 30 years before scientists applied this technology to image
activity in brain tissue. Now, 30 years after that, my own Ph.D. work has been focused on
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how we can better understand and improve the two-photon absorption properties of the
genetically encoded fluorescent probes that neuroscientists use in their imaging.
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ABSTRACT For over 20 years, genetically encoded Ca2þ indicators have illuminated dynamic Ca2þ signaling activity in living
cells and, more recently, whole organisms. We are just now beginning to understand how they work. Various fluorescence colors
of these indicators have been developed, including red. Red ones are promising because longer wavelengths of light scatter less
in tissue, making it possible to image deeper. They are engineered from a red fluorescent protein that is circularly permuted and
fused to a Ca2þ-sensing domain. When Ca2þ binds, a conformational change in the sensing domain causes a change in fluorescence. Three factors can contribute to this fluorescence change: 1) a shift in the protonation equilibrium of the chromophore,
2) a change in fluorescence quantum yield, and 3) a change in the extinction coefficient or the two-photon cross section, depending on if it is excited with one or two photons. Here, we conduct a systematic study of the photophysical properties of a range
of red Ca2þ indicators to determine which factors are the most important. In total, we analyzed nine indicators, including
jRGECO1a, K-GECO1, jRCaMP1a, R-GECO1, R-GECO1.2, CAR-GECO1, O-GECO1, REX-GECO1, and a new variant
termed jREX-GECO1. We find that these could be separated into three classes that each rely on a particular set of factors.
Furthermore, in some cases, the magnitude of the change in fluorescence was larger with two-photon excitation compared
to one-photon because of a change in the two-photon cross section, by up to a factor of two.

INTRODUCTION
The advent of fluorescent genetically encoded Ca2þ indicators (GECIs) has been revolutionary in understanding key
aspects of biology, ranging from immunology (1,2) to
neuroscience (3,4). These engineered proteins make it
possible to visualize dynamic Ca2þ levels in genetically specific live cells and tissues under both one-photon or twophoton excitation. There are many different GECI designs
(5,6). The most popular one is based on a single fluorescent
protein (FP) that is circularly permuted in the middle of its
b-barrel and then fused to calmodulin (CaM) at the new
C-terminus and a CaM-binding peptide at the new N-terminus. Initially, only green FP-based indicators of this type
were made (7–9). Their continuous development through
several generations to increase Ca2þ sensitivity resulted in
the widely used GCaMP6 series (10). Later, protein engineers broadened the color palette to include blue and red
(11). Red GECIs are especially desirable because red light
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penetrates deeper in living tissue than green or blue,
enabling deeper imaging (12). In addition, red-shifted
excitation wavelengths are associated with less autofluorescence and photodamage. Red GECIs also provide another
spectral channel for multicolor imaging and optogenetic
manipulation.
Current red GECIs originate from three different circularly permuted monomeric red FPs, which in turn come
from three different wild-type FPs (Fig. 1). The first red
GECI, R-GECO1 (11), was based on the directed evolution
of circularly permuted mApple (13) fused to the same Ca2þsensing domain as the green GECIs. From the R-GECO1
template, protein engineering efforts through random
mutagenesis as well as site-specific mutations yielded
the improved R-GECO1.2, a red-shifted variant CARGECO1, a long Stokes shift variant REX-GECO1, and a
blue-shifted variant O-GECO1 (14,15). Other R-GECO1
variants include R-CaMP1.07 and R-CaMP2 (16,17). One
of the latest is jRGECO1a (18), which was generated
through directed evolution with a neuron screening platform
to better detect Ca2þ transients produced by neuronal action
potentials. Another line of red GECIs based on circularly
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FIGURE 1 Genealogy of red GECIs. The ones under study are in color. Adapted from (21).

permuted mRuby (19) was created and designated the
RCaMPs (RCaMP1h was the most popular variant) (20).
These were also further improved with the neuron screening
platform, resulting in jRCaMP1a and jRCaMP1b (18). Most
recently, K-GECO1 was developed from a third circularly
permuted FP, mKate-derived FusionRed (21,22), whose
parent wild-type FP originates from the same organism as
mRuby’s.
In this wide range of red GECIs, Ca2þ binding causes
an increase in fluorescence intensity. Three factors can
contribute to a Ca2þ-dependent fluorescence change on a
molecular level. The first is a shift in the protonation equilibrium of the chromophore because the protonated and deprotonated forms behave quite differently. The second is a
change in the fluorescence quantum yield. The third is a
change in the molecular absorption coefficient at the excitation wavelength. For one-photon excitation, this is the
extinction coefficient; for two-photon excitation, it is the
two-photon cross section. This last factor could depend on
shifts of the excitation spectrum, and how it changes could
differ between one-photon and two-photon excitation.
In a detailed study of the popular green GECI GCaMP6m,
Barnett et al. found that the main mechanism of its Ca2þdependent fluorescence increase was a shift in the protonation-deprotonation equilibrium of the chromophore (23).
When Ca2þ binds, the conformational change of the protein
translates into a change in the electrostatic potential around
the chromophore. A consequent shift in the chromophore
pKa pushes the equilibrium from the protonated, neutral
form toward the deprotonated, anionic form. For
GCaMP6m, only the anionic form fluoresces when excited
at the wavelengths used to detect Ca2þ, so this results in
an increase in fluorescence.
Although some of the red GECIs may depend on a similar
mechanism, others appear to exhibit more of a change in the
quantum yield (20,21). How the molecular absorption coefficient plays a role is unclear. Additionally, any contrasts
between the fluorescence change under one-photon and
two-photon excitation have not been highlighted or ex-
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plained. Our goal was to find the main factors responsible
for the Ca2þ-dependent change in fluorescence in a cohort
of red GECIs.
Background and analytical considerations
Fig. 2 A presents a typical red GECI design, using
K-GECO1 in its Ca2þ-saturated state as an example (21).
It consists of a red FP that is circularly permuted so that
the original N- and C-termini are linked together, and new
ones are introduced into the seventh b-strand of the 11
b-strand barrel adjacent to the phenolic oxygen of the chromophore. The new termini are attached via short peptide
linkers to a two-part Ca2þ-sensing domain: CaM at the
C-terminus and a CaM-binding peptide at the N-terminus.
Depending on the red GECI, the N-terminus arm is either
the rat CaM-dependent kinase peptide ckkap (as in
K-GECO1 and R-CaMP2) or the chicken myosin lightchain kinase peptide RS20 (as in the other red GECIs
mentioned). In the Ca2þ-free state, CaM and its binding
peptide are apart, and the FP is dim. In the Ca2þ-saturated
state, four Ca2þ ions bind to CaM, and it undergoes a
conformational change to wrap around the CaM-binding
peptide. This causes the FP to increase in fluorescence.
Because the entire construct is genetically encoded, it is
possible to follow Ca2þ dynamics by expressing it in living
systems such as neurons and imaging fluorescence over time
(Fig. 2 B).
How can binding Ca2þ modulate the fluorescence of the
FP? As the chromophore is the molecule responsible for
the fluorescence, we begin by examining its two possible
protonation states, the protonated neutral form and the deprotonated anionic form (Fig. 2 C).
Nestled inside the FP b-barrel, the red FP chromophore
exists in an equilibrium between its neutral and anionic
forms that can shift in a Ca2þ-dependent manner. The
neutral (protonated) form maximally absorbs light at
"450 nm, whereas the anionic (deprotonated) form absorbs
at "570 nm (Fig. 2 D). Each form has a distinct fluorescence
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FIGURE 2 Red GECIs structure, function, and chromophore. (A) Crystal structure of K-GECO1 in the Ca2þ-saturated state (PDB: 5UKG (21)) is shown.
The FP is colored red, CaM is cyan, the CaM-binding peptide (ckkap in K-GECO1) is yellow, and the Ca2þ ions are purple. (B) (Adapted from (21)). Shown
is the imaging of spontaneous Ca2þ oscillations in dissociated rat hippocampal neurons with K-GECO1. Graph shows the change in fluorescence normalized
to baseline fluorescence over time in three different regions of interest. Inset: widefield image of K-GECO1 expression in neurons (Scale bars, 30 mm).
(C) Shown is the molecular structure of the typical red FP chromophore in its neutral and anionic forms. (D) Absorption spectrum illustrates the presence
of both forms of the chromophore in a red GECI. Shown is R-GECO1 in the Ca2þ-free state.

quantum yield (4), maximal extinction coefficient (ε), and
maximal two-photon cross section (s2). These properties
can depend on whether the protein is bound to Ca2þ.
Because of this, the neutral and anionic forms have their
own Ca2þ-dependent one-photon brightness (4 " ε) and
two-photon brightness (4 " s2). These, weighted by their
relative fractions (r), combine to make the total brightness
of a GECI in the Ca2þ-saturated and Ca2þ-free states. Equations 1 and 2 show the total one-photon brightness (F1) and
two-photon brightness (F2) as a function of excitation wavelength (l), where the subscripts A and N denote the anionic
or neutral form, respectively. The relative fraction rX is
defined by the concentration of form X divided by the total
concentration of chromophore.
F1 ðlÞ ¼ rA 4A εA ðlÞ þ rN 4N εN ðlÞ;
F2 ðlÞ ¼

rA 4A s2;A ðlÞ þ rN 4N s2;N ðlÞ:

(1)
(2)

The fluorescence ratio between the Ca2þ-saturated and
Ca2þ-free states can be expressed as Fn,sat/Fn,free, where
the subscript n is 1 or 2. Conveniently, at the excitation
wavelengths that are relevant to sensing Ca2þ (that is, the

Fn ratio is at or near its maximum), only one form of the
chromophore per Ca2þ state has to be considered because
the brightness of the other form is close to zero. Here, the
fluorescence ratios simplify to Eqs. 3 and 4, where the
subscript e denotes the ‘‘excitable’’ form of the chromophore: the form that yields appreciable fluorescence when
excited at the wavelengths where the Fn ratio is maximal.
We call it excitable because it dominates the excitation
spectrum of the red fluorescence at these wavelengths.
The excitable form could be neutral or anionic, and it could
also be different depending on whether the protein is bound
to Ca2þ.
!
"
ðre 4e εe ðlÞÞsat
F1;sat
¼
;
(3)
F1;free max
ðre 4e εe ðlÞÞfree
!

F2;sat
F2;free

"

max

¼

ðre 4e s2;e ðlÞÞsat
:
ðre 4e s2;e ðlÞÞfree

(4)

Because there are two forms of the chromophore,
measuring the quantum yield, or 4, corresponding to just
the excitable form can require a more involved approach.
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Specifically, this can occur when the excitable form of the
chromophore is anionic, but the concentration of the neutral
form is significant. In this case, the red tail of the neutral absorption band can overlap considerably with the blue tail of
the anionic absorption band (as in Ca2þ-free R-GECO1, see
Fig. 2 D). Therefore, both forms could contribute to the optical density (OD) at a typical excitation wavelength (that
does not overlap with emission) used to excite the anionic
form and measure its full fluorescence spectrum. We developed a new method that accounts for this and produces the
correct 4 of the anionic form (see Materials and Methods).
Finding the extinction coefficient, ε, of the excitable form
is also a more involved process because of the presence of
two forms of the chromophore. With the alkaline denaturation method, both forms of the chromophore give rise to
the denatured form with the known ε. Because of this, the
extinction coefficients listed in the original red GECIs articles (11,14,15,18,20,21) are effective values and technically
equal to a product of εe and re. We measured the individual ε
values for both the neutral and the anionic form of each protein in both Ca2þ-free and -bound states (see Materials and
Methods).
The first two factors, re and 4e, are the same for both onephoton and two-photon excitation. However, the ratios εe,sat/
εe,free and s2,e,sat/s2,e,free might not be equal since ε and s2
can depend differently on the local environment of the chromophore (24–26). Therefore, the Ca2þ-dependent change in
fluorescence could depend on the mode of excitation.

MATERIALS AND METHODS
Fluorescence quantum yields
Fluorescence quantum yields (4) were measured with an integrating sphere
fluorometer (Quantaurus-QY; Hamamatsu Photonics, Hamamatsu City,
Japan). The solvent-only reference measurement was done in the same
cuvette as the sample (1 cm pathlength quartz cuvette). The peak OD of
the sample was less than 0.1. Values presented in Table 1 are from one independent measurement that includes averaging three to four reference
measurements and 3–20 sample measurements from the same software
acquisition file.
It is trivial to measure the 4 of a sample with only one chromophore.
However, in these Ca2þ indicators, there are two forms of the red chromophore that maximally absorb at distinct wavelengths: the neutral form at
"450 nm and the anionic form at "570 nm. We measured the 4 of the excitable form of the chromophore: the form that dominates the fluorescence
signal when excited at the wavelengths where the Ca2þ-induced fluorescence change is largest. If the excitable form is anionic and the relative fraction of the neutral form is significant, then because of spectral overlap, both
forms could contribute to the absorbance at a typical excitation wavelength
used to excite the anionic form and measure its full fluorescence spectrum.
We developed the following method to correct for this.
The method requires measurements at two different wavelengths. One is
at the typical excitation wavelength to get the full emission spectrum of the
anionic form, called lblue, where the neutral form still absorbs. The other is
at the peak of the anionic form absorption, lred, where the neutral form absorption becomes insignificant in comparison. With information from these
two measurements and the following equations, we can get the correct 4 of
the anionic form.
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In an integrating sphere, the 4 is calculated as the integral of the emission
spectrum of the sample, P, divided by the difference of the integrals of the
excitation light intensity transmitted by the reference (solvent only), R, and
the sample, S: 4 ¼ P/(R $ S). The integral P is proportional to the total
number of photons emitted by the sample, and (R $ S) is proportional to
the number of photons absorbed. Each integral is written explicitly in
Eqs. 5, 6, and 7, where lex is the excitation wavelength, Dl is the excitation
half-bandwidth ("10 nm), f(l) is the fluorescence spectrum, and R(l) and
S(l) are the spectral distributions of excitation light intensity reaching the
detector from the reference and sample, respectively.

P ¼

ZN

f ðlÞdl;

(5)

lZ
ex þDl

RðlÞdl;

(6)

lZ
ex þDl

SðlÞdl:

(7)

lex þDl

R ¼

lex $Dl

S ¼

lex $Dl

When exciting the sample at lred, the absorbance (Rred $ Sred) should
belong solely to the anionic form. However, the measured effective 4 can
be underestimated or overestimated because of two counteracting factors.
First, only part of the emission spectrum can be integrated because the excitation light overlaps with it. We define this ‘‘short’’ fluorescence integral as
Hred (Eq. 8). Second, the part of the fluorescence resonant with the excitation light contributes to the integral of the excitation light intensity of the
sample Sred, resulting in the underestimation of absorbed photons. We
call this the ‘‘very short’’ fluorescence integral Ered, which is the sample
emission integrated over the bandwidth of excitation (Eq. 9). The correct
4, denoted C, requires the ‘‘full’’ integral, or the integral of the full fluorescence spectrum, Fred. It is described by Eq. 10.

Hred ¼

ZN

f ðlÞdl;

(8)

f ðlÞdl;

(9)

lredþDl

Ered ¼

lred
Z þDl

lred$Dl

C ¼

Fred
:
Rred $ ðSred $ EredÞ

(10)

To find C, we make an additional measurement with the excitation
wavelength lblue, which is out of the range of emission. With this measurement, we can get the relative values of the full, short, and very short fluorescence integrals as Fblue, Hblue, and Eblue, respectively. Now we can use
the relations Fred/Hred ¼ Fblue/Hblue and Ered/Hred ¼ Eblue/Hblue to find C
(Eq. 11).

Hred
Fblue
H
! blue
":
C ¼
Hred
Rred $ Sred $
Eblue
Hblue

(11)
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This method can be applied to find the correct quantum yield of the
redder chromophore in a mixture of two chromophores as long as the emission of the bluer chromophore is negligible within the range of emission of
the redder chromophore when exciting at lblue. This method was checked
with a mixture of 6.5 mM 3,30 -dioctadecyloxacarbocyanine perchlorate (absorption peak 487 nm) and 1.2 mM Cresyl violet (CV) (absorption peak
601 nm) in ethanol (Fig. S1 A). The mixture was measured with lblue ¼
520 nm (where the absorption of the two overlap) and lred ¼ 600 nm.
The correct quantum yield C of CV as calculated with Eq. 11 was identical
(<1% difference) to the quantum yield obtained with an excitation wavelength in which 3,30 -dioctadecyloxacarbocyanine perchlorate does not
absorb (565 nm). The short and very short fluorescence integrals of CV
in this case are illustrated in Fig. S1 B.
We applied this method to measure the correct quantum yield C of the
anionic form for the Ca2þ-free states of jRGECO1a, K-GECO1,
jRCaMP1a, CAR-GECO1, O-GECO1, R-GECO1, and R-GECO1.2 (values
are displayed in Table 1). For the Ca2þ-saturated states of all proteins, and
the Ca2þ-free states of REX-GECO1 and jREX-GECO1, no corrections
were necessary. In these cases, the correct quantum yields in Table 1
were simply measured with lblue excitation.

The Ca2þ-free and Ca2þ-saturated states of each protein were subjected to
stepwise alkaline and acid titrations (Figs. 4, S7, and S8) by gradually adding 2–10 mL of 0.1–1 M NaOH or HCl, respectively, to a sample of 500–
1200 mL. Absorption was measured at each step with a LAMBDA 950
Spectrophotometer (PerkinElmer, Waltham, MA), and pH was measured
with an Orion PerpHecT ROSS combination pH microelectrode (Thermo
Fisher Scientific, Waltham, MA). For the alkaline titrations of the Ca2þsaturated state, the protein was first diluted 1:100 into a pH 7.2 buffer
with 30 mM 3-(N-morpholino)propane sulfonic acid (MOPS), 100 mM
KCl, 50 mM CaCl2, and no EGTA because at a higher pH the Kd of
EGTA for Ca2þ decreases dramatically (27). To determine the chromophore
pKa values, the OD at the peak of the anionic absorbance (even if it shifted
throughout the titration) was plotted versus pH in a range in which it was
not denaturing, and the protein was not precipitating (which happened in
some instances at the end of the acid titrations). The plot was fitted with
1, 2, or 3 pKa values using OriginPro 2017 (OriginLab, Northampton,
MA) and Eq. 12 in which ODmaxn is the maximal OD of specie n for
pKa,n (and was a free parameter):

ODmax1 $10 pH#pKa;1 ODmax2 $10 pH#pKa;2
þ
1 þ 10 pH#pKa;1
1 þ 10 pH#pKa;2
pH#pKa;3
ODmax3 $10
þ
:
1 þ 10 pH#pKa;3

Determination of the relative fraction of the
excitable form of the chromophore
The relative fraction of the excitable form of the chromophore in the Ca2þfree and Ca2þ-saturated states for each protein, re, was calculated with
Eq. 13 using the absorption spectra collected at pH 7.2.

Chromophore pKa values and extinction
coefficients

OD ¼

dence was linear, we used the slope to calculate the neutral ε. The OD at the
neutral and denatured peaks was corrected for any contribution of the
blue tail of the anionic absorption, using the spectrum at the pH when
the anionic form is maximal as a reference. This slope method is further
detailed in (23).
For CAR-GECO1, K-GECO1, and jRCaMP1a, the slope method was
used to find both the ε value of the anionic form and the neutral form
because of the significant presence of the immature green chromophore
in CAR-GECO1 and the appearance of a 380 nm peak in K-GECO1 and
jRCaMP1a during denaturation. To obtain the anionic ε for these proteins,
we plotted the OD of the anionic form versus the OD of the $450 nm denatured form and fit the slope at the end of the titration where it was linear
and, in the case of K-GECO1 and jRCaMP1a, where the 380 nm peak had
already reached its maximum. Linear plots with a fitted slope are displayed
in Fig. S2 using CAR-GECO1 as an example. For special corrections to the
pH titrations of jREX-GECO1 and REX-GECO1, see Supporting Materials
and Methods.

(12)

The anionic and neutral forms of the chromophore have distinct extinction coefficients (ε). To get the ε values of the anionic form for R-GECO1,
R-GECO1.2, O-GECO1, jRGECO1a, REX-GECO1, and jREX-GECO1,
we took the OD of the anionic peak at the pH in which it reached its
maximum during the alkaline titration, divided it by the maximal OD of
the alkaline denatured form with a known ε (44,100 M#1cm#1 (28)), and
multiplied it by that known ε. The presence of the immature green chromophore was considered to be insignificant in these proteins. For R-GECO1,
R-GECO1.2, O-GECO1, and jRGECO1a, in which the anionic peak shifted
red at pH T 8.5 in the Ca2þ-saturated state, we took the maximal OD
before the shift. The shift is probably due to a titration of residue(s) near
the chromophore, and our method provided the ε of the chromophore in
the environment corresponding to pH 7.2. To get the ε of the neutral
form using the now-known ε of the anionic form, we plotted the anionic
peak OD versus the neutral peak OD across the titration. Where the depen-

ODe
εe
re ¼
;
ODe ODne
þ
εe
εne

(13)

where ε is the extinction coefficient; the subscripts e and ne stand for the
excitable and nonexcitable form, respectively. For special corrections to
determining the relative fraction for K-GECO1 and CAR-GECO1, see Supporting Materials and Methods.

Two-photon characterization
To collect the two-photon absorption spectra, the tunable femtosecond
laser InSight DeepSee (Spectra-Physics, Santa Clara, CA) was used to
excite the fluorescence of the sample contained in a 3 mm glass cuvette
(Starna Cells, Atascadero, CA) within a PC1 Spectrofluorimeter (ISS,
Champaign, IL). The laser was automatically stepped to each wavelength
over the spectral range with a custom LabVIEW program (National
Instruments, Austin, TX), with at least 30 s at each wavelength to stabilize. We measured two samples per laser scan by using both the sample
and reference holders and switching between them with the autoswitching
mechanism on the PC1. The laser was focused on the sample through a
45-mm near-infrared achromatic lens with antireflection coating from
750–1550 nm (Edmund Optics, Barrington, NJ). Fluorescence was
collected from the first 0.7 mm of the sample at 90% with the standard
PC1 collection optics through a combination of either 680/SP, 633/SP,
or 694/SP filters together with a 745/SP filter (Semrock) to remove all
laser-scattered light and a 570/longpass filter (Edmund Optics) to remove
the residual green fluorescence of the immature chromophore. To correct
for wavelength-to-wavelength variations of laser parameters, we used
LDS798 (Exciton, Lockbourne, OH) in 1:2 CHCl3:CDCl3 as a reference
standard between 900 and 1240 nm (29) and Coumarin 540A (Exciton)
in 1:10 dimethyl sulfoxide:deuterated dimethyl sulfoxide between 700
and 952 nm (30). Adding the deuterated solvents (MilliporeSigma,
Darmstadt, Germany) was necessary to decrease near-infrared solvent
absorption. The standards were measured at least twice a week in both
the sample and the reference holder. All the dyes were magnetically
stirred throughout the measurements. Quadratic power dependence of
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fluorescence in the proteins and standards was checked at several wavelengths across the spectrum.
For the two-photon cross sections, we measured each protein versus
Rhodamine 6G in MeOH at 1052 nm (two-photon cross section, s2 ¼ 9.9
GM (31)). Rhodamine 6G was chosen because the value for s2 at this wavelength agrees across the literature (30,31). (Rhodamine B, which was the
standard for previous two-photon measurements of some red GECIs, is
pH-sensitive with variable s2 values.) Power dependence of fluorescence intensity was recorded with the PC1 monochromator at a wavelength in which
the OD was T 0.05 and fitted to a parabola with the curvature coefficient
proportional to s2. These coefficients were normalized for the differential
fluorescence quantum yield at the registration wavelength and the concentrations. The differential quantum yields of the standard and the sample were
obtained using the data from the fluorescence quantum yield measurements
and selecting an integral range from "5 nm to the left and right of the registration wavelength. Concentrations were determined by Beer’s Law. For
Rhodamine 6G in MeOH, ε ¼ 100,500 M#1cm#1 (31). For most of the
proteins (except for the Ca2þ-saturated state of REX-GECO1 and jREXGECO1), the s2 at 1052 nm corresponds to the anionic form of the chromophore, and the concentration was determined with the maximal OD of the
anionic form and its ε. For the Ca2þ-saturated state of REX-GECO1 and
jREX-GECO1, the OD at the peak of the absorption spectrum and the ε of
the neutral chromophore was used to find the concentration.

Direct measurements of Ca2D-saturated/free F1
and F2 ratios
We measured the Ca2þ-saturated/free F1 and F2 ratios for each protein directly
by comparing the Ca2þ-saturated and Ca2þ-free states with known
concentrations of protein relative to each other. To make the samples, a portion
of Ca2þ-free protein was diluted 10 times to a total volume of 150 mL into a
Ca2þ-saturated buffer (30 mM MOPS, 100 mM KCl, and 10 mM CaCl2) and
then the pH was adjusted back to 7.2 with 3–5 mL of 0.1 M NaOH. An equivalent volume of 18.2 MU water was added to the Ca2þ-free sample to maintain
a known concentration ratio between the two samples.
For the F2 ratio spectra, the shape was calculated by dividing the Ca2þsaturated two-photon excitation spectrum by the Ca2þ-free two-photon
excitation spectrum. Then, the ratio of the fluorescence signals was
measured at three laser wavelengths around the maximal ratio. The setup
from the two-photon characterization section was employed, and fluorescence was collected through 745/shortpass (SP) and 770/SP filters
(Semrock, Rochester, NY). After applying the known concentration ratio,
the F2 ratio spectrum was normalized to the three fluorescence signal ratios,
and the results were averaged (Fig. S3).
For the F1 ratios, the samples were diluted further into 1 cm glass cuvettes for a total volume of 2 mL. The excitation spectrum for each sample
was scanned with the LS 55 Fluorescence Spectrometer (PerkinElmer) with
excitation slits set to 10 nm, and the entire fluorescence was collected by
setting the emission grating to the 0-th diffraction order. The background
fluorescence spectrum of water in a 1 cm glass cuvette was subtracted
from each spectrum, scaled so that the fluorescence at 650 nm became
approximately zero. The ratio between the Ca2þ-saturated and Ca2þ-free
spectra was calculated and adjusted to account for the concentration difference between the two.

RESULTS
The red GECIs studied here are highlighted in Fig. 1:
R-GECO1, R-GECO1.2, CAR-GECO1, O-GECO1, REXGECO1, jRGECO1a, jRCaMP1a, and K-GECO1. Although
the chromophores in O-GECO1 and jRCaMP1a have
slightly different structures than the typical red FP chromophore displayed in Fig. 2 C (Fig. S4), the same analysis still
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applies because they also undergo the protonation-deprotonation reaction. We additionally present a new red GECI,
jREX-GECO1, which is derived from REX-GECO1 and
incorporates mutations present in jRGECO1a. A protein
sequence alignment of these nine GECIs can be found in
Fig. S5.
The first clue to the mechanism behind the Ca2þ-dependent change in fluorescence comes from the one-photon absorption spectra of the Ca2þ-free and saturated states
(Fig. 3). Any changes in spectra between the two states
could reveal changes in the neutral/anionic chromophore
equilibrium and thus the relative fraction of the excitable
form, re. In all but two of the indicators, the concentration
of the anionic form appears to increase when Ca2þ binds.
The two exceptions, jREX-GECO1 (Fig. 3 G) and REXGECO1 (Fig. 3 H), display an opposite effect: the chromophore distribution shifts from predominantly anionic in the
Ca2þ-free state to neutral in the Ca2þ-saturated state.
Among the other seven, there is a consistent blue shift of
the anionic form absorption peak upon Ca2þ binding.
K-GECO1 (Fig. 3 D) and jRCaMP1a (Fig. 3 E) stand out
as having both a smaller increase and a shorter blue shift
of the anionic form compared to the other five (%2 nm
vs. R13 nm). The spectral shifts are also apparent in the
one-photon excitation and emission spectra (Fig. S6). Based
on these observations, these nine red GECIs can be separated into three classes: class I, which includes jRGECO1a,
CAR-GECO1, R-GECO1, R-GECO1.2, and O-GECO1
(names colored blue in the figures); class II, which includes
K-GECO1 and jRCaMP1a (names colored gold); and
class III, which includes jREX-GECO1 and REX-GECO1
(names colored magenta).
Again, the excitable form of the chromophore is the one
that dominates the excitation spectrum at the wavelengths
where the Ca2þ-dependent fluorescence change is maximal.
In classes I and II, we find that the excitable form of the
chromophore is anionic regardless of the presence of
Ca2þ. In class III, the excitable form is anionic in the
Ca2þ-free state and neutral in the Ca2þ-saturated state
(Fig. S6). Quantitative values of re are displayed in Table 1.
We can gain insight into why re changes with Ca2þ binding by looking at the one-photon absorption spectra as a
function of pH and finding the apparent pKa values for
each Ca2þ state (Figs. 4, S7, and S8). Starting from Fig. 4,
we chose to highlight jRGECO1a, K-GECO1, and jREXGECO1 as examples of their respective classes. Figures
for the other six red GECIs can be found in the Supporting
Materials and Methods. The absorbance pH titrations generally show the neutral form titrating to the anionic form as the
pH increases, and they display different behaviors depending on both the Ca2þ state and the class.
In class I, when no Ca2þ is present, the titration displays a
clean isosbestic point between the neutral and anionic peaks
belonging to the red chromophore and no spectral shifts
(Figs. 4 A, S7, A–C, and S8 A). On the contrary, in the
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jREX-GECO1

REX-GECO1

jRCaMP1a

K-GECO1

CAR-GECO1

O-GECO1
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R-GECO1
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þ
"
þ
"
þ
"
þ
"
þ
"
þ
"
þ
"
þ
"
þ
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2þ

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
N
A
N

e

a

0.06
0.82
0.033
0.8
0.054
0.86
0.0076
0.9
0.039
0.9
0.25
0.75
0.55
0.8
0.43
1
0.37
1

re 5 11%

b

0.15
0.21
0.21
0.31
0.18
0.21
0.22
0.23
0.17
0.26
0.19
0.48
0.29
0.54
0.05
0.21
0.06
0.21

4e 5 5%
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89
69
71
56
88
74
80
59
92
71
75
84
78
77
89
83
86
78

(577)
(563)
(573)
(558)
(577)
(563)
(557)
(544)
(575)
(563)
(569)
(566)
(573)
(572)
(583)
(577)
(579)
(570)

εA,max 5 5%
mM"1cm"1
(l nm)
33 (447)
30 (451)
27 (443)
26 (445)
32 (447)
39 (443)
30 (433)
23 (422)
38 (447)
40 (425)
45 (451)
34 (440)
37 (451)
24 (450)
34 (449)
33 (489)
32 (447)
34 (488)

εN,max 5 5%
mM"1cm"1
(l nm)
24 (1072)
31 (1056)
21 (1072)
31 (1044)
18 (1076)
31 (1056)
19 (1044)
24 (1028)
25 (1072)
36 (1060)
16 (1068)
23 (1068)
25 (1076)
23 (1076)
24 (1076)
35 (920)
30 (1080)
39 (920)

s2,e,max 5
17% GM
(l nm)
0.8 (577)
12 (563)
0.49 (573)
14 (558)
0.8 (577)
13 (563)
0.14 (557)
12 (544)
0.59 (575)
17 (563)
3.6 (569)
30 (566)
13 (573)
34 (572)
2.1 (583)
6.9 (489)
1.9 (579)
7.0 (488)

F1,max 5 13%
mM"1cm"1
(l nm)
0.21 (1072)
5 (1056)
0.14 (1072)
8 (1044)
0.17 (1076)
5 (1056)
0.032 (1044)
5 (1028)
0.16 (1072)
8 (1060)
0.8 (1068)
8 (1068)
4.0 (1076)
10 (1076)
0.6 (1076)
7 (920)
0.7 (1080)
8 (920)

F2,max 5 21%
GM (l nm)

28 (450)

32 (450)

3.4 (518)

11 (530)

42 (516)

140 (502)

23 (514)

45 (514)

23 (516)

F1 max.
ratio 5 9%
(lRmax nm)c

26 (900)

31 (900)

4.3 (1036)

13 (1060)

62 (1032)

220 (1004)

44 (1028)

73 (1028)

38 (1032)

F2 max.
ratio 5 9%
(2lRmax nm)c

b

Excitable form of the chromophore, anionic (A) or neutral (N).
Estimated relative SD.
c
The Fn maximal ratios were measured directly by taking the ratio of total fluorescence signals normalized to the known relative protein concentration between the Ca2þ-free and Ca2þ-saturated samples.

a

III

II

I

Class

TABLE 1
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FIGURE 3 The red GECIs under study can be separated into three classes based on their one-photon absorption spectra. Plotted are the respective spectra
of the nine indicators under study (A–I). In each plot, the Ca2þ-free state (green) and Ca2þ-saturated state (purple) are shown at the same protein concentration and normalized to the peak absorbance in the Ca2þ-saturated state. The names are colored by class: blue for class I, gold for class II, and magenta for
class III.

Ca2þ-saturated state, the anionic form undergoes clear spectral shifts (Figs. 4 D, S7, D–F, and S8 D). The Ca2þ-free
state has one wave of titration and one apparent pKa,
whereas the Ca2þ-saturated state exhibits two to three waves
of titration, each corresponding to a different pKa value
(Figs. 4 G, S7, G–I, and S8 G). This is likely due to titratable
residues near the chromophore in the Ca2þ-saturated state
that affect its pKa as well as the absorption of the anionic
form (32–34). The titration of jRGECO1a exemplifies these
observations. In the Ca2þ-free titration (Fig. 4 A), there is
just one pKa, and the peak position of the anionic form stays
at 577 nm (Fig. 4 G). For Ca2þ-saturated jRGECO1a, there
are three apparent pKa values (Fig. 4 D), and the absorption
peak of the anionic form shifts to three distinct wavelengths
throughout the titration (Fig. 4 A): 577 nm at pH % "5.5,
563 nm from pH "6.5–9, and 575 nm at pH R "9.
The titrations in class II were best fit with a single pKa
(Figs. 4 H and S8 H), except for K-GECO1 in the Ca2þ-
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free state, which displayed a broad titration curve that could
only be satisfactorily fit with two pKa values. There are subtle spectral shifts of the anionic peak in both Ca2þ states of
class II; it shifts blue as it increases and shifts red right
before it denatures (Figs. 4, B and E and S8, B and E).
The pH titrations in class II are also characterized by a
peak at "380 nm that irreversibly appears at alkaline pH,
which may be due to the denatured form of the cleaved protein chromophore shown in Fig. S4 C (20,22,35–37).
Interestingly, in class III, when titrating the Ca2þ-saturated state from neutral to acidic pH, the spectrum unexpectedly morphs from the broad "490 nm peak into two peaks
that presumably belong to the neutral and anionic forms of
the chromophore (Figs. 4 F and S8 F). This could be due to
protonation of the Glu49 residue (numbered as in Fig. S5)
near the phenolic oxygen of the chromophore that somewhat
stabilizes the anionic form. The clean isosbestic point when
titrating from neutral to alkaline pH between the 490 nm
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FIGURE 4 Absorbance pH titrations and shifts in pKa are starkly different between classes and between their Ca2þ-free and Ca2þ-saturated states. Titrations from neutral to acidic pH and neutral to alkaline pH were done separately and then combined. The figures are normalized to the observed maximal
absorbance of the anionic form. (A–F) Representative spectra from absorbance pH titrations are shown, measured in either Ca2þ-free or Ca2þ-saturated buffer
as noted. Each spectrum was measured at the pH value designated in the legends. The final spectrum (red dashed line) belongs to the denatured chromophore.
(G–I) Apparent pKa curves are shown, showing the OD of the anionic form as a function of pH. The pKa values are indicated on the fitted curve. (H) Only part
of the K-GECO1 titrations could be fitted because of protein precipitation at pH values below those displayed and early denaturation of the anionic form at
higher pH values.

form and the 570 nm form suggests that the 490 nm form is
singularly neutral. Assuming it is, the alkaline titration can
be fit with one very high pKa (11.63 5 0.02 for jREXGECO1). The Ca2þ-free titrations of class III are best fit
with three pKa values (Figs. 4 I and S8 I), and spectral shifts
of the anionic form are present.
For classes I and II in which the excitable form is always
anionic, the Ca2þ-induced changes in re qualitatively follow
from the shifts in apparent pKa (Table S1). In class I, the
Ca2þ-saturated pKa with the largest amplitude change of
the curve is always the first (most acidic) one (Figs. 4 G,
S7, G–I, and S8 G). It is usually "3.5 pH units smaller
than the Ca2þ-free pKa. In class II, the pKa changes less between Ca2þ states. For K-GECO1, the shift is "0.4 pH units
if we consider the first wave of titration in the Ca2þ-free
state, and jRCaMP1a has a shift of only 0.3 pH units. The
Ca2þ-saturated/free re ratios of class I and class II reflect
their differences in pKa shifts. In class I, the ratio ranges

between 14 and 121, whereas in class II, the re ratio is 3
for K-GECO1 and 1.5 for jRCaMP1a. In class III, there is
a large pKa shift in the opposite direction when Ca2þ binds,
showing how the neutral form is favored in the Ca2þ-saturated state (Figs. 4 I and S8 I).
After investigating the change in re, the next clue is
the fluorescence quantum yield of the excitable form, 4e
(Table 1). In class I, 4e ranges from 0.15 to 0.31, and 4e
increases when Ca2þ is bound, from an insignificant
change in O-GECO1 to 1.5 times in CAR-GECO1. In
class II, the 4e values in the Ca2þ-saturated state are
higher than in class I (0.48–0.54). Also, the Ca2þ-dependent increase of 4e is more prominent: 1.85 times for
jRCaMP1a and 2.5 times for K-GECO1. Class III has the
largest increases of 4e (2.5–3.5 times) because whereas
the Ca2þ-saturated 4 values of the neutral form equal
0.21, the 4 values of the Ca2þ-free anionic form are
much lower (0.05–0.06). In every class the 4e increases
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when Ca2þ binds, although the degree to which it does
depends on the class.
The final factor contributing to the Ca2þ-saturated/free
ratio of the fluorescence signal is the molecular absorption
coefficient of the excitable form and how it changes because
of Ca2þ at the excitation wavelength. This is the factor that
can be quite different in one-photon versus two-photon excitation. Directly measuring the Ca2þ-saturated/free F1 and F2
ratios as a function of excitation wavelength can reveal these
differences. To do this, we took the ratio of the integrated
fluorescence signal across the excitation spectrum for samples with and without Ca2þ, normalized to known relative
concentrations of protein. When the Ca2þ-saturated/free
F1 and F2 ratios are plotted together versus transition wavelength (corresponding to half the laser wavelength in the
two-photon case), the shapes of the ratios look similar for
both modes of excitation (Figs. 5, A–C, S9, A–C, and S10,
A–C). However, the absolute values of the ratios are not

always the same. This is especially apparent at the transition
wavelength where the ratios are maximal, marked with a
vertical dashed line, and called lRmax. In classes I and II,
the ratio spectra have a double-humped nature because of
the spectral shift of the anionic form between Ca2þ states,
and we selected the shorter wavelength hump as lRmax for
consistency. For all members of class I, the F2 ratio is significantly larger than the F1 ratio by 1.5–1.9 times as exemplified by jRGECO1a (Figs. 5 A, S9, A–C, and S10 A). For
classes II and III, represented by K-GECO1 and jREXGECO1, respectively, the F1 and F2 ratios are not significantly different (Figs. 5, B and C and S10, B and C).
To get the molecular brightness spectra for the Ca2þ-free
and saturated states separately, we normalized their one- and
two-photon absorption spectra to F1 and F2, respectively
(Figs. 5, D–F, S9, D–F, S10, D–F, and S11). F1 and F2 values
were calculated from the independently measured parameters re, 4e, εe, and s2,e. Next, to explain the differences

FIGURE 5 Spectral analysis of jRGECO1a (row 1), K-GECO1 (row 2), and jREX-GECO1 (row 3), representing classes I, II, and III of red GECIs, respectively. The vertical dashed line on each plot indicates the transition wavelength of excitation (lRmax) where the Ca2þ-saturated/free F1 and F2 ratios are
approximately maximal. (A–C) Ca2þ-saturated/free (Sat/Free) F1 (dotted line) and F2 (solid line) ratios as a function of excitation wavelength were measured
directly by taking the ratio of the integrated fluorescence signal normalized to the known relative protein concentration between the Ca2þ-free and Ca2þsaturated samples. (D–F) Shown are the spectra of the one-photon brightness (F1, dotted lines, left and bottom axes) and two-photon brightness (F2, solid
lines, right and top axes) of the Ca2þ-free and Ca2þ-saturated states. (G–I) Shown are the one-photon absorption (1PA) and two-photon absorption (2PA)
spectra of the excitable form of the chromophore, shown in values of εe (left and bottom axes) and s2,e (right and top axes), respectively, for the Ca2þ-free and
Ca2þ-saturated states.
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between the directly measured F1 and F2 ratios for class I
versus the other classes, we normalized the one- and twophoton absorption spectra of the excitable form to εe and
s2,e, respectively (Figs. 5, G–I, S9, G–I, and S10, G–I). At
lRmax (again marked with a vertical dashed line), the s2,e
of jRGECO1a increases by 2.4 times in the Ca2þ-saturated
state. In comparison, the increase of εe at lRmax is much
smaller ("1.2 times) (Fig. 5 D). A similar phenomenon occurs for the rest of class I. Curiously, εe at lRmax only increases because of the spectral shift, whereas εe at the
peak actually decreases slightly for class I when Ca2þ binds
(Table 1). In class II, there is no significant change of s2,e or
εe (Figs. 5 H and S10 H). Although the s2,e of K-GECO1 appears to increase, the uncertainty of the measurement is too
large to consider it statistically significant (Table 1). Finally,
class III, represented by jREX-GECO1, exhibits equivalent
Ca2þ-induced increases of εe and s2,e (Figs. 5 I and S10 I).
They both increase "3.6 times on average at lRmax. This is
due to the switch of the excitable form from the anionic to
the neutral, and the major shift between their absorption
spectra under both one- and two-photon excitation.
The final question remains: of the three different factors,
which one matters the most for the Ca2þ-saturated/free fluorescence ratios? We have found that the answer to this question depends on the indicator class. The Ca2þ-saturated/free
ratios for each parameter are visualized in Figs. 6 and S12.
Representing class I, jRGECO1a (Fig. 6 A) has a re,sat/re,free
ratio that far exceeds the other ratios. An increase in s2,e increases the F2 ratio by two times. From class II, K-GECO1
(Fig. 6 B) has comparable contributions to the overall Fn ratios from changes in both re and 4e. Last, in class III, all
three factors play a significant role as illustrated by the
example of jREX-GECO1 (Fig. 6 C).
DISCUSSION
We set out to determine the main factors that contribute to
the Ca2þ-dependent fluorescence change in nine red GECIs
under both one-photon and two-photon excitation. The key

parameters that could change because of Ca2þ are the
following: 1) the relative fraction of the chromophore in
the excitable protonation state (re), 2) the quantum yield
of the excitable state (4e), and 3) the extinction coefficient
(εe) or two-photon cross section (s2,e) of the excitable state
at the excitation wavelength.
We found that the nine red Ca2þ indicators could be separated into three different classes, each of which relied on
different factors. Class I consists of jRGECO1a, CARGECO1, R-GECO1, R-GECO1.2, and O-GECO1. Class II
includes K-GECO1 and jRCaMP1a. In these two classes,
the excitable form of the chromophore is anionic for both
the Ca2þ-free and saturated states. Class III contains
jREX-GECO1 and REX-GECO1. It is unique because the
excitable form switches from anionic in the Ca2þ-free state
to neutral in the Ca2þ-saturated state. The fluorescence
change in class I is mostly due to a dramatic increase in
re because of a large Ca2þ-dependent shift in pKa. This is
much like GCaMP6m (23). Additionally, an increase in
s2,e when Ca2þ binds contributes to the F2 ratio by approximately twofold on average for class I. The indicators in
class II depend on both a Ca2þ-induced increase in re and
4e. In class III, all the factors are comparably important to
the change in fluorescence. Classes I and II were previously
alluded to in (20), where the importance of the change in the
chromophore pKa between Ca2þ states was highlighted for
R-GECO1, and the change in 4 was seen to be more important for the RCaMP series (which jRCaMP1a was based on).
The spectral shapes of the Ca2þ-saturated/free fluorescence excitation ratios are very similar under one-photon
excitation and two-photon excitation. Interestingly, for
class I, the value of the fluorescence ratio is greater under
two-photon excitation compared to one-photon excitation
at lRmax. This is because the s2 of the anionic form increases
upon Ca2þ binding, whereas the ε of the anionic form
changes little or not at all. The increase in s2 for the anionic
chromophore can be explained by its sensitivity to the local
electric field created by the protein surrounding (24–26).
This sensitivity is due to a factor describing the change of

FIGURE 6 Each class depends on a different set of factors for the Ca2þ-induced fluorescence change. Shown are Ca2þ-saturated/free ratios (Sat/Free) of
re, 4e, εe(lRmax), and s2,e(lRmax) of (A) jRGECO1a, (B) K-GECO1, and (C) jREX-GECO1. Insets: Ca2þ-saturated/free F1 and F2 ratios were both calculated
from the independent measurements of re, 4e, εe, and s2,e (tan) and measured directly (green) as described for Fig. 5. The horizontal dashed line marks a
Ca2þ-saturated/free (Sat/Free) ratio of 1 (no change) for each plot. Error bars represent estimated SDs.
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the permanent dipole moment of the chromophore upon
excitation that enters the expression for s2, and the electric
field affects this factor through polarizability.
Notably, the increase in s2 of the anionic chromophore is
always paralleled by a shift of the one-photon absorption
peak to a shorter wavelength. We previously developed a
physical model (24–26) that predicts that both of these
changes will happen if the electric field increases, directed
from the center of the phenolate ring to the center of the
imidazole ring. In red GECIs, the chromophore is oriented
such that its phenolate oxygen points toward the site of circular permutation where the Ca2þ-sensing domain is fused
to the FP (as observed for RCaMP, Protein Data Bank
(PDB): 3U0K (20); R-GECO1, PDB: 4I2Y (20); and
K-GECO1, PDB: 5UKG (21); see Fig. 1 A). Because of
this geometry, the conformational change of the protein
when it binds to Ca2þ would likely modulate the electric
field along the phenolate-imidazole axis of the chromophore. We propose that the increase in s2 results from an increase in the electric field in this direction, in which positive
charges move closer to the phenolate oxygen and/or negative charges move farther away.
With this in mind, we can compare potential Ca2þinduced electric field changes for both class I and class II
because the excitable form of the chromophore is always
anionic. The indicators in class I show the greatest increases
in s2 and the largest blue shifts (13–15 nm), whereas those
in class II show insignificant increases in s2 and small blue
shifts (1–2 nm). These differences might be because of what
is hydrogen bonded to the phenolate oxygen of the chromophore in the Ca2þ-saturated state. In class I, it is a positive
residue (Lys49, numbered according to Fig. S5), based on
the crystal structure of R-GECO1 (20). In class II, only
neutral residues (Asn32 and Thr278 for K-GECO1 and
jRCaMP1a, respectively) and water molecules are bound
to that oxygen (20,21). If those hydrogen bonds are disrupted in the Ca2þ-free state, then this could explain the largest
changes in s2 for class I and insignificant changes for
class II. There is likely a Ca2þ-induced increase in the electric field along the phenolate-imidazole axis that is much
stronger for class I.
The changes in re for class I and class II qualitatively
follow the same trend as the changes in s2, which can be
explained on similar electrostatics grounds. For class I, the
major Ca2þ-induced shift of the acid-base equilibrium of
the chromophore toward its deprotonated, anionic form is
probably a result of the positive charge on Lys49 coming
closer to the phenolic oxygen. In class II, this pKa shift
is not as prominent because there are no charges to
redistribute.
In support of these observations, the indicators in class III
were initially developed by mutating the positive Lys49 in
R-GECO1 to the negative Glu49, stabilizing the protonated,
neutral form in the Ca2þ-saturated state (15). Importantly,
the proximity of the Glu49 carboxylate in the Ca2þ-satu-
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rated state also makes excited-state proton transfer possible
for class III proteins (15,38). The neutral form of the chromophore undergoes excited-state proton transfer upon excitation by giving its proton to Glu, and then it emits from the
anionic state, resulting in the long Stokes shift. This
pathway is disrupted in the Ca2þ-free state because the
Glu49 carboxylate is not in close proximity. This is why
the excitable form is anionic in the Ca2þ-free state and
neutral in the Ca2þ-saturated state, even though, technically,
it is the anionic form of the chromophore which emits in
both cases.
We also observe that the 4 of the anionic form increases
in the Ca2þ-saturated state in all cases except O-GECO1
(where it did not change) and class III indicators (where
no anionic form is present in the Ca2þ-saturated state).
This effect can also be explained by the Ca2þ-induced
changes in the electric field. Quantum chemistry calculations predict that in a vacuum, the nonradiative decay of
the excited state proceeds through substantial twisting
around the phenolate exocyclic C-C bond (39). This is
coupled with electron density transfer from the phenolate
to the imidazolinone and acylimine groups (39). If the field
increases in the same direction of electron density transfer,
the activation energy for the transfer will increase. As a
result, the nonradiative decay rate will slow, and the fluorescence quantum yield will increase. The independence of
quantum yield on conformational changes in GCaMP6m
(23) and O-GECO1 (Table 1) may be due to no acylimine
group in their chromophore structures. In fact, it was shown
that the electronegativity of acylimine makes the described
mechanism of nonradiative relaxation highly probable specifically for the red FP chromophore (39).
In summary, red GECIs can be divided into three classes,
and the factors that mainly contribute to the Ca2þ-dependent
change in fluorescence vary based on the class. It is interesting to note that the three factors, re, 4e, and s2,e, synergistically increase in almost all the red GECIs because of
a favorable geometric arrangement of the chromophore
with respect to the fusion site and to the local electrostatic/hydrogen bonding interactions. In class I, the change
under one-photon excitation was smaller than the change
under two-photon excitation. We suggest that this should
be carefully considered when further developing these red
GECIs.
We characterized the Ca2þ-free and Ca2þ-saturated states
for each red GECI. These measurements can only give us information about the protein in these limiting states. They do
not tell us about the dynamics of the conformational change
between these states or the indicators’ performance in live
cells. Some of these aspects were recently reviewed for
red GECIs in other work (40,41). Our results do reveal
that there is no single perfect red GECI. For maximal
changes in fluorescence, the indicators in classes I and III
appear to be the best. For fluorescence lifetime imaging,
the proteins with the largest changes in quantum yield are
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promising (classes II and III). This follows from the fact that
the fluorescence lifetime t is proportional to the quantum
yield: t ¼ tR4, where tR is the radiative lifetime and can
be considered virtually constant (24). For two-photon imaging simultaneously with a green FP-based probe, jREXGECO1 is an excellent candidate because it shows the
maximal change in fluorescence at "900 nm. This has
been demonstrated with its predecessor REX-GECO1
(15). Finally, to inform the optimum optical setup for these
red GECIs, it is important to consider the Ca2þ-dependent
spectral shifts in excitation (one-photon and two-photon)
and emission.
The red fluorescent Ca2þ indicator is a man-made molecular machine found nowhere in nature. Just as understanding
how microscopes work can lead to better microscopes and
better imaging, so it is important to understand how these
biological tools work, both to improve them and make the
best use out of them.
SUPPORTING MATERIAL
Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.04.007.
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Supporting Materials and Methods
Protein purification
REX-GECO1 and jRGECO1a were cloned into the pUE backbone via ligation-independent
cloning (In-Fusion, Clontech, Mountain View, CA). CAR-GECO1, K-GECO1, R-GECO1, RGECO1.2, jRCaMP1a, and O-GECO1 were cloned into the pBAD backbone (Thermo Fisher
Scientific, Waltham, MA) with restriction cloning. jREX-GECO1 was cloned into the modified
pBAD backbone pTorPE with restriction cloning. All plasmids are available in Addgene.
Plasmids were transformed into DH10B E. coli, which were grown for protein expression at
30°C for 2 days in Terrific Broth (BD, Sparks, MD) or Circlegrow (MP Biomedicals, Santa Ana,
CA). To induce protein expression in the pBAD plasmids, 0.1% arabinose was added after
growing approximately 5 hours. Bacteria pellets were lysed with BugBuster (EMD Millipore
Corp., Burlington, MA) and the lysate was purified with His60 Ni Superflow Resin (Takara Bio,
Mountain View, CA). Proteins were buffer-exchanged into pH 7.2 buffers containing 30 mM
MOPS, 100 mM KCl, and 10 mM EGTA with or without 10 mM CaCl2. Protein characterization
was done in these respective buffers, except where noted. Purified proteins were stored short
term (≤ 2 weeks) at 4°C and long term at -80°C. The Ca2+-free form of K-GECO1 exhibits
photoswitching in room light; so the protein sample was stored covered in foil, and all of the
photophysical measurements were done with minimal exposure to room light.
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Special corrections for pH titrations
For the titrations of the Ca2+-saturated state of jREX-GECO1 and REX-GECO1 from pH 7.2 and
higher, the OD at the peak of the anionic form absorbance was corrected for the absorbance of
the neutral form at that position (Eq. S1):
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Here, the superscript indicates the spectral position of the OD value, either at the anionic peak
position (A) or the neutral peak position (N). The subscript indicates the form of the chromophore
that the OD belongs to, either anionic and neutral (A+N), only anionic (A), or only neutral (N). The
fractions (!"0# /!"00 ) and (!"#0 /!"## ) were considered constant throughout the titration. The
former was determined based on the spectrum at pH 7.2 (assuming 100% neutral form), and the
latter was based on the spectrum at the pH where the anionic form reached its maximum.
Special corrections for determination of the relative fraction of the excitable form of the
chromophore
In the case of K-GECO1 and CAR-GECO1, the absorbance at pH 7.2 include significant
absorption from other, non-red chromophore(s) which overlap with the absorption of the neutral
form of the red chromophore. Their absorbance spectra were unmixed using excitation spectra in
order to find the peak OD of the red neutral chromophore (Fig. S13).
For both the Ca2+-free and Ca2+-saturated spectra of K-GECO1, the red anionic form excitation
spectrum (shifted to match the peak position if necessary) was fitted to the absorbance spectrum
and subtracted, leaving only the absorption of the neutral chromophore and the unknown form
(peaking near 400 nm). To this we fit the red neutral form excitation spectrum and took the peak
value as the OD of the neutral chromophore (Fig. S13A and B). The anionic form excitation
spectrum was measured with the Ca2+-saturated sample with emission registration at 700 nm.
The neutral form excitation spectrum was measured with the Ca2+-free sample with emission
registration at 530 nm.
For the Ca2+-saturated state of CAR-GECO1, the excitation spectrum of the immature anionic
green chromophore was subtracted from the absorbance spectrum and then the red neutral form
excitation spectrum was fitted under the difference spectrum to find the OD (Fig. S13C). For the
Ca2+-free state, the red neutral form excitation spectrum was fitted to the unadulterated spectrum
(Fig. S13D). The anionic green chromophore excitation spectrum was measured from Ca2+saturated CAR-GECO1 with emission registration at 540 nm. The red neutral form excitation
spectrum was measured scanning the Ca2+-free sample with emission registration at 540 nm.
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Emission spectra
The LS 55 Fluorescence Spectrometer (PerkinElmer, Waltham, MA) was used to collect
emission spectra with 10 nm excitation slits and 5 nm emission slits. The emission spectra were
corrected for spectral sensitivity of the detection system by applying a correction function
created with the Spectral Fluorescence Standard Kit (Millipore-Sigma, Darmstadt, Germany).
Structural analysis
The illustration of the K-GECO1 crystal structure in Fig. 2A and structural analyses from the
discussion were performed with the UCSF Chimera package (University of California, San
Francisco, CA). Chimera is developed by the UCSF Resource for Biocomputing, Visualization,
and Informatics (supported by NIGMS P41-GM103311).
Development and Ca2+ Kd determination of jREX-GECO1
To increase the Ca2+ affinity of REX-GECO1 (1), the Q306D and M339F mutations were
introduced using the QuikChange Mutagenesis Kit (Agilent Technologies, Santa Clara, CA).
These two mutations were reported to be responsible for the increased Ca2+ affinity of
jRGECO1a (2) relative to R-GECO1. The resulting variant was designated as jREX-GECO1. To
determine the Kd of jREX-GECO1, Ca2+ titrations were performed using EGTA-buffered Ca2+
solutions as previously described (3). Briefly, purified proteins were diluted into a series of
buffers with free Ca2+ concentrations ranging from 0 nM to 39 µM at 25 °C. These buffered Ca2+
solutions were prepared by mixing a CaEGTA buffer (30 mM MOPS, 100 mM KCl, 10 mM
EGTA, 10 mM CaCl2) and an EGTA buffer (30 mM MOPS, 100 mM KCl, 10 mM EGTA) at
appropriate ratios. Fluorescence intensities were measured and plotted against Ca2+
concentrations and fitted by a sigmoidal binding function to extract the Hill coefficient and Kd
for Ca2+.
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Table S1. Additional biophysical properties of the red GECIs.
Class

Protein

Ca2+

pKa(s), this
work

pKa,
literature

Kd for
Ca2+
(nM)

Hill
Coefficient

λRmax
(nm)

εe(λRmax)
± 5%
(mM-1cm-1)

σ2,e
(λRmax)
± 17%
(GM)

F1(λRmax)
± 13%
(mM-1cm-1)

F2(λRmax)
± 21%
(GM)

I

R-GECO1

+

8.9a, 8.7b
6.59a, 6.4b

482a,
337b,
449c

2.06a, 2b,
1.51c

516

27
32

16
26

0.23
5.3

0.14
4.4

R-GECO1.2

+

8.93d
5.99d

1200d

2.79d

514

23
30

14
28

0.16
7.3

0.10
7

jRGECO1a

+

8.6b
6.3b

148b

1.9b

514

26
33

11
26

0.25
5.9

0.10
5

O-GECO1

+

9.44d
6.07d

1500d

2.06d

502

26
29

13
20

0.04
5.9

0.021
4.2

CARGECO1

+

9.05d
5.74d

490d

2.01d

516

31
35

16
31

0.20
8.2

0.10
7

K-GECO1

-

8.69 ± 0.03
5.21 ± 0.02,
7.1 ± 0.1,
10.33 ± 0.05
8.98 ± 0.02
5.42 ± 0.02,
8.0 ± 0.3,
10.77 ± 0.05
8.63 ± 0.03
4.97 ± 0.03,
6.74 ± 0.08,
10.51 ± 0.06
9.52 ± 0.01
6.24 ± 0.01,
11.25 ± 0.09
8.96 ± 0.02
5.29 ± 0.01,
8.4 ± 0.2,
10.5 ± 0.1
6.71 ± 0.04,
8.23 ± 0.04
6.34 ± 0.03
6.48 ± 0.05
6.20 ± 0.03
4.6 ± 0.2,
7.6 ± 0.2,
10.0 ± 0.1
11.70 ± 0.02
4.6 ± 0.1,
7.80 ± 0.04,
9.67 ± 0.05
11.63 ± 0.02

165e

1.12e

530

39

15

1.9

0.7

214b

0.86b

518

240f

1.8f

450

44
27
26
7.0

22
17
16
8.2

16
4.3
11
0.16

8
2.7
7
0.19

200

1.67

450

25
8.2

33
10

5.2
0.18

7
0.23

26

36

5.4

7

II

jRCaMP1a
III

REXGECO1
jREXGECO1

+
+
+
+

References:
a
(3)
b
(2)
c
(4)
d
(5)
e
(6)
f
(1)

5.6b
6.4b
6.5f
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Figure S1. Analytical method to find correct fluorescence quantum yield, as described in Materials and Methods.
Demonstrated in a mixture of 6.5 µM 3,3′-Dioctadecyloxacarbocyanine perchlorate (DODOC) and 1.2 µM Cresyl
Violet (CV) in ethanol. (A) Absorbance spectrum of the mixture with respective spectra of CV and DODOC fitted
underneath. Dashed lines indicate the excitation wavelengths used in the integrating sphere to get the quantum yield
of CV. (B) Illustration of the “very short” (E) and “short” (H) fluorescence integrals for λblue and λred excitation of
CV. The normalized absorption of CV is shown for reference. Eblue is shaded dark blue; Ered is dark red; Hblue is light
blue; and Hred is pink.

A

B

C

D

Figure S2. Example plots with fitted linear slope used to determine the neutral and anionic extinction coefficients
for some of the red GECIs, as explained in Materials and Methods. Shown is data from the CAR-GECO1 pH
titrations.
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Figure S3. Normalizing the Ca2+-saturated/free F2 ratio spectra to the ratios determined at three excitation
wavelengths around the maximum. Shown are the ratio spectra normalized to the three wavelengths separately and
then averaged for jRGECO1a, K-GECO1, and jREX-GECO1 as examples.

Anionic form

Neutral form

R-GECO1-type

A
-H+
+H+

C

jRCaMP1a-type

O-GECO1-type

B
-H+
+H+

-H+
+H+

Figure S4. Illustration of the neutral and anionic forms of the chromophores in the red GECIs under study. (A) RGECO1-type chromophore, same as Fig. 2D in main text (PDB ID: 4I2Y (4)). (B) O-GECO1-type chromophore
(from mOrange structure, PDB ID: 2H5O (7)). (C) jRCaMP1a-type chromophore (from RCaMP structure, PDB ID:
3U0K (4)).

42
7
1.
2.
3.
4.
5.
6.
7.
8.
9.

R-GECO1
R-GECO1.2
jRGECO1a
O-GECO1
CAR-GECO1
REX-GECO1
jREX-GECO1
jRCaMP1a
K-GECO1

10

20

30

40

50

60

70

80

1

MVDSSRRKWNKAGHAVRAIGRLSS-----PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG

72

2

MVDSSRRKWNKAGHAVRAIGRLSS-----PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG

72

3

MVDSSRRKWNKAGHAVRAIGRLSS-----PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG

72

4

MVDSSRRKWIKAGHAVRAIGRLSS-----PVVSERMYPEDGVLKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG

72

5

MVDSSRRKWNKAGHAVRAIGRLSS-----PVVSERMYPEDGALKSEIKKGLRLKDGGHYAAEVKTTYKAKKP---VQLPG

72

6

MVDSSRRKWNKAGHAVRAIGRLSS-----RWVSEWMYPEDGALKSVIKEGLRLKDGGHYAAEVRTTYKAKKP---VQLPG

72

7

MVDSSRRKWNKAGHAVRAIGRLSS-----RWVSEWMYPEDGALKSVIKEGLRLKDGGHYAAEVRTTYKAKKP---VQLPG

72

8

MVDSSRRKWNKTGHAVRAIGRLSS-----AINCEMMYPADGGLRGYTHMALKVDGGGHLSCSFVTTYRSKKTVGNIKMPA

75

9

MGSVKLIPSLTTVILVKSMLRKRSFGNPFKYNTETLYPADGGLEGACDMALKLVGGGHLNCSLETTYRSKKPATNLKMPG

80

L1

RS20/ckkap

90

100

110

cpRFP

120

130

140

150

160

1

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE

151

2

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNRAIVKEFMRFKLHMEGSVNGHEFE

151

3

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE

151

4

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGRDELYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE

151

5

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-STGGMDELYKGGTGGSLVSKGVEDNMAIVKEFMRFKTHIEGSVNGHEFE

151

6

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGMVGLYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE

151

7

AYIVDIKLDIVSHNEDYTIVEQCERAEGRH-PTGGMVGLYKGGTGGSLVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFE

151

8

IHSVSHRLERLEESDNEMFVVQREHAVAKFVGLGG-----GGGTGGSMNS--------LIKENMRMKVVLEGSVNGHQFK

142

9

VYNVDHRLERIKEADDETYVELHEVAVARYVGLGG-----GGGTGGSVSE--------LIKENMPMKLYMEGTVNNHHFK

147

1

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN

231

2

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQLMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVS

231

3

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN

231

4

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQFTYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN

231

5

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQIMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVN

231

6

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSLQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMIFEDGGIIHVN

231

7

IEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSLQFMYGSKAYIKHPADIPDYFKLSFPEGFRWERVMIFEDGGIIHVN

231

8

CTGEGEGNPYMGTQTMRIKVIEGGPLPFAFDILATSFMYGSRTFIKYPKGIPDFFKQSFPEGFTWERVTRYEDGGVITVM

222

9

CTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTAT

227

170

180

190

200

210

220

230

240

Chro

250

260

270

280

290

300

310

320

1

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

311

2

QDTSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTMTTKELGTVMRSLGQN

311

3

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDDLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVFRSLGQN

311

4

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEATRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVLRSLGQN

311

5

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

311

6

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVLRSLGQN

311

7

QDSSLQDGVFIYKVKLRGTNFPPDGPVMQKKTMGWEPTRDDLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVFRSLGQN

311

8

QDTSLEDGCLVYHVQVRGVNFPSNGAVMQKKTKGWEPTDSQTTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

302

9

QDTSLQDGCLIYNVKVRGMNFPANGPVMQKKTLGWEASNGQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

307

L2 Calmodulin

Figure S5 (continued on next page with legend). Protein sequence alignment of red GECIs under study.
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330

340

350

360

370

380

390

400

1

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDTDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

2

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDTDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKITDEEVD

391

3

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDTDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

4

PTEAELQDMINEVDADGDGTFDFPEFLTMMARRMNDTDSEVEIREAFRVFDNDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

5

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDTDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

6

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDSDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

7

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMNDSDSEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

391

8

PTEAELQDMINEVDADGDGTIDFPEFLIMMARKMKYTDSEEEIREAFGVFDKDGNGYISAAELRHVMTNLGEKLTDEEVD

382

9

PTEAELQDMINEVDADGDGTFDFPEFLTMMARKMSYRVTEEEIREAFRVFDKDGNGYIGAAELRHVMTDLGEKLTDEEVD

387

1

EMIRVADIDGDGQVNYEEFVQMMTAK

417

2

EMIRVADIDGDGQVNYEEFVQMMTAK

417

3

EMIRVADIDGDGQVNYEEFVQMMTAK

417

4

EMIRVADIDGDGQVNYEEFVQMMTAK

417

5

EMIRVADIDGDGQVNYEEFVQMMTAK

417

6

EMIRVADIDGDGQVNYEEFVQMMTAK

417

7

EMIRVADIDGDGQVNYEEFVQMMTAK

417

8

EMIREADSDGDGQVNYEEFVQMMTAK

408

9

EMIRVADIDGDGQVNYEEFVQMMTAK

413

410

420

Figure S5 (continued from previous page). Protein sequence alignment of red GECIs under study. Residues that
differ from the consensus sequence are highlighted in pink. The colored bars underneath the sequence indicate the
respective parts of the protein: the CaM-binding peptide RS20 or ckkap is yellow; linkers 1 and 2 are blue; the
circularly-permuted red FP is red with the chromophore sequence in gold; and calmodulin is aqua.
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Figure S6. Excitation (one-photon) spectra (ex) and emission spectra (em) of the Ca2+-free and Ca2+-saturated states
for each protein. All spectra are normalized to 1. The excitation spectra were scanned while collecting the entire
integrated fluorescence spectrum by setting the emission grating to the 0-th diffraction order. The excitation
wavelength of light used when scanning the emission spectrum is indicated on each plot.
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Figure S7. Plotted as in Fig. 4 of the main text and Fig. S8. Titrations from neutral to acidic pH and neutral to
alkaline pH were done separately and then combined. The figures are normalized to the observed maximal
absorbance of the anionic form. (A-F) Absorbance pH titrations, measured in either Ca2+-free or Ca2+-saturated
buffer as noted. Each spectrum was measured at the pH value designated in the legends. The final spectrum (red
dashed line) belongs to the denatured chromophore. (G-I) Apparent pKa curves, showing the OD of the anionic form
as a function of pH. The pKa values are indicated on the fitted curve.
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Figure S8. Plotted as in Fig. 4 of the main text and Fig. S7. Titrations from neutral to acidic pH and neutral to
alkaline pH were done separately and then combined. The figures are normalized to the observed maximal
absorbance of the anionic form. (A-F) Absorbance pH titrations, measured in either Ca2+-free or Ca2+-saturated
buffer as noted. Each spectrum was measured at the pH value designated in the legends. The final spectrum (red
dashed line) belongs to the denatured chromophore. (G-I) Apparent pKa curves, showing the OD of the anionic form
as a function of pH. The pKa values are indicated on the fitted curve. (H) Only part of the jRCaMP1a titrations could
be fitted because of protein precipitation at pH values below those displayed and early denaturation of the anionic
form at higher pH values.
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Figure S9. Spectral analysis of R-GECO1 (row 1), R-GECO1.2 (row 2), and O-GECO1 (row 3). Plots are set up as
in Fig. 5 of main text and Fig. S10. The vertical dashed line on each plot indicates the transition wavelength of
excitation (λRmax) where the Ca2+-saturated/free F1 and F2 ratios are approximately maximum. (A-C) Ca2+saturated/free (Sat/Free) F1 (dotted line) and F2 (solid line) ratios as a function of excitation wavelength, measured
directly by taking the ratio of the integrated fluorescence signal normalized to the known relative protein
concentration between the Ca2+-free and Ca2+-saturated samples. (D-F) Spectra of the one-photon brightness (F1,
dotted lines, left and bottom axes) and two-photon brightness (F2, solid lines, right and top axes) of the Ca2+-free and
Ca2+-saturated states. (G-I) One-photon absorption (1PA) and two-photon absorption (2PA) of the excitable form of
the chromophore, shown in values of εe (left and bottom axes) and σ2,e (right and top axes), respectively, for the
Ca2+-free and Ca2+-saturated states.
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Figure S10. Spectral analysis of CAR-GECO1 (row 1), jRCaMP1a (row 2), and REX-GECO1 (row 3). Plots are set
up as in Figure 5 of main text and Figure S9. The vertical dashed line on each plot indicates the transition
wavelength of excitation (λRmax) where the Ca2+-saturated/free F1 and F2 ratios are approximately maximum. (A-C)
Ca2+-saturated/free (Sat/Free) F1 (dotted line) and F2 (solid line) ratios as a function of excitation wavelength,
measured directly by taking the ratio of the integrated fluorescence signal normalized to the known relative protein
concentration between the Ca2+-free and Ca2+-saturated samples. (D-F) Spectra of the one-photon brightness (F1,
dotted lines, left and bottom axes) and two-photon brightness (F2, solid lines, right and top axes) of the Ca2+-free and
Ca2+-saturated states. (G-I) One-photon absorption (1PA) and two-photon absorption (2PA) of the excitable form of
the chromophore, shown in values of εe (left and bottom axes) and σ2,e (right and top axes), respectively, for the
Ca2+-free and Ca2+-saturated states.
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Figure S11. Two-photon absorption spectra plotted according to two-photon brightness. The scale for the Ca2+saturated spectra is on the left, and the scale for the Ca2+-free spectra is on the right.
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Figure S12. Plotted as in Fig. 6 of main text. Ca2+-saturated/free ratios (Sat/Free) for ρe, φe, εe(λRmax), and σ2,e(λRmax).
Insets: Ca2+-saturated/free F1 and F2 ratios, both calculated from the independent measurements of ρe, φe, εe, and σ2,e
(tan) and measured directly (green) as described in Fig. 5 of main text. The horizontal dashed line marks a Sat/Free
ratio of 1 (no change) for each plot. Error bars represent estimated standard deviations.

51
16
A

B

C

D

Figure S13. Separating the components of the absorbance spectra of K-GECO1 and CAR-GECO1 using excitation
spectra as described in Supporting Materials and Methods.
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ABSTRACT: Fluorescent proteins (FPs) are indispensable markers for twophoton imaging of live tissue, especially in the brains of small model organisms. The
quantity of physiologically relevant data collected, however, is limited by heatinduced damage of the tissue due to the high intensities of the excitation laser. We
seek to minimize this damage by developing FPs with improved brightness. Among
FPs with the same chromophore structure, the spectral properties can vary widely
due to diﬀerences in the local protein environment. Using a physical model that
describes the spectra of FPs containing the anionic green FP (GFP) chromophore,
we predict that those that are blue-shifted in one-photon absorption will have
stronger peak two-photon absorption cross sections. Following this prediction, we
present 12 blue-shifted GFP homologues and demonstrate that they are up to 2.5
times brighter than the commonly used enhanced GFP (EGFP).

N

absorption (1PA) and two-photon absorption (2PA) properties
for a series of FPs with the same chromophore structure but
diﬀerent local protein surroundings.13,14 Here we use these
relationships to predict a correlation between the 1PA peak
wavelength and the 2PA maximum cross section for FPs with
the anionic green FP (GFP)-type chromophore. Speciﬁcally, we
will show that FPs with 1PA spectra shifted to shorter
wavelengths tend to have stronger 2PA.
The primary factor responsible for FP to FP variation of both
the 1PA and 2PA properties is the internal electric ﬁeld E
created by the protein environment surrounding the
chromophore. Any changes in the ﬁeld E (projected onto the
chromophore axis) translate into changes in the diﬀerence
between the permanent dipole moments in the excited (μe) and
ground (μg) states, Δμ = μe − μg. This diﬀerence represents the
amount of charge transfer from one part of the molecule to
another upon electronic excitation. In the case of the S0 → S1
transition in the anionic GFP chromophore, the electron
density shifts from the phenolate (P) group to the
imidazolinone (I) group;14− 18 thus, Δμ points from I → P,
which we take as the positive direction of axis x. In FPs, Δμ
depends on E because the ﬁeld-induced part Δμind must be

euroscience research needs better tools for large-scale
study of neural circuits.1 These tools include genetically
encoded ﬂuorescent proteins (FPs),2 which can be incorporated into biosensors,3 and hardware such as two-photon (2P)
microscopes.4 Two-photon laser microscopy (2PLM) enables
recording from large populations of neurons at greater sampling
rates and depths than are attainable with one-photon excitation
microscopy.5,6 The high intensities of near-infrared lasers
(700− 1300 nm) required for 2PLM, however, constrain the
illumination time due to inevitable tissue damage through
multiphoton-induced photochemistry of intrinsic cellular
chromophores7− 10 or heating, which is more important than
the former for in vivo imaging of the mouse brain.11 Heating of
the tissue is linearly proportional to the average laser intensity,
and the rate of damage depends exponentially on the elevated
steady-state temperature above a certain threshold.12 By
improving the 2P brightness (also known as the action cross
section, deﬁned as the cross section multiplied by the
ﬂuorescence quantum yield) of a FP, an equivalent ﬂuorescence
signal can be acquired with a lower laser power and thus less
heating. Therefore, the use of brighter FPs would exponentially
increase the time available for imaging before damaging the
tissue and make it possible to extract more information from
the living brain.
How can we ﬁnd 2P brighter FPs? Previously, we established
uniﬁed structure− property relationships for the one-photon
© 2017 American Chemical Society
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Table 1. 1PA, Fluorescence, and 2PA Properties of FPs Described in this Letter, Ordered by 2P Brightness (last column)a
protein

1PA peak
(nm)

emission peak
(nm)

eqFP486
Rosmarinus
amFP486/K68M
dTFP0.2
meleCFP
meﬀCFP
Tam1
efasCFP
EG-4
dsFP483
KCyG4219
amFP486
EGFP
mNeonGreen

445
437
458
461
453
465
452
462
438
439
457
455
489
506

486
482
489
489
486
490
486
490
485
483
488
486
510
517

φb (±10%)
0.81
0.85
0.93
0.83
0.86
0.80
0.82
0.88
0.88
0.76
0.83
0.75
0.76
0.78

(0.68)28
(0.74)24
(0.55)24
(0.77)24
(0.46,23 0.7841)
(0.80)25
(0.24,23 0.7127)
(0.61)42
(0.80)26

εc (M−1 cm−1) (±1%)

2PA peak
(nm)

σ2,maxd (GM)
(±13%)

σ2,maxφe (GM)
(±16%)

49 900
45 000
51 500
45 000 (60 000)28
47 400 (47 400)24
61 000 (88 600)24
46 300
57 000 (40 333)24
46 000
46 000 (23 900)23
38 000 (21 100)25
49 200 (40 000)23
58 300 (55 000)42
116 000 (116 000)26

856
852
862
869
857
872
866
867
853
856
862
861
911
944

125
110
94
100
90
92
81
73
70
78
69
75
54
29

100
95
87
85
77
74
66
64
62
59
57
56
41f
23

a
All photophysical parameters are presented per single mature chromophore. bFluorescence quantum yield. Relative errors of measurements are
shown in parentheses. cExtinction coeﬃcient. d2PA maximum cross section. e2P brightness. fThe value of 41 GM presented here for the 2P
brightness of EGFP corresponds to that reported by Blab et al.43 but does not match the value of 30 GM previously obtained by Drobizhev et al.29
This is likely due to the diﬀerence in the measured extinction coeﬃcient used to evaluate the chromophore concentration in the 2PA cross section
measurement. The value of 46 000 M−1 cm−1 published in Drobizhev et al.29 was based on ﬂuorescence lifetime measurements with 400 nm
excitation and the Strickler−Berg equation relating the extinction coeﬃcient and radiative lifetime. However, 400 nm light causes ﬂuorescence of the
transient anionic I* state, not the steady anionic B* state, whose lifetimes diﬀer by a factor of 1.26, that is, 3.4 vs 2.7 ns.44 This led to an
underestimation of the extinction coeﬃcient and 2PA cross section by the same factor in Drobizhev et al.29

considered in addition to the vacuum part, Δμ0.14,19 In a onedimensional approximation, Δμind = ΔαE, where Δα is the
diﬀerence of polarizabilities along the x direction between the
excited and ground states and Δμind and E are the projections
of the Δμind and E vectors on the x axis. The total Δμ value
along the x axis is therefore a linear function of E20
Δμ = Δμ0 + ΔαE

along the P → I direction (i.e., opposite to x) will result in the
increase of Δμ. An example could involve concentrating
positive charge closer to P or negative charge closer to I. This,
in turn, will correspond to a higher-frequency (blue) shift of the
1PA maximum.
In terms of 2PA, it has been observed experimentally that in
FPs with anionic chromophores, the peak transition frequency
of the 2PA spectrum is systematically higher by 1000−2000
cm−1 with respect to the 1PA peak frequency.13 This eﬀect was
explained by an intensiﬁcation of the vibronic 0−1 transition in
the 2PA spectrum from a Herzberg−Teller-type interaction of
Δμ with Qa, a bond-length-alternating vibrational coordinate
whose equilibrium position shifts due to charge transfer upon
excitation.13 Quantum mechanical calculations of the 2PA
spectrum of the anionic GFP chromophore substantiate this
general idea21,22 and even specify the vibrations responsible for
the eﬀect (i.e., the in-plane stretching mode of the exocyclic C−
CC bond and, to some extent, the stretching mode of the
CO bond).21
This model predicts the following expression for the peak
2PA cross section, assuming a two-level 2PA system

(1)

Importantly, changes in the electric ﬁeld due to mutationinduced alterations in the protein environment and the
consequential changes in Δμ will cause variations in the 1PA
and 2PA properties.
In the case of 1PA, the chromophore transition frequency
undergoes a ﬁeld-dependent Stark shift that is unique for each
FP, and because of non-negligible Δμind, it contains both linear
and quadratic terms of E20
hcν ̅ = hcν0̅ − Δμ0 E −

1
ΔαE2
2

(2)
−1

where ν̅and ν̅
(i.e., 1PA
0 are the transition frequencies in cm
peak positions) in the presence and absence of a ﬁeld,
respectively, c is the speed of light, and h is the Planck constant.
Solving eq 1 for E and substituting it into eq 2, we obtain the
dependence of the transition frequency on Δμ

σ2,max = aλ 2PA ( ε(λ 2PA ) Δμ +

(3)

2
Deﬁning A = −(2hcΔα)−1 and C = ν̅
0 + Δμ0 /2hcΔα, we can
rewrite eq 3 as follows:

ν ̅ = AΔμ2 + C

(5)

where a is a constant independent of the local ﬁeld, λ2PA is the
transition wavelength (i.e., one-half of the laser wavelength)
corresponding to the 2PA maximum, ε(λ1PA) is the peak 1PA
extinction coeﬃcient, ε(λ2PA) is the extinction coeﬃcient at
λ2PA, and HT is a Herzberg−Teller parameter13 assumed to be
independent of the local ﬁeld. (The two-level approximation for
the S0 → S1 2P transition was validated with quantum chemical
calculations using the sum-over-states formula for the anionic
GFP chromophore in vacuum and in 30 diﬀerent types of local
surroundings corresponding to the broad spectral range of GFP
homologues. Including more than two levels in these
calculations aﬀected the σ2 value by less than 5%.14) To the
ﬁrst approximation, all ε(λ1PA), ε(λ2PA), and λ2PA can also be

Δμ0 2

Δμ2
ν ̅ = ν0̅ +
−
2hc Δα
2hc Δα

ε(λ1PA )HT )2

(4)

The quadratic dependence of ν̅on Δμ with positive
curvature (A = 72 cm−1 D−2 with Δα = −35 Å3) and yintercept C = 19300 cm−1 was demonstrated experimentally for
numerous FP variants with the anionic GFP chromophore.14
Because Δα is negative, we can predict that applying the ﬁeld
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considered nearly constants over the series of FPs under
investigation.
Combining eqs 4 and 5, we ﬁnally get the explicit
dependence of the peak 2PA cross section on the 1PA
transition frequency
σ2,max = (β ν ̅ − C + γ )2

(6)

where the new constants are
⎛ aλ ε(λ ) ⎞1/2
β = ⎜ 2PA 2PA ⎟
⎝
⎠
A

and

γ = (aλ 2PA ε(λ1PA )HT)1/2

Note that eq 6 predicts a monotonic (almost linear) increase
of σ2,max as a function of ν.̅ In other words, GFP homologues
with blue-shifted (i.e., higher-frequency, shorter-wavelength)
1PA transitions are expected to have higher 2PA cross sections.
To test this theoretical correlation between the 1PA
wavelength and 2PA strength, we measured the 2PA properties
of 12 FPs with the anionic GFP chromophore, including 8
previously described,23−25 1 unpublished but deposited in
GenBank (Accession AF545829), and 3 previously undescribed
FPs. These FPs peak in 1PA at shorter wavelengths (≤465 nm)
than the commonly used enhanced GFP (EGFP) (489 nm).
For comparison, we also measured the 2PA spectra of EGFP
(Clontech) and mNeonGreen (Allele Biotechnology), a GFP
homologue with extremely bright ﬂuorescence under 1P
excitation.26 These results, along with the 1PA and ﬂuorescence
properties, are summarized in Table 1 and SI Figure 1.
All of the newly investigated blue-shifted GFPs emit cyan
ﬂuorescence (peaking at 476−500 nm), have 1PA peak
positions between 438 and 465 nm, range in maximum 2PA
cross section (σ2,max) from 69 to 125 GM, and have high
ﬂuorescence quantum yields (φ = 0.75−0.95). The peak 2P
brightness values (σ2,maxφ) range from 57 to 100 GM, which are
higher than those of EGFP (41 GM) and mNeonGreen (23
GM). As expected for blue-shifted FPs, the position of the
maximum 2PA has shifted to shorter wavelengths (837−873
nm) relative to EGFP (911 nm). Interestingly, the blue shifts in
amFP486, the TFP series (including dTFP0.2), and KCy4219
were proposed to be related to the presence of a cationic
histidine residue (H199, H197, and H193, respectively) in close
proximity to the phenolate group of the chromophore.25,27,28
This is in agreement with our model that predicts both the
high-frequency shift of the 1PA transition and enhancement of
2PA due to an increase of the Δμ value when a positive charge
is concentrated near the chromophore phenolate.
Plotting the new data together with published data29,30 as the
cross section (σ2) versus transition frequency (ν̅) reveals that
the model prediction is qualitatively accurate: a more blueshifted 1PA is associated with a higher 2PA maximum cross
section (Figure 1). The ﬁtted curve is based on eq 6, keeping
the C value constant at 19300 cm−114 and using β and γ as
ﬁtting parameters. The quantitative discrepancies of some data
points with the model function (especially at large frequencies)
can be explained by experimental errors and some simplifying
assumptions in our model. For example, we have not
considered the ﬁeld-related broadening of spectral bands nor
the changes of Franck−Condon factors. Because of this, the
model presented here serves as a qualitative guideline to ﬁnd
brighter 2P GFP homologues.

Figure 1. Correlation between σ2,max and the peak 1PA position. The
ﬁtted curve is based on eq 6 in the text. Error bars are at ±13%.

Four proteins stand out in terms of their 2PA cross sections
and brightness: eqFP486 (GenBank Accession AF545829),
dTFP0.2,28 amFP486/K68M,27,31 and a new hybrid mutant
that we call Rosmarinus (GenBank Accession KY931461).
Their respective 2PA, 1PA, and emission spectra are presented
in Figure 2. Notably, the 2PA spectrum of each of them is blueshifted from double the wavelength of the 1PA spectrum due to
enhancement of the vibronic 0−1 transition, as described in our
model. This shift, as well as alkaline titration experiments
(showing no change of the absorption spectrum before the
onset of denaturation), suggests that the chromophore is
present in the anionic state in these proteins. For the neutral
chromophore, the 1PA and 2PA spectra coincide.29,32 While
eqFP486 is the brightest (σ2,maxφ = 100 GM), Rosmarinus is a
more eﬃcient folder (see the Methods section) and is similarly
bright (σ2,maxφ = 95 GM). The protein dTFP0.2 is a dimer
precursor to mTFP1 with a slightly blue-shifted 1PA spectrum.
A single-point mutation of the wild-type protein amFP486,
K68M, confers it with increased brightness under both 1P31
and 2P excitation. These four proteins are highlighted as
potential markers for 2P imaging, but they have yet to be fully
optimized for in vivo work.
Depending on the imaging application, the oligomerization
state of FP probes can be important.33−35 To evaluate the
oligomerization state of Rosmarinus, eqFP486, and amFP486/
K68M, we determined their rotational correlation time and
hydrodynamic volume by measuring the dependence of
ﬂuorescence anisotropy on solution viscosity with Perrin
plots (see SI Figures S2−S5 and the SI). At low micromolar
concentrations (5−6 μM) in buﬀer solution, eqFP486 is a
dimer while amFP486/K68M and Rosmarinus are tetramers. At
lower concentrations (∼1.2 μM), amFP486/K68M and
eqFP486 become monomeric, but Rosmarinus remains
tetrameric and becomes dimeric only at nanomolar concentrations (∼70 nM). Thus, these FPs may be useful for imaging
applications that do not require monomers.36,37
An important implication of our ﬁndings is that FPs that are
very bright under 1P excitation are not necessarily bright under
2P excitation. This is clearly illustrated by comparing the 1P
and 2P brightness of Rosmarinus, EGFP, and mNeonGreen
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Figure 2. eqFP486, Rosmarinus, amFP486/K68M, and dTFP0.2 spectra: 2PA, 1PA, and emission. The top axis shows the transition wavelengths for
1PA and emission spectra, and the bottom axis shows the laser wavelengths for the 2PA spectra. The left axis is the 2PA cross section, and the right
axis is the 2P brightness, which is scaled equally to show diﬀerences between FPs. The 2PA ﬁt is displayed as a guide to the eye. The 1PA and the
ﬂuorescence emission spectra (excitation 450 nm) are normalized to the intensity of the 2PA peak.

Our ﬁndings suggest that eﬀorts to optimize FPs for 1P and
2P imaging should proceed independently because the
desirable properties for each type of excitation may be
incompatible. Blue-shifted forms of GFP have been used for
some applications (e.g., FRET),38 but they have not been
widely adopted in imaging. This is largely because a blue-shifted
absorbance is poorly suited for 1P imaging due to increased
phototoxicity, tissue absorbance, and scattering. The surprising
result presented here is that these obscure proteins may be
important tools for 2P imaging: a FP with a more blue-shifted
1PA is likely to have a stronger 2PA peak. While this will also
be blue-shifted to some degree, it will still fall in the range of
∼850−870 nm, which is well within the near-IR optical window
where tissue is most transparent to light and illuminationdependent heating is minimized. Water absorption decreases at
shorter wavelengths, and lipid absorption has a peak at 930 nm
with much weaker absorption at 850−870 nm.39 Additionally,
these wavelengths are ideal for the conventional Ti-Sapphire
laser that is often used for 2P imaging. One can assume that
blue-shifted ﬂuorescence would not cause major issues in 2P
imaging because, although the scattering is higher, 2P
microscope objectives with large numerical aperture and low
magniﬁcation will still gather most of the photons.40 With a
brighter 2P probe, less laser power is needed for the same
ﬂuorescence signal, and more imaging can be completed
without causing damage to the tissue. Our model relating the
1PA peak position and 2PA cross section led us to blue-shifted
GFP homologues up to 2.5 times brighter than EGFP. These
FPs are highly promising starting points for further
optimization of their 2PA properties.

(Figure 3). While mNeonGreen is about two times brighter
than the other two proteins in 1P, it is nearly two times dimmer

Figure 3. Absolute 1P (top) and 2P (bottom) brightness of
Rosmarinus, EGFP, and mNeonGreen plotted versus the excitation
wavelength. ε, extinction coeﬃcient; φ, ﬂuorescence quantum yield;
σ2, 2PA cross section.

■

than EGFP and four times dimmer than Rosmarinus in 2P.
According to our model, this can be attributed to its red-shifted
1PA spectrum. Although the model as presented solely applies
to the anionic GFP chromophore, much of the background
comes from studies of the red FP chromophore,13,19 and a
similar analysis to ﬁnd 2P-brighter red FP variants is warranted.

METHODS
Protein Purif ication. Proteins were expressed and puriﬁed as
described in Barnett et al.45 All measurements were carried out
in elution buﬀer, 1× PBS with imidazole at pH ≈ 8, except for
dTFP0.2 and Tam1, which were in 1× TBS at pH ≈ 7.5.
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randomly mutated dTFP0.2. The gene encoding dTFP0.2
was used as the template for error-prone PCR.35 The forward
primer contained an XhoI, site and the reverse primer contained
an EcoRI site, and following digestion, the resulting product was
ligated into the corresponding sites of pBAD/His B (ThermoFisher Scientiﬁc). The ﬂuorescence of colonies (∼10 000 total)
on Petri dishes was imaged using a custom imaging system.35
The brightest (excitation at 470/40 nm and emission at 510/20
nm) and most blue-shifted (ratio of emission at 470/40 to 510/
20 nm, with excitation at 436/20 nm) colonies were picked and
cultured overnight. Proteins were extracted using BPER
(ThermoFisher Scientiﬁc), and spectra were collected with a
SaﬁreII platereader (Tecan). The brightest and most blueshifted variant was designated as Tam1 and is equivalent to
dTFP0.2 Q66L.

Folding Rates. Relative folding rates were determined by
qualitative observation of E. coli colonies expressing the protein
of interest after 16 h of incubation at 37 °C and the subsequent
time at room temperature that it took for them to appear
ﬂuorescent.
Fluorescence Quantum Yield. To measure the ﬂuorescence
quantum yield (φ), emission spectra were collected with the
PC1 spectroﬂuorimeter (ISS), using ﬂuorescein in 1 M NaOH
as a reference standard. A correction function (created in the
ISS software with quinine sulfate in 1 M H2SO4) was applied to
the spectra to adjust for spectral sensitivity of the detection
system, and the integral under the curve was divided by the OD
at the excitation wavelength to ﬁnd the quantum yield relative
to that of ﬂuorescein (φ = 0.95).46 All samples had a maximum
OD < 0.1 to avoid reabsorption eﬀects.
Extinction Coef ficients. Alkaline titrations were performed for
each protein with 1 M NaOH, with absorption spectra collected
at every titration step until the peak at ∼447 nm of the
denatured chromophore reached its maximum. The peak
extinction coeﬃcient of the protein was calculated by dividing
the initial maximum OD over the ﬁnal maximum OD (after
correcting for the volume of added NaOH) and multiplying
that by the extinction coeﬃcient of the denatured chromophore
(44 100 M−1 cm−1).47
For several of the proteins (meﬀCFP, efasCFP, EG-4,
eqFP486, and dsFP483), it was not clear when the denatured
form peaked; therefore, in addition to the aforementioned
method, ﬂuorescence detection with an alkaline titration was
used. The sample was excited at 450 nm, and emission was
collected at 490 nm; the titration was stopped when the
ﬂuorescence signal dropped to 1000 times below its initial value
and leveled oﬀ, an indication that the protein had fully
denatured. The OD was measured before and after
denaturation, and the same calculations as before were applied
to determine the extinction coeﬃcient.
Two-Photon Measurements. Two-photon (2P) characterization was performed as in Barnett et al.45 Brieﬂy, 2P excitation
spectra and 2PA cross sections were measured using femtosecond excitation (with the tunable femtosecond laser InSight
DeepSee, Newport) and ﬂuorescein in 1 M NaOH as a
reference standard.48,49 The ﬂuorescence signal was collected
with the 2P microscope setup (MOM, Sutter Instruments)
from a 1 mm thick spectroscopic cell containing the sample.
For the 2P excitation spectra, a 480/30 ﬁlter (Semrock) was
used in the emission channel. 2PA cross sections at 840 and
900 nm were measured with collection of ﬂuorescence through
a 535/10 nm narrow bandpass ﬁlter (custom-made). The 2P
excitation spectra were then normalized to those cross sections,
and the average of the two are presented. OriginLab was used
to ﬁt 2−3 Gaussian peaks to the averaged spectrum of each
protein, with the peak value of the summed curve presented in
Table 1 as the 2PA maximum cross section. The 2P excitation
spectrum of EGFP measured with this setup was compared to
published data,29 and the shape and the absolute value
coincided within experimental errors.
Development of New FP Variants, Rosmarinus, EG-4, and
Tam1. Rosmarinus was made using PCR and the In-Fusion
cloning technique (Clontech) to fuse the front half of the
coding region for mc550 to the back half of meleCFP24 at a ﬁve
amino acid identical stretch in their coding sequences. EG-4 is a
tetrameric cyan FP cloned from the large polyp stony coral
Euphyllia glabrescens (full description in preparation). Tam1
was discovered by colony-based screening of libraries of
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Supporting Information
Evaluating oligomerization state of FPs
To estimate the number of protein particles in the aggregate (i.e. quaternary structure),
we measured steady-state fluorescence anisotropy of the corresponding solutions as a
function of viscosity and obtained the diffusional correlation time and rotational
hydrodynamic volume of a particle in buffer solution. The viscosity was changed by
gradually adding glycerol to the solution. Anisotropy values at different viscosities were
measured with an LS-55 fluorimeter (Perkin Elmer). This dependence is described by
the Perrin equation:1

(1)
where r is the measured fluorescence anisotropy, r0* is the observed limiting anisotropy
(i.e. extrapolated to infinite viscosity) that depends on the angle between absorption and
emission dipoles; τ is the fluorescence lifetime; k is the Boltzmann constant, T is the
absolute temperature; V is the rotational hydrodynamic volume of a particle; and η is
viscosity. In the presence of homo-FRET between monomeric subunits in the
aggregate, r0* reflects the average equilibrated emission dipole direction with respect to
the excited dipole direction. Since homo-FRET usually occurs on sub-nanosecond
timescale in GFP-containing aggregates,2–5 which is much faster than the rotational
correlation time (tens of nanoseconds),2,3,5 the Perrin equation 1 can be applied to
situations with homo-FRET as well. Plotting 1/r versus 1/η for the series of FPs, linear

1
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correlations were obtained in the wide range of glycerol concentrations; see SI Figures
2-5. According to eq 1, the ratio of the intercept and slope of these plots provides

(2)
for each plot. We obtained fluorescence lifetimes τ, as a product of radiative lifetime τR
and quantum yield φ (Table 1 of the main text). τR was calculated using the StricklerBerg equation 6 from the absorption and fluorescence spectra. Using the fluorescence
lifetimes and the viscosity of water at 22 ºC, 0.96 cP, we calculated rotational volumes V
from eq 2. Rotational correlation times were then evaluated from the relation τrot = Vη /
kT.1 These data are presented in SI Table 1.
To verify this method, we first examined EGFP and dTFP0.2, which are known to be
monomeric and dimeric, respectively. The rotational correlation time of EGFP was 14.4
ns, well within the range of correlation times (13.5-17 ns) measured for monomeric
wtGFP and its mutants, including EGFP.3,5,7–11 Its hydrodynamic rotational volume,
measured as 61 x 103 Å3, is close to that of the monomeric GFP mutant citrine ((66 ± 8)
x 103 Å3).5 The limiting anisotropy value, 0.37, falls in the range of literature numbers for
GFP monomers (0.34-0.39).2,5,7–10,12 For the dTFP0.2 dimer, the rotational correlation
time and the volume were almost exactly two times larger than the monomeric values,
τrot= 28.7 ns and V = 122 x 103 Å3. In comparison, the rotational time was previously
reported to be 34 ns for the dimeric cgreGFP mutant.2 Additionally, the rotational time
and hydrodynamic volume for the tetrameric FP DsRed were estimated previously as 53
± 8 ns and (220 ± 30) x 103 Å3, respectively.5 These benchmarks allow us to estimate
the oligomerization state of the three other FPs at different concentrations; see SI Table
1. Some deviations from linearity of the Perrin plots for Rosmarinus and tetrameric
amFP486/K68M at large percentages of glycerol (> 40%) could be due to transitions
between oligomeric states. These transitions may occur if glycerol molecules, which are
less polar than water, start to efficiently disrupt the contact between hydrophobic
patches of the corresponding oligomers.13
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SI Figure 1. 2PA, 1PA, and emission spectra of all FPs presented in the paper. Bottom, top, and left axes
are the laser wavelength (in 2PA), one-photon wavelength, and two-photon cross section, respectively.
Right axis shows the extinction coefficient for the 1PA spectra.
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SI Figure 2. Perrin plots for EGFP and dTFP0.2.

SI Figure 3. Perrin plots for amFP486/K68M at different concentrations.
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SI Figure 4. Perrin plots for eqFP486 at different concentrations.

SI Figure 5. Perrin plots for Rosmarinus at different concentrations.
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SI Table 1. Molecular parameters used for evaluation of the FP aggregation state in solution.
3

3

Protein
EGFP

C (µM)
6.0

τ (ns)
2.78

τrot (ns)
14.4

V (10 Å )
61

r0*
0.37

n
1

n (lit)
14
1

dTFP0.2

31

3.22

28.7

122

0.34

2

2

amFP486/K68M

4.9
1.3

3.36

65
16.9

275
69

0.22
0.22

4
1

4

eqFP486

6.0
1.2

2.60

36.5
14.6

154
69

0.32
0.33

2
1

--

Rosmarinus

5.8
0.71
0.07

3.06

60
85
35

253
359
147

0.23
0.23
0.24

4
4
2

--

15
16

C is the concentration of FP used in this work; τ is the fluorescence lifetime; τrot is the rotational correlation
time obtained from the Perrin plots; V is the rotational diffusion volume of the protein particle; r0* is the
limiting fluorescence anisotropy value obtained from the Perrin plots.

References
(1) Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Springer: New York,
U.S.A., 2006.
(2) Malikova, N. P.; Visser, N. V.; van Hoek, A.; Skakun, V. V.; Vysotski, E. S.; Lee, J.;
Visser, A. J. W. G. Green-Fluorescent Protein from the Bioluminescent Jellyfish
Clytia Gregaria Is an Obligate Dimer and Does Not Form a Stable Complex with the
Ca(2+)-Discharged Photoprotein Clytin. Biochemistry 2011, 50, 4232–4241.
(3) Nguyen, T. A.; Sarkar, P.; Veetil, J. V.; Koushik, S. V.; Vogel, S. S. Fluorescence
Polarization and Fluctuation Analysis Monitors Subunit Proximity, Stoichiometry,
and Protein Complex Hydrodynamics. PLoS One 2012, 7, e38209.
(4) Jung, G.; Ma, Y.; Prall, B. S.; Fleming, G. R. Ultrafast Fluorescence Depolarisation
in the Yellow Fluorescent Protein due to Its Dimerisation. Chemphyschem 2005, 6,
1628–1632.
(5) Heikal, A. A.; Hess, S. T.; Baird, G. S.; Tsien, R. Y.; Webb, W. W. Molecular
Spectroscopy and Dynamics of Intrinsically Fluorescent Proteins: Coral Red
(dsRed) and Yellow (Citrine). Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 11996–
12001.
(6) Strickler, S. J.; Berg, R. A. Relationship between Absorption Intensity and
Fluorescence Lifetime of Molecules. J. Chem. Phys. 1962, 37, 814–822.
(7) Striker, G.; Subramaniam, V.; Seidel, C. A. M.; Volkmer, A. Photochromicity and
Fluorescence Lifetimes of Green Fluorescent Protein. J. Phys. Chem. B 1999, 103,
8612–8617.
(8) Volkmer, A.; Subramaniam, V.; Birch, D. J.; Jovin, T. M. One- and Two-Photon
Excited Fluorescence Lifetimes and Anisotropy Decays of Green Fluorescent
Proteins. Biophys. J. 2000, 78, 1589–1598.
(9) Uskova, M. A.; Borst, J. W.; Hink, M. A.; van Hoek, A.; Schots, A.; Klyachko, N. L.;
Visser, A. J. Fluorescence Dynamics of Green Fluorescent Protein in AOT
6

69
Reversed Micelles. Biophys. Chem. 2000, 87, 73–84.
Tang, J.; Jofre, A. M.; Lowman, G. M.; Kishore, R. B.; Reiner, J. E.; Helmerson,
K.; Goldner, L. S.; Greene, M. E. Green Fluorescent Protein in Inertially Injected
Aqueous Nanodroplets. Langmuir 2008, 24, 4975–4978.
(11) Visser, A. J. W.; Westphal, A. H.; Skakun, V. V.; Borst, J. W. GFP as Potential
Cellular Viscosimeter. Methods Appl. Fluoresc. 2016, 4, 035002.
(12) Shi, X.; Basran, J.; Seward, H. E.; Childs, W.; Bagshaw, C. R.; Boxer, S. G.
Anomalous Negative Fluorescence Anisotropy in Yellow Fluorescent Protein (YFP
10C): Quantitative Analysis of FRET in YFP Dimers. Biochemistry 2007, 46,
14403–14417.
(13) Prescott, M.; Battad, J. M.; Wilmann, P. G.; Rossjohn, J.; Devenish, R. J. Recent
Advances in All-Protein Chromophore Technology. Biotechnol. Annu. Rev. 2006,
12, 31–66.
(14) Shaner, N. C.; Steinbach, P. A.; Tsien, R. Y. A Guide to Choosing Fluorescent
Proteins. Nat. Methods 2005, 2, 905–909.
(15) Ai, H.-W.; Henderson, J. N.; Remington, S. J.; Campbell, R. E. Directed Evolution
of a Monomeric, Bright and Photostable Version of Clavularia Cyan Fluorescent
Protein: Structural Characterization and Applications in Fluorescence Imaging.
Biochem. J 2006, 400, 531–540.
(16) Yanushevich, Y. G.; Staroverov, D. B.; Savitsky, A. P.; Fradkov, A. F.; Gurskaya,
N. G.; Bulina, M. E.; Lukyanov, K. A.; Lukyanov, S. A. A Strategy for the Generation
of Non-Aggregating Mutants of Anthozoa Fluorescent Proteins. FEBS Lett. 2002,
511, 11–14.
(10)

7

70
CHAPTER FOUR
AN INSTRUMENT TO OPTIMIZE FLUORESCENT PROTEINS FOR TWOPHOTON EXCITATION
Contribution of Authors and Co-Authors
Manuscript in Chapter 4
Author: Rosana S. Molina
Contributions: Designed and conducted calibration experiments; wrote the manuscript
Co-Author: Jonathan King
Contributions: Developed software
Co-Author: Jacob Franklin
Contributions: Developed software
Co-Author: Nathan Clack
Contributions: Developed software
Author: Christopher McRaven
Contributions: Designed and built the GIZMO
Co-Author: Vasily Goncharov
Contributions: Designed and built the GIZMO
Co-Author: Daniel Flickinger
Contributions: Designed the GIZMO
Co-Author: Karel Svoboda
Contributions: Conceived the project, supervised research

71
Contribution of Authors and Co-Authors Continued
Co-Author: Mikhail Drobizhev
Contributions: Provided optical expertise, supervised research
Co-Author: Thomas E. Hughes
Contributions: Conceived the project, supervised research

72
Manuscript Information
Rosana S. Molina, Jonathan King, Jacob Franklin, Nathan Clack, Christopher McRaven,
Vasily Goncharov, Daniel Flickinger, Karel Svoboda, Mikhail Drobizhev, Thomas E.
Hughes
Status of Manuscript:
__x_ Prepared for submission to a peer-reviewed journal
____ Officially submitted to a peer-reviewed journal
____ Accepted by a peer-reviewed journal
____ Published in a peer-reviewed journal

73

An instrument to optimize fluorescent proteins for
two-photon excitation
Rosana S. Molina1, Jonathan King2, Jacob Franklin2, Nathan Clack2, Christopher
McRaven3,4, Vasily Goncharov3, Daniel Flickinger3, Karel Svoboda3, Mikhail
Drobizhev1, Thomas E. Hughes1
1Department

of Cell Biology & Neuroscience, Montana State University, Bozeman,

MT
2Vidrio Technologies, Ashburn, VA
3Janelia Research Campus, Ashburn, VA
4Current address: Advanced Engineering Laboratory, Woods Hole Oceanographic
Institution, Woods Hole, MA

Abstract
Two-photon microscopy together with fluorescent proteins and fluorescent
protein-based biosensors are now commonly used tools in neuroscience research.
To enhance their experimental scope, it is important to optimize fluorescent
proteins for two-photon excitation. Directed evolution of fluorescent proteins under
one-photon excitation is common, but many one-photon properties do not correlate
with two-photon properties. A simple model system for expressing and screening
different fluorescent protein mutants is E. coli colonies on an agar plate. Creating a
high throughput screen in this system under two-photon excitation is a challenge for
a conventional point scanning approach. We designed an instrument that solves this
challenge by first capturing a colony map under one-photon excitation. It then
translates the auto-detected colony positions into stage movements to selectively
scan each individual colony with the laser. This new instrument, called the GIZMO,
can measure the two-photon excited fluorescence of 10,000 E. coli colonies in 7
hours. We show that the GIZMO can be used to evolve a fluorescent protein under
two-photon excitation.

Introduction
The 1990s saw both the cloning of the green fluorescent protein (Prasher et
al., 1992) and the first application of two-photon microscopy to neuroscience (Denk
et al., 1994). Fluorescent proteins were promising as genetically encoded probes,
and two-photon microscopy made it possible to image fluorescence deep in living
tissue with confined excitation and decreased scattering due to the near-infrared
excitation light. Today, their combination is ubiquitous in neuroscience research.
Fluorescent proteins have been engineered to sense Ca2+ and other indicators of
brain activity (Shen et al., 2020), and two-photon microscopy is used to image them
deep in the brains of behaving mice (Kazemipour et al., 2019; Sofroniew et al.,
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2016). The methods applying fluorescent proteins and two-photon microscopy
together can make an even greater impact if fluorescent proteins are optimized for
two-photon excitation. While there have been extensive efforts to improve
fluorescent-protein-based probes, they have been done under one-photon
excitation.
Because of different molecular parameters involved in the quantum
mechanical description of absorption, the two-photon absorption properties of a
fluorescent protein are not equivalent to its one-photon properties. For example, the
popular fluorescent protein mNeonGreen is two times brighter molecularly than
EGFP under one photon excitation, but it is two times dimmer under two-photon
excitation (Molina et al., 2017). Often, the peak absorption wavelength in twophoton excitation is blue-shifted compared to twice the one-photon peak
wavelength, due to an enhancement of a vibronic transition in the former
(Drobizhev et al., 2012). Photobleaching rates are also variable between the two
modes of excitation (Patterson & Piston, 2000).
Fluorescent protein properties are malleable, and from day one they have
been improved through directed evolution (Cormack et al., 1996; Crameri et al.,
1996; Heim et al., 1994). This involves screening a library of mutants for desired
properties and creating a new library from the selected mutants, then repeating this
process to eventually find a significantly improved variant. Typically, this is done in
E. coli colonies because they can easily express fluorescent proteins, and each colony
represents a single mutant. Setting up a screen under one-photon excitation is
relatively simple: a colored flashlight can light up an entire plate of colonies. In
contrast, two-photon excited fluorescence is confined to the focus of a pulsed,
femtosecond laser, giving two-photon microscopy its edge for imaging thick
samples, but creating a challenge for high throughput screening.
To date, only two efforts to evolve fluorescent proteins specifically for twophoton microscopy have been described. One was an attempt to red shift the twophoton absorption of the fluorescent-protein-based Ca2+ indicator GCaMP to better
match wavelengths common to inexpensive high-powered femtosecond fiber lasers
(Mohr et al., 2020). Screening was still performed under one-photon excitation with
ratiometric emission registration to detect red shifted mutants. The second was a
setup that could screen a plate of E. coli colonies with two-photon excitation by
scanning a laser stripe across it and imaging the result onto a camera (Stoltzfus et
al., 2015). This setup requires laser powers over 500 mW at the sample, limiting its
application to expensive femtosecond amplifier systems or fixed-wavelength lasers
such as fiber lasers.
Screening fluorescent proteins under two-photon excitation with high
throughput and adaptability is largely an engineering and software challenge. We
present a new instrument for this purpose called the GIZMO (gadget for
implementing zippy multiphoton optimization). It is compatible with affordable low
power femtosecond lasers and can screen 10,000 E. coli colonies in 7 hours.
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Results
Key Specifications
In designing the instrument, there were five key specifications to meet. First,
the instrument should be set up to screen in E. coli colonies. Screening fluorescent
proteins in E. coli colonies makes it simple to recover the plasmid expressing a
particular protein, and creating a larger library is as straightforward as plating more
transformed E. coli. Second, the throughput of the instrument should be 10,000
colonies/day, corresponding to the order of a typical library size for one round of
fluorescent protein evolution (Heim et al., 1994). Third, the instrument should
employ a laser point-scanning system to make it compatible with wavelengthtunable low power femtosecond lasers. Fourth, the scan volume needs to include a
depth range greater than the height of an E. coli colony, which can reach up to 200
µm (Wimpenny, 1979). Fifth, there needs to be automated software control with a
graphical user interface (GUI). This is a critical component to maximize throughput
and ensure widespread adoption in the neuroscience community.

Implementation
The GIZMO was designed, custom parts machined, and assembled (Figure 1).
It contains a custom holder for a 100 x 100 mm square petri plate, which sits on
three stages for precise movement in three dimensions. To efficiently scan
individual colonies across the plate with two-photon excitation, the GIZMO has two
detection arms connected by a stage. The first arm employs one-photon excitation
to capture a widefield image of the plate, creating a map of colony positions (Figure
2A). Then, at the second, two-photon detection arm, this map is transformed into
stage movements along the path connecting individual colonies (Figure 2B). In this
way, each colony visits the focal spot of the two-photon objective to be scanned by
the laser, and no time is wasted scanning the plate where no colonies are present.
One-Photon Arm
The one-photon arm captures an image of the plate under widefield
excitation. The excitation light source is an LED ring illuminator, which is
exchangeable between blue (455 nm) and green (530 nm) lights (Advanced
Illumination). A telecentric lens focuses the image through a bandpass filter onto a
CCD camera. The telecentric lens is critical: since an object's magnification does not
depend on its distance, the location of each colony in the horizontal (XY) plane is
accurately represented in the image despite inevitable differences in agar surface
height plate-to-plate and within each plate. The field of view of the lens (71.1 x 53.3
mm) does not cover the entire plate, so four snapshots at four different XY stage
positions are stitched together to make the plate map. Since the colonies are
detected via fluorescence, those harboring nonfluorescent proteins (with mutations
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that caused a loss of fluorescence) will not be scanned at the two-photon arm,
further saving time.
Two-Photon Arm
The two-photon detection arm is set up much like a conventional two-photon
laser scanning microscope. The excitation laser (Insight DeepSee, Spectra-Physics)
first goes through a Pockels cell (Conoptics) for software-controlled laser
attenuation. It is directed up to the GIZMO via a periscope and reflected off of two
galvo mirrors for lateral scanning. It then goes through a scan lens (focal length 55
mm) followed by a tube lens (Olympus U-TLUIR, focal length 180 mm) and
transmits through a dichroic mirror (705 nm longpass, Semrock) before entering
the objective (Olympus, LCPLN 20XIR, NA 0.45, working distance 8.18 - 8.93 mm).
The objective is mounted onto a piezo stage (Physik Instrumente) to scan the focus
of the laser through the colony quickly in z, with a range of 400 µm. Fluorescence
from the colony is collected by the objective and reflected from the dichroic to the
two PMTs (Hamamatsu), which are separated by another dichroic (custom longpass,
reflects 410-550 nm, transmits 580-1000 nm, Chroma) to enable two-color
detection if desired. A detailed optical path diagram can be found in Figure S1.
Critical Software Components
In addition to controlling the hardware and data collection, the software (a
custom implementation of ScanImage (Vidrio Technologies)) includes features
critical to a timely and accurate screen of a plate. For the one-photon side, the
software automatically overlays the four snapshots and detects colonies, displaying
the results on a GUI (Figure 2A). There are user-adjustable thresholds for the
colony-finding algorithm (e.g. maximum pixel value, minimum/maximum pixel
radius of the colony) to ensure that the colonies are properly detected. A precise
pixel-to-stage transform couples colony XY positions to stage movements at the
two-photon side. Before the colonies are scanned under two-photon excitation, the
colony Z positions also have to be determined. The agar height varies between
plates as well as across a single plate. A Z-finding algorithm detects the Z positions
of a set of colonies pre-selected by the user across the plate and linearly interpolates
the values for the rest of the plate. With the Z-finding algorithm, about 95% of
scanned colonies lie within the 400 µm scan range of the piezo stage and are
successfully measured, compared to about 70% at best with a user-determined
single Z value. To minimize the scan time, the software applies an approximate
traveling salesman algorithm (Lundgren, 2019) to find the shortest path length
between all of the colonies (Figure 2B).
Workflow and Timing
For the experienced user, scanning a total of 10,000 scanned colonies takes
~7 hours. A typical plate of 1000 fluorescent colonies takes ~3 minutes of hands-on
attention (constant per plate) and ~35 minutes of automatic scanning (scaled with
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the number of colonies). Once the plate is securely placed into the holder, the user
interacts with the GUI to take the snapshots and to ensure that the autodetected
colonies match what is seen by eye. The user then manually selects five "test
colonies" for the Z-finding algorithm: one located in the center of the plate, and one
at each corner of the plate (Figure 2A). The plate moves over to the two-photon side
via the switch stage, where the user activates the automatic Z-find process. The final
step is to scan all of the colonies, which is done automatically at a rate of ~2
s/colony. Stage movement between colonies takes 0.5-0.7 s/colony, and the time
spent acquiring signal is 100 ms/colony. The extra time/colony present in practice
is due to computational overhead. Further optimization of the software could
minimize this.
The data is analyzed with a separate MATLAB program that sorts the
colonies based on the maximum intensity value and reports the colony indexes of
the top five colonies. This can then be entered into a separate GUI which displays
the plate and marks the colony position based on the index. The user can then pick
colonies with the preferred method.

Calibration Experiments
To establish the GIZMO as an instrument to screen fluorescent proteins
under two-photon excitation, we tested its sensitivity. First, we measured plates of
known fluorescent proteins, and then we applied the GIZMO in a directed evolution
experiment. For the experiments described below, we measured cyan to greenemitting fluorescent proteins. Accordingly, at the one-photon arm, we used the blue
LED illuminating ring with a 525/50 nm bandpass filter (Semrock) before the
camera. At the two-photon arm, we used the PMT on the green side of the custom
dichroic with a 694 shortpass filter (Semrock) in front of it. For each colony scan
(100 ms), we set one galvo mirror to actively scan the laser laterally 200 µm back
and forth across the colony as the piezo stage moves the objective down 400 µm in
Z. The laser power after the objective was ~ 5 mW. Data from a typical colony scan
is shown in Figure 3A. To be able to compare the relative two-photon excited
fluorescence of individual colonies, the raw scan data from each colony is reduced to
the maximum pixel value during data analysis. To ensure that this intensity value
reflects two-photon excited fluorescence, we checked the dependence of the signal
intensity on the laser power. On a log-log plot of fluorescence versus laser power,
the slope of a linear fit was 2.05 ± 0.03, indicating quadratic dependence and twophoton excitation (Figure S2).
Comparing Known Fluorescent Proteins
Next, we determined the spread of intensity values for a plate of colonies
expressing the same fluorescent protein, and we asked whether plates containing
different fluorescent proteins are distinguishable. We plated four different
fluorescent proteins: efasCFP, meffCFP (Alieva et al., 2008), amFP486/K68M
(Yanushevich et al., 2002), and Rosmarinus (Molina et al., 2017). Then we scanned
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the plates with the GIZMO the next day (Figure 3B). The relative standard deviation
of a single colony measurement varied from 6.2% (efasCFP) to 14.8%
(amFP486/K68M). The average value for each fluorescent protein was significantly
different than the others (unpaired two-sample t test, p < 0.001).
Two main factors contribute to the two-photon excited fluorescence intensity
of a colony: the concentration of the fluorescent protein and its molecular twophoton brightness, defined as the two-photon cross section (σ ) multiplied by the
fluorescence quantum yield (φ). Based on the known molecular brightness at the
excitation wavelength (840 nm), Rosmarinus should be the brightest of the four FPs
(84 GM), then amFP486/K68M (69 GM), and then meffCFP (54 GM) closely followed
by efasCFP (53 GM) (Molina et al., 2017). Instead, the average colony intensity
measured on the GIZMO of amFP486/K68M, meffCFP, and efasCFP was 3.74, 0.81,
and 0.40 times that of Rosmarinus, respectively (Figure 3B). This shows that the
concentration factor plays a large role in the overall difference between FPs.
2

Directed Evolution Experiment
Our next goal was to demonstrate that the GIZMO could be used to evolve a
fluorescent protein under two-photon excitation. We decided to start with
Rosmarinus, as it was already molecularly two-photon bright but had room to
improve in terms of functional protein concentration, as seen in the previous
experiment (Figure 3B). For the screening laser wavelength, we chose 840 nm,
which is slightly blue-shifted from the two-photon absorption peak of Rosmarinus
(~ 850 nm). The screening wavelength was chosen based on the evidence that twophoton brighter green fluorescent proteins tend to be blue-shifted (Molina et al.,
2017). We created a library of Rosmarinus variants through random mutagenesis
(see Methods). For the first library, we screened about 6,000 mutants and then
picked the top 1% brightest colonies from each plate as a template for the next
round of evolution. For subsequent rounds, we picked the top colony from each
plate, sequenced them, and selected 5-10 mutants based on sequence diversity. We
also performed gene-shuffling to find beneficial mutation combinations (see
Methods).
The two-photon excited fluorescence of the selected mutants as measured by
the GIZMO steadily increased for seven rounds of evolution before leveling off at
Round 8 (Figure 4A). Clone 7.02, the top clone from Round 7, was on average 9
times brighter than Rosmarinus in E. coli colonies under two-photon excitation
(Figure 4A). It contains 11 amino acid mutations relative to Rosmarinus: H13R,
M24V, I40V, G128D, V131I, T136S, E182G, N212T, A219T, K225E, and K227E
(numbered according to Genbank KY931461). We characterized the two-photon
absorption properties of Clone 7.02 in purified protein (see Methods) and found
that its molecular brightness and spectral shape are identical to those of
Rosmarinus (Figure 4B). Evolving Rosmarinus under the GIZMO at 840 nm led to a
dramatic increase in functional protein concentration in E. coli colonies while
maintaining the high molecular brightness.
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Discussion
We have designed and implemented an instrument to screen fluorescent
proteins under two-photon excitation. The GIZMO can measure the two-photon
excited fluorescence of 10,000 E. coli colonies expressing a library of fluorescent
proteins in 7 hours. It meets the challenge of quickly scanning a laser across a plate
of colonies by first taking a widefield one-photon image of the plate. This then
serves as a map of colony positions to visit with the two-photon point scanning
approach. The one-photon and two-photon detection arms follow standard optical
design. The custom software seamlessly integrates the two arms to make fast
protein evolution possible.
To test the GIZMO in action, we performed a proof-of-principle experiment to
evolve Rosmarinus, a promising fluorescent protein for two-photon excitation
because of its strong two-photon brightness. Screening under two-photon excitation
put selective pressure on the mutants that expressed better in E. coli and preserved
a high molecular two-photon brightness, which may have been lost if the screening
was done under one-photon excitation. The colonies did not get brighter after the
seventh round of directed evolution, suggesting that a saturation point had been
reached in terms of expression. To find mutations that increase the molecular
brightness, it is possible that a larger library is necessary. Considering the
throughput of the instrument, 50,000 mutants would still be practical. Alternatively,
libraries that target specific sites in the protein predicted to be near the
chromophore may be a more efficient way to find molecularly brighter mutants.
A two-photon optimal fluorescent protein should be bright and express well,
but it also needs to be photostable under two-photon excitation. Software
development is in progress to add photobleaching characterization and screening
capabilities to the GIZMO. No extra hardware is required. The photobleaching rate
under two-photon excitation usually depends stronger than quadratically on the
laser power (Patterson & Piston, 2000), and it can also depend on the excitation
wavelength (Graham et al., 2015; Herz et al., 2010). These are parameters we are
taking into consideration to develop an accurate and informative two-photon
photobleaching screen.
In addition to photobleaching, the GIZMO has more capabilities than
demonstrated here, both currently available and possible with further development.
While we worked with cyan to green fluorescent proteins, it is readily adaptable for
other colors, including orange and red. Its compatibility with a wavelength-tunable
laser also makes it possible to screen for desired spectral properties. There are two
PMTs for the option of including a reference fluorescent protein in the screen, for
example. In combination with functional assays, it could be used to screen
fluorescent protein-based biosensors that are able to be expressed in E. coli, such as
kinase sensors (Mehta et al., 2018) or calcium ion sensors (Dana et al., 2016, 2019;
Wu et al., 2013; Y. Zhao et al., 2011). Since it uses a pulsed excitation source, it could
be fitted with a digitizer to enable fluorescence lifetime measurements. The
properties of the GIZMO make it a versatile instrument.
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With the help of the GIZMO, protein engineers can create a new generation of
genetically encoded fluorescent tools specifically optimized for two-photon
microscopy. These tools will expand the accessible landscape of experiments to
investigate the brain.
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Figure 1. The GIZMO instrument, machined and assembled. Select components are
labeled in white. The GIZMO has two detection arms (black labels): a one-photon arm
creates a plate map of E. coli colonies (Figure 2A) for the two-photon arm to then visit each
colony.
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Figure 2. The GIZMO plate map and stage path. A) Example plate map captured by the
one-photon arm of the GIZMO, as shown on the NorthernLights software graphical user
interface. The intersecting aqua lines show where the four snapshots have been
automatically stitched. The open circles indicate auto-detected colonies. Green circles mark
the colonies which will be scanned. The five blue circles (see white arrows) mark the
manually-chosen colonies which will be used to detect the Z position across the plate. Red
circles are outside of the designated scan area and will not be scanned. B) Example of the
time-efficient stage path between colonies generated from an approximate traveling
salesman algorithm.
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Figure 3. Sensitivity of the GIZMO. A) Representative raw data of a single colony scan (100
ms) measured by the two-photon arm of the GIZMO. The fluorescence signal detection
bandwidth is ~ 1MHz. The objective attached to a piezo stage, rapidly moves down 400 µm
in Z. Simultaneously, a galvo mirror scans the laser back and forth across the colony in a 200
µm line. This adds another spatial dimension to the scan (not plotted). The scan time and
spatial parameters are user-adjustable. B) The spread of the two-photon excited
fluorescence of E. coli colonies as measured by the GIZMO for four different fluorescent
proteins. Each point represents the maximum intensity value of a colony from a scan
exemplified in A. For each fluorescent protein, 195-233 colonies were measured (laser
excitation at 840 nm). E. coli were transformed with each fluorescent protein DNA at the
same time under the same conditions and measured on the same day.
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Figure 4. Directed evolution experiment. A) Two-photon excited fluorescence of colonies
from different rounds of evolution, excited at 840 nm and plotted as in Figure 3B. The plates
were transformed under the same conditions and measured on the same day. Shown are
Rosmarinus, the selected mutants from each round of evolution, and the brightest mutant
from Round 7 (Clone 7.02). Rounds 4, 5, and 6 are omitted for simplicity. The same data is
plotted in log scale in Supplementary Figure 3. B) The two-photon molecular brightness of
Clone 7.02 is identical to the parent protein Rosmarinus, as measured in purified protein.
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Methods
Agar Plates Preparation
Square, 100 mm x 15 mm polystyrene petri dishes were purchased from
Simport (Catalog number D210-16). About 0.25 g/L of activated charcoal powder
was added to LB agar (Millipore Sigma) before autoclaving, to create a nonreflective background for imaging. Each plate was filled with 80 ml of LB agar at 50
℃ and set on a level surface overnight. This volume of agar was necessary to screen
the entire plate without the objective hitting the sides of the plate. Before storing the
plates, condensation was wiped off the lids with paper towels. If necessary, the
edges of the plate were similarly dried immediately before plating. Transformed E.
coli were spread onto the plate using 3 mm glass beads (Fisher Scientific).

Library Preparation and Analysis
To create mutant libraries, error-prone PCR was performed with the
GeneMorphII kit (Agilent Technologies) or Taq polymerase (New England Biolabs)
supplemented with MnCl . Starting from Round 2, each round of evolution also
included a library created by gene-shuffling the selected clones using the staggered
extension PCR method (H. Zhao & Zha, 2006) and Taq polymerase (New England
Biolabs). The amplified DNA fragments were inserted into the constitutive bacterial
expression vector pNCS (gift from Nathan Shaner) by ligation independent cloning
with In-Fusion Cloning (Clontech) or NEBuilder HiFi DNA Assembly (New England
Biolabs). The cloning mixture was transformed into Stellar Competent Cells
(Clontech) and plated onto square agar plates for a total of ~10,000 colonies per
round. The plates were incubated overnight at 37º. They were screened with the
GIZMO the next day or stored at 4º for 1-4 days before screening.
The results from each plate were analyzed independently with a custom
Matlab program. For each colony scan, the program checks that there was a colony
in the scan (i.e., not missed due to an off Z position) and then subtracts the
background. It ranks the colonies by their maximum intensity value and reports the
colony ids of the top five brightest colonies on the plate. The top "good" colony (e.g.,
not touching other colonies) was picked based on a separate Matlab GUI that
displays the one-photon plate map and marks the desired colony upon user input of
the colony id. Colony PCR was performed on each colony with OneTaq (New
England Biolabs). The PCR products were purified with Nucleospin (MachereyNagel) as per manufacturer's instructions and sequenced (Eurofins or Genscript).
The sequences were then analyzed with a custom Matlab program to find the
most unique mutants (those that contained a unique mutation not represented by
the others). The selected mutants from each round were used as a template for the
next round of evolution.
2
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Protein Purification
Proteins were purified using His60 Ni Superflow Resin (Clontech).
Photophysical measurements were made in the elution buffer (50 mM sodium
phosphate, 300 mM sodium chloride, 300 mM imidazole; pH 7.4).

Two-Photon Characterization
Two-photon characterization was done as in previous work (Drobizhev et al.,
2020; Molina et al., 2019), with a modification to the method for measuring the twophoton cross section. A femtosecond tunable InSight DeepSee laser (SpectraPhysics) was directed into a PC1 Spectrofluorimeter (ISS) containing the protein
sample in a 3 mm cuvette. The laser was controlled with a custom LabView program
to measure the spectral shape relative to Coumarin 540A (Exciton) in DMSO
(MilliporeSigma) (the spectral shape was taken from (de Reguardati et al., 2016),
but the range from 680 nm to 760 nm was corrected with Prodan in DMSO
measured in the same reference). A detailed description of this setup can be found
in (Drobizhev et al., 2020).
The two-photon cross sections were measured in the same setup at 840 nm
and 900 nm relative to fluorescein (MilliporeSigma) in 1 mM NaOH (extinction
coefficient at 491 nm: 92,000 M cm , σ (840 nm): 12.9 GM, σ (900 nm): 15.4 GM
(Makarov et al., 2008)). The fluorescence signal as a function of laser power was
determined under both two-photon excitation and one-photon excitation with the
458 nm line of an argon ion laser (IMA101040 ALS, Melles Griot), selected with an
interference filter. The fluorescence was collected through a 520 LP filter (Chroma)
and a 770 SP filter (Semrock). The collection conditions were identical between
excitation conditions. The signals as a function of laser power were fit to a parabola
or a line for two-photon or one-photon excitation, respectively. The fitted
coefficients represent a multiplication of the 1) relative absorption strengths, 2)
relative concentrations, 3) PMT spectral sensitivity parameters, 4) laser excitation
parameters, and 5) fluorescence collection efficiency. Parameters 2) and 3) are the
same under both one-photon and two-photon excitation, and parameters 4) and 5)
are the same between the sample and the reference. We therefore used the known
extinction coefficients at 458 nm and the known σ of fluorescein at the excitation
wavelength to calculate the σ of the sample.
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Fluorescence Quantum Yield and Extinction Coefficients
The fluorescence quantum yields were measured with an integrating sphere
spectrophotometer (Quantaurus-QY, Hamamatsu). The reference (buffer-only)
measurement was done in the same cuvette as the sample measurement. The
extinction coefficients were measured by scanning the one-photon absorption
spectra with the Lambda 950 Spectrophotometer (Perkin-Elmer) during stepwise
alkaline denaturation with 1 M NaOH. The extinction coefficient of the protein was
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calculated relative to the known extinction coefficient of the fully denatured form of
the chromophore, 44,100 M cm (Ward, 2005).
-1

-1
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Supplementary Information

Supplemental Figure 1. Optical path of the two-photon arm. The excitation path of the
laser is shown with a solid line, and the emission path of the fluorescence is shown with a
dashed line.

Supplemental Figure 2. Quadratic
power dependence of
fluorescence signal. The
fluorescence signal measured by
the GIZMO from an E. coli colony
expressing Rosmarinus was
quadratically dependent on the
laser power.
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Supplemental Figure 3. Directed evolution experiment to evolve Rosmarinus. The data
here are the same as Figure 4a of the main text but plotted in log scale.
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CHAPTER FIVE
FUTURE DIRECTIONS
The work presented here sets the stage for developing genetically encoded
fluorescent tools that are optimized for two-photon microscopy. It highlights instances in
which properties of these tools are critically different under one-photon versus twophoton excitation. In Chapter 2, a study of red genetically encoded Ca2+ indicators shows
that their Ca2+-dependent change in fluorescence can differ between the two modes of
excitation. Chapter 3 shows that in GFP-type proteins, a stronger one-photon absorption
cannot predict a stronger two-photon absorption. However, a one-photon absorption
spectrum shifted to higher energy wavelengths can. Finally, Chapter 4 introduces a
custom instrument, the GIZMO, capable of screening fluorescent proteins under twophoton excitation. Future work will involve using the GIZMO to create new genetically
encoded fluorescent tools to enhance the power of two-photon microscopy in
neuroscience.
Two-Photon Brighter Markers
What are the next steps? First, there is a need for two-photon brighter fluorescent
proteins as simple markers in the brain. For example, they might serve as expression
markers for channelrhodopsins (Boyden et al., 2005), proteins used as tools to control
neuronal activity with light. The blue-shifted GFP-type proteins described in Chapter 3
could be evolved with the GIZMO to become even brighter under two-photon excitation.
As described in Chapter 4, this was started with the fluorescent protein Rosmarinus, but
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more work is needed to increase its molecular brightness and validate its use in
mammalian cells. In the process of making an ideal fluorescent protein marker, it is
possible that it will need to be monomeric. If it functions as more than one subunit, fusing
it to other proteins is usually problematic (Campbell et al., 2002). Monomerization while
retaining desirable two-photon properties will require structure-guided protein
engineering (Ai et al., 2014) and screening with the GIZMO. Additionally, the GIZMO
can be adapted to screen colors other than green to produce a rainbow of two-photon
bright fluorescent proteins.
Two-Photon Photostability
Besides two-photon brightness, another property that the GIZMO can be set up to
screen for is two-photon photostability. It is important to have probes that are bright and
stay bright for an extended period of time. Under two-photon excitation conditions,
photobleaching is more than quadratically dependent on the laser power (Patterson &
Piston, 2000). The rate of photobleaching also depends on the wavelength of excitation
(Graham et al., 2015; Herz et al., 2010). With the GIZMO, it is possible to adjust these
parameters and measure the photobleaching rates of fluorescent proteins in E. coli.
Screening for improved photostability has been done under one-photon excitation
(Shaner et al., 2008; Wiens et al., 2018), but it has yet to be done under two-photon
excitation.
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Two-Photon Optimized Biosensors
To reach the full potential of two-photon microscopy in neuroscience, the
resulting two-photon optimized fluorescent proteins will have to be incorporated into
biosensors. As exemplified with the GCaMP series of Ca2+ sensors, biosensors also need
to be evolved through multiple generations to achieve optimum usability (Chen et al.,
2013; Dana et al., 2019; Nakai et al., 2001; Tian et al., 2009). If it is possible to express
the sensor in E. coli, the GIZMO could be used to maintain its two-photon brightness
throughout the directed evolution process. Currently, screening for improved function is
conducted under one-photon excitation. Setting up equivalent screens under two-photon
excitation is a challenge but may be necessary.
Machine-Learning Guided Evolution
A complementary approach to finding better-performing genetically encoded
fluorescent tools for two-photon microscopy could be through machine-learning guided
evolution (Yang et al., 2019). This approach uses sequence and functional data to predict
the functional outcome of unseen protein sequences. There are increased costs associated
with it, such as extra sequencing and DNA synthesis, but it can be especially worthwhile
if the screening method is low throughput. For instance, characterizing the two-photon
properties of a set of designed Ca2+ indicator variants and using the results as training
data could lead to ones that have improved properties. Machine learning has already been
successfully applied to the world of fluorescent proteins, to change the color of GFP to
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yellow (Saito et al., 2018) and to create an effective serotonin biosensor (Unger et al.,
2019).
Targetable Fluorescent Dyes
While it is clear that the two-photon properties of fluorescent proteins can and
should be improved, they will likely never match the two-photon brightness and
photostability of some fluorescent dyes (Grimm et al., 2017). Fluorescent dyes by
themselves cannot be genetically targeted, but there now exists a "chemigenetic"
approach that enables them to bind to particular proteins with genetic specificity. This
works through an engineered protein fusion tag that selectively and irreversibly binds to a
chemical linker that can be synthetically added to the dye (Keppler et al., 2003; Los et al.,
2008). The system has already been applied to make Ca2+ sensors (Deo et al., 2019) and
voltage sensors (Abdelfattah et al., 2019), although the current voltage sensor design is
not compatible with two-photon imaging. The dye still has to be delivered to the area of
interest, and diffusion across the blood brain barrier and cell membranes can be a
challenge. Nevertheless, this technology is another promising way to create two-photon
optimized tools.
The final goal here is to understand the brain. To do so, neuroscientists need the
right research tools. Two-photon microscopy together with genetically encoded
fluorescent probes has unlocked key insights into how the brain works, but this method
has even more potential with fluorescent tools specifically optimized for two-photon
excitation. Decades have been spent on fluorescent protein engineering under one-photon
excitation, and it is time to do the same under two-photon excitation.
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