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Abstract

Green fluorescent protein (GFP) fusion tags are commonly used to study protein expression and
cellular localization in vivo. But, GFP must undergo an autogenic post-translational modification,
known as chromophore maturation, to become fluorescent, a process that can have a half-time longer
than 30 minutes inside research model organisms. The timescale of chromophore maturation in GFP
is thus slower than many key biological processes, limiting its usefulness in measuring those processes.
In this thesis, we discuss the creation and engineering of a sensor for transiently expressed proteins
(STEP) based on a fully matured but dim GFP. Upon specific binding of STEPtag, a small (15.5 kDa)
protein to the sensor, full fluorescence is restored. Thus, by genetically fusing STEPtag to a protein of
interest, it can be detected as soon as folding is complete, without any maturation delay. Through a
combination of rational design and targeted directed evolution, we describe the improvement of the
original sensor, gSTEPO, into an optimized version, gSTEP1. The sensor has been validated in vitro
and in E. coli cells, and we have found that for gSTEP1, the fluorescence signal increases more than
three-fold upon binding, with a Kg of 120 + 30 nM and a kon of 1.7 x 10° M?s%, allowing detection of
the protein of interest on the second timescale. We have also created a yellow version of the biosensor,
and provide preliminary attempts at developing orthogonal binding pairs, as well as red- and cyan-
coloured STEPs, which could eventually be used in multiplex experiments. Our biosensor opens the
door to the study of short-timescale processes in research model organisms, such as Drosophila and
zebrafish embryogenesis, as well as in host-pathogen interactions, which we are currently

investigating.
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Chapter 1: Introduction

1.1 Fluorescent Proteins

1.1.1 Fluorescence

Fluorescence is defined as the emission of a photon from a molecule, known as a fluorophore,
caused by the relaxation of an excited singlet electronic state (Si1) back to the ground state of the
molecule (So).™ In order to reach the higher-energy excited state, the molecule absorbs a photon with
sufficient energy to reach one of the vibrational states of the S: electronic state. Thus, a fluorophore
will have both an excitation spectrum, or range of energies that it is capable of absorbing that will lead
to fluorescence, as well as an emission spectrum, or range of energies at which it will emit. When
considering fluorescence, these energies are often expressed as wavelengths, which are inversely
proportional to the energy of the photon. The emission spectrum is typically at a longer wavelength
(lower energy) than the excitation spectrum due to some conversion of energy into non-radiative
processes. This phenomenon is known as the Stokes shift,'* and is commonly caused by the rapid decay
to the lowest vibrational level of the excited state, as well as the decay to higher vibrational levels of

So, leading to excess vibrational energy being lost as heat (Figure 1.1).

The efficiency of a fluorophore is known as the brightness, and is defined as the product of the
extinction coefficient (or molar absorption coefficient, €) and the quantum yield (®)." The extinction
coefficient represents the capacity of the fluorophore to absorb light of a given wavelength, and is

defined as:

€= é (Equation 1)
cl

Where A is the absorbance of a solution of the fluorophore at a given wavelength, c is its concentration,

and | is the optical path length. This relationship is known as the Beer-Lambert law. The quantum yield



represents the probability that an excited fluorophore will emit a photon as fluorescence, and it is

defined as:

# photons emitted

(Equation 2)

T photons absorbed

|

4

Absorption

220Ua2s=aJ0n

T

Figure 1.1 Fluorescence. A Jablonski diagram of a simple case of fluorescence. A photon of blue
light is absorbed by a fluorophore, exciting an electron from the ground electronic state (So) to the
first excited state (S1). The excited electron rapidly decays to the lowest vibrational state of the
excited state, from which it relaxes to the ground electronic state, accompanied by the emission of
a (lower-energy) green photon. Adapted from Hochreiter et al.® under the terms and conditions of
the Creative Commons Attribution license (http:/creativecommons.org/licenses/by/4.0/).

The quantum yield depends on the relative rates of radiative and non-radiative decay of the
fluorophore, with a quantum vyield close to unity implying that the non-radiative decay rates of the
fluorophore are slow relative to the rate of fluorescence emission.'® Thus, the fluorescence brightness
of a molecule can be diminished, or quenched, by the presence of alternative relaxation pathways, or
it can be increased by shielding it from these same pathways. These non-radiative decay pathways
include internal conversion, where the excess electronic energy is converted to excess vibrational or
rotational energy before being lost as heat, intersystem crossing where the excited singlet-state converts
to a triplet state that slowly decays as phosphorescence, or quenching by transiently colliding or

complexing with particular molecules, such as oxygen or halogens. Of particular relevance in

2
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biochemistry, the presence of water, a polar, protic solvent, provides a number of possible mechanisms
to quench fluorescence. As the excited state of the fluorophore typically has a larger dipole moment
than the ground state, the solvent dipoles may reorient around it after excitation, lowering the energy
of the excited state and therefore reducing the energy gap between the ground and excited state. This
can red-shift the emission wavelength away from the detected range, increase the probability of internal
conversion,® or stabilize the triplet form of the excited state, leading to intersystem crossing and the
loss of fluorescence, as phosphorescence occurs on a much slower timescale.!’ Alternatively, hydrogen
bonds between water and the fluorophore can provide pathways for charge transfer between the excited

state and the solvent, which can also provide non-radiative decay pathways back to the ground state.*®

The quenching effect of water can potentially be reversed by shielding the chromophore from
solvent, for instance by binding it to a biomacromolecule. This is the case for a number of protein-
binding dyes, such as 1-anilinonaphthalene-8-sulfonate (ANS) and Congo Red, among others, which
increase in fluorescence upon non-covalent binding to proteins, and can therefore be used as markers
to probe their structure and aid in their detection, for instance in sodium dodecy! sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).'® Because fluorescence spectroscopy is both sensitive and non-

invasive, it is an excellent tool for studying proteins.

1.1.2 Fluorescent Protein Structure and Chromophore Maturation

The green fluorescent protein (GFP) was originally identified in Aequorea victoria by
Shimomura et al.,?® % and has the uncommon property of being an intrinsically fluorescent protein, i.e.
it emits a fluorescent signal in the visible light spectrum without requiring an extrinsic cofactor or dye.
)_22, 23

The protein is comprised of an 11-stranded B-barrel that surrounds a central a-helix (Figure 1.2

This central helix contains the chromophore, a p-hydroxybenzylidene-imidazolidinone group that is



responsible for the fluorescence of the protein. The chromophore is formed by the autogenic cyclization

of a tripeptide sequence, Ser65-Tyr66-Gly67 in GFP,?* in a process known as maturation.

Figure 1.2 Structure of the green fluorescent protein. A cartoon representation of the crystal
structure of the green fluorescent protein from Aequorea victoria, generated with PyMOL, based
on the PDB entry 1IEMB. Side and top views of the barrel are presented, and the chromophore is
shown as yellow sticks.

In the generally accepted mechanism for GFP chromophore maturation, the amide nitrogen of
Gly67 performs a nucleophilic attack on the carbonyl carbon of Ser65, forming a 5-membered ring
(Figure 1.3).% This higher-energy intermediate is then conjugationally trapped by a dehydration step,
followed by the rate-limiting oxidation step, which requires the presence of molecular oxygen. The
chromophore microenvironment created by the surrounding protein barrel has been shown to be crucial
for maturation, as the central GFP helix that contains the chromophore tripeptide is kinked, disrupting
the backbone hydrogen bond network and thereby lowering the energy barrier for cyclization, while
also positioning the chromophore backbone in proximity to the catalytic Arg96 and Glu222 residues
that catalyze the dehydration step.?? Additionally, containment of the mature chromophore inside of
the barrel is required for fluorescence, as the free chromophore in solvent has been shown to be
nonfluorescent.?’ Computational modelling suggests that in solvent, the excited chromophore molecule

can undergo radiationless deactivation through rotation around the exocyclic C-C double bond (cis-
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trans photoisomerization), a process that is sterically and electrostatically inhibited by the protein
barrel.*® Thus, the tertiary structure of the protein contributes to its relatively uncommon function both

by reducing the energy barrier of maturation and shielding the mature chromophore.
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Figure 1.3 GFP chromophore maturation. A representation of the cyclization-dehydration-
oxidation mechanism of chromophore maturation in GFP. In this mechanism, maturation begins
with the cyclization of the peptide backbone between the Gly67 amide nitrogen and the Ser65
carbonyl carbon, followed by a dehydration step, and finally the rate-limiting oxidation of the Tyr66
C.Cp bond. Figure adapted with permission from Grigorenko et al.®> Copyright 2017 American

Chemical Society.

This tertiary structure is not unique to the Aequorea victoria GFP, however, as there exist a
number of homologues from other cnidarians,®** as well as some bilaterians,* such as copepods®®: ¥
and amphioxus.3 3 Within these homologues, as well as in some of the early mutagenesis experiments

performed on GFP,?* 2° mutations were discovered that can alter the excitation and emission

wavelengths of the resulting chromophore, leading to different colours of fluorescent protein.



Currently, fluorescent proteins with ultramarine,*’ blue,* cyan,*? green,* yellow,* orange,*® red,*® and
near-infrared*’ spectra are available, spanning emission wavelengths from 440-685 nm.! Some of these
colour changes occur as a result of mutations at position 66 (Figure 1.3), replacing the chromophore
tyrosine with another aromatic amino acid to directly alter the conjugated system formed. For instance,
replacing Tyr66 with phenylalanine or histidine in GFP results in a blue fluorescent protein, and
replacing it with tryptophan results in a cyan fluorescent protein. These proteins are blue-shifted
relative to GFP, as the aromatic side chains are less able to donate electrons to the chromophore system,
relative to the electron-rich phenolate of a charged tyrosine.”® In order to red-shift the spectrum, it
follows that additional electron density must be donated to the system, stabilizing the excited state of
the chromophore to reduce the gap between the ground and excited states. This was first accomplished
with the creation of the yellow fluorescent protein,?? where Thr203 was mutated to a tyrosine. Position
203 is adjacent to the chromophore, allowing its side chain to m-stack with the phenolate side of the
conjugated system, leading to a roughly 15 nm red-shift in emission. Further red-shifting of the
Aequorea GFP through mutagenesis proved difficult, however, such that the first reported red
fluorescent protein, DsRed, was instead a homolog derived from Discosoma sp.32 It was found that this
red-shift occurs as the result of an additional dehydration step on the backbone of GIn66, further
extending the conjugated system of the chromophore by two double bonds through the formation of
an acylimine.” This requires a longer maturation time, and it has been found that the formation of green
chromophore in DsRed competes with the formation of red chromophore, in a branched pathway model
of maturation that leads to a mixed population of green and red chromophores.*® Thus, this extended
chromophore complicates maturation, but has nevertheless resulted in a number of widely-used red
fluorescent proteins, particularly after extensive mutagenesis to monomerize the DsRed tetramer and
to improve maturation and brightness.*® % 1 While these examples are not an exhaustive list of all

possible chromophore modifications or structures, they serve to demonstrate the potential for



engineering novel fluorescent proteins, as well as the wide variety of fluorescent proteins that are

currently available to researchers.
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Figure 1.4 The fluorescent protein chromophore palette. A selection of chromophore structures
used in fluorescent proteins of different colours. Mutating position 66 to other aromatic amino acids
(Phe, His, Trp) leads to blue-shifted fluorescence relative to GFP, while adding m-stacking
interactions or increasing conjugation through the formation of an acylimine leads to red-shifted
fluorescence.

1.1.3 Fluorescent Protein Applications: Tags, Biosensors and the GCaMP Family of Calcium lon
Sensors

Because fluorescent proteins contain fluorophores comprised uniquely of proteinogenic amino
acids, they can be fused with other proteins of interest using molecular biology techniques, and these
fusions can be genetically encoded into research model organisms without needing any additional
cofactors to become fluorescent. Thanks to the high sensitivity of fluorescence imaging equipment,
these fusion proteins can then be used to study protein expression, localization, movement and
turnover.>> %% By identifying DNA- and RNA-binding proteins, as well as proteins associated with
particular subcellular locations, cells and tissues,>* * GFP fusions can also provide localization
information about any of these biomacromolecules or higher-order structures. The first examples of
the use of GFP as a fusion tag were reported in 1994,% 5" and by 1995 dozens of fusions in multiple
species and cell lines were already reported,®® with a current search of the PubMed database for the
MeSH term “green fluorescent proteins” returning more than 46 000 results. Although the original
Aequorea GFP has fallen out of favour due to the development of improved versions such as the
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enhanced green fluorescent protein (EGFP),*® % a number of cyan, green, yellow and red fluorescent
proteins are in common usage. Entire libraries of fluorescent protein fusions are now available,
including the majority of the yeast proteome,® hundreds of proteins from mouse embryonic stem
cells,®! over 1000 proteins in human lung carcinoma cells,®* ® and 10 000 proteins from Drosophila
melanogaster.®* Overall, GFP and its mutants have become indispensable tools for biologists and
biochemists, and these fusion tags continue to be relevant in fields of modern science, including cancer
research,®® ® neurobiology,®”  embryogenesis,® " virology,” "® single-molecule and super-

resolution imaging”"® and more.

In addition to these uses of fluorescent proteins as passive indicators, they have also been
engineered into active indicators, where their fluorescence is altered by their environment. This turns
the fluorescent protein into a biosensor, detecting an analyte, protein-protein interaction or enzymatic
activity of interest, based on how they influence the measured signal of the fluorescent protein. This
kind of modulation was originally performed by introducing Forster resonance energy transfer (FRET)
between a blue and a green fluorescent protein, by fusing them together using a short linker containing
a protease recognition site.>® ’® ’ When the two proteins were kept in close proximity by the linker,
FRET could be detected as green emission when exciting the blue fluorescent protein, due to the
transfer of energy from the excited state of the blue chromophore to the green one. In the presence of
active protease, the linker would be cleaved, separating the two proteins and reducing FRET. Thus,
this system is a sensor for protease activity, quantified by measuring the ratio of blue to green

fluorescence when exciting the blue chromophore.

Since then, hundreds of fluorescent protein-based biosensors have been developed for a wide
range of targets, with detection based on changes in FRET, fluorescence lifetime, intensity, excitation
and emission spectra, translocation of the fluorescent protein, and more.”®¥ One well-studied family

of these biosensors are the genetically encoded calcium ion indicators (GECIs),® in particular those



based on GCaMP. First published in 2001, GCaMP is a biosensor that detects calcium ions based on a
change in fluorescence intensity.®? It consists of a circularly permuted enhanced GFP (cpGFP), in
which the N- and C-termini of the protein have been moved from the top of the barrel to the side, next
to the chromophore. This creates a pore in the barrel, exposing the chromophore to solvent and
quenching fluorescence. In order to modulate the fluorescence intensity, the N-terminus is fused to the
M13 fragment of myosin light chain kinase, and the C-terminus is fused to calmodulin. In the presence
of calcium ions, calmodulin changes conformation and binds the M13 peptide, thereby covering the
pore and restoring fluorescence. Crystal structures of the GCaMP2 mutant showed that this increase in
fluorescence is due to the change in chromophore environment upon calcium ion binding (Figure
1.5).1 8 In the unbound state, the pKa of the phenolate oxygen of the chromophore is increased,
leading to protonation of the chromophore. This protonated chromophore absorbs light around 400 nm,
and thus is not excited by the 488 nm laser generally used to excite GFP. When calcium ions bind to
calmodulin, the change in conformation excludes solvent from the chromophore, stabilizing the anionic
form of the chromophore, which is the productive form for the purposes of fluorescence spectroscopy
experiments, absorbing around 495 nm. This manifests as an effective increase in the extinction
coefficient when calcium ions bind, as a larger fraction of the population of chromophores is able to
absorb the appropriate wavelength of light, while the quantum yield remains unchanged.®* & This
increase in brightness was around 4.5-fold over the baseline in the original GCaMP, with improved
mutants later showing increases greater than 10-fold, improving the visibility of the sensor in living
organisms.% 87 A variety of different colours of GCaMP-based calcium ion sensors have since been

created using circularly permuted blue, cyan, yellow, orange and red versions,3* 80

allowing these
sensors to be used in systems where a green fluorescent indicator is already present. Interestingly, the
cause of the brightness change of the different coloured sensors varies, as not all versions show the

same decrease in pK, when calcium ions bind. The blue and cyan sensors instead show an increase in

quantum yield when bound, while a red version, named RCaMP, was found to show an increase in
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both extinction coefficient and quantum yield. On the other hand, another red calcium ion sensor, R-
GECO1, showed the expected increase in extinction coefficient when calcium ions were bound.®
Crystal structures of these red sensors also showed large changes in the orientations of the circularly
permuted fluorescent proteins and calmodulin, relative to the GCaMP crystal structures, implying that
structural information is important to rationally improving these proteins, but also that a number of
possible orientations can lead to productive sensors, so long as they can transmit changes due to

calcium ions binding to the chromophore environment.

Figure 1.5 Crystal structures of GCaMP2. Crystal structures of the GCaMP mutant, GCaMP2,
(left) in the calcium ion-free state and (right) in the calcium ion-bound state. The chromophore is
shown as sticks, and calcium ions (Ca®") are shown as orange spheres. The domains are colour
coded, with the cpGFP in green, calmodulin (CaM) in cyan, and the M13 peptide in purple. Note
that the M13 peptide and the C-terminal half of calmodulin are not shown in the calcium ion-free
state due to lack of electron density. A purple star shows where the M13 peptide should attach to
the cpGFP. This figure was adapted with permission: This research was originally published in the
Journal of Biological Chemistry. Akerboom et al.'* © the American Society for Biochemistry and
Molecular Biology

1.1.4 The Limitations Imposed by Maturation

Before it can be imaged, a fluorescent protein must first express, fold and mature, with the rate-
limiting step generally being chromophore maturation.®® Due to the additional steps involved in the
maturation of the red chromophores, they tend to mature more slowly than their cyan, green and yellow
counterparts. Thus, the half-time of fluorescent protein maturation varies from less than 10 minutes for

the fastest-maturing cyan, green and yellow proteins,**° %2 to a range between 15 minutes and multiple
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hours for most red and orange fluorescent proteins,® 6 to more than a day for certain red fluorescent
timer proteins specifically selected for long maturation times.*® Measured maturation rates can vary
considerably based on the conditions at which they are measured, as the temperature kinetically affects
the rate at which the chemical reactions occur, and the state of the chromophore when the measurement
begins can also differ. Some measurements are performed by expressing fluorescent proteins in the
absence of oxygen to halt maturation at the final oxidation step, either using in vitro synthesis
methods,®* or by growing cells anaerobically.® % Other methods use time-lapse microscopy to detect
the increase in fluorescence after the induction of fluorescent protein expression,® thus measuring not
only the final oxidation step, but the entire process of transcription, translation, protein folding and
maturation. As an example of the potential variation in these measurements, GFP was originally
determined to have a half-time of maturation of 2.9 hours,® based on experiments growing cells
anaerobically at 22°C, but was later determined by the same group to have a half-time of 1.4 hours,®
using a similar method with less anaerobic growth, as they had determined that letting the cells grow
anaerobically for extended periods slowed the measured maturation time once oxygen was finally
introduced. On the other hand, a more recent experiment using a cell-free expression system with
oxygen scavenging at 37°C found a half-time of 0.62 hours.** Despite the difficulty of absolutely
quantifying maturation rates, fluorescent proteins that mature rapidly have nevertheless been produced,
and Balleza et al. have shown that most commonly-used fluorescent proteins mature in E. coli with
half-times less than an hour at 37°C, generally reaching 90% of maximum fluorescence between 20

minutes and 5 hours after expression.®

As a result, most fluorescent proteins will be mature after a few hours, and many imaging
experiments incorporate an incubation of multiple hours between protein expression and imaging,
allowing fluorescence to develop before any measurements are taken.®® %1% But this is not always

feasible, for instance if the goal of the experiment is to track protein expression in real-time. In such a
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case, using a reporter fluorescent protein with a long maturation time will reduce the temporal precision
of the measurements, and has been shown to “smear”” measurements of promoter dynamics, where the
variability of individual maturation times in molecules of a slow-maturing fluorescent protein lead to
signal averaging when it was transcribed in bursts from its promoter.*? In general, using a fluorescent
protein reporter to analyze any dynamic process that varies on the minute timescale post-expression
could be limited by maturation of the chromophore. Little et al. demonstrated this effect when
measuring the formation of the bicoid gradient in Drosophila embryos, using an EGFP-bicoid fusion
protein expressed at the anterior of the embryo.'° They compared images of the live embryos to images
of the same embryos after fixation, and found that observed shape of the gradient had changed, despite
there only being a three-minute delay between the two measurements (Figure 1.6). The anterior portion
of the embryo, where the most recently translated proteins were, showed a relatively larger increase in
fluorescence after fixation, compared to the average. They attributed this result to the presence of
immature EGFP fusions, and demonstrated that the same effect could be seen when using a slower
maturing red fluorescent protein tag, mRFP.*® Most importantly, they also found that this effect could
no longer be observed when using one of the fastest-maturing fluorescent proteins, Venus,* implying

that it was dependent upon the maturation rate of the fluorescent protein used.
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Figure 1.6 Maturation delay can influence measurements on the minute timescale. A, Confocal
microscopy images of a bicoid-EGFP expressing Drosophila embryo. The live image was taken
first, then the fixed image was taken under the same microscopy settings, with less than a 3 minute
delay between the two images. B, Mean nuclear fluorescence intensities in the live and fixed
embryos, as a function of position along the anterior-posterior axis. As the fixation process
increases signal by roughly threefold, rescaled live and fixed intensity values are shown to highlight
that the difference between the two is not solely due to the improved transparency of fixed material.
Adapted from Little et al.,'° under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).

For the measurement of rapid processes using fluorescent proteins, it is therefore imperative to
reduce the maturation time as much as possible, and Venus is generally the tag of choice for such
experiments. It has been used to quantify protein expression with single-molecule sensitivity in live E.
coli by Yu et al., where they determined it to have a temporal sensitivity in the minute range.'%? This
was sufficient for them to model the transcription and translation of the protein from their model
promoter, a repressed lac promoter, down to the production of individual MRNA molecules. In another
paper by Taniguchi et al., the same group went on to perform high-throughput quantification of
expression at the proteomic level, measuring the expression levels of over 1000 proteins in E. coli.’
They then compared these protein quantities to the quantity of mRNA for the same gene, determined
using fluorescence in situ hybridization (FISH). Intriguingly, they found that there was almost no
correlation between the two levels (Figure 1.7), despite the central dogma dictating that all protein

molecules are translated from mRNA, and the fact that other groups have identified correlations
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between the two when using mass-spectrometry based methods to detect protein levels in cell
populations.’® 1% They explain that this lack of correlation occurs mainly due to the difference in
lifetime between the two molecules, as mMRNA is degraded much more rapidly than protein molecules,
and thus that their fixed time point measurements do not properly integrate the overall levels of each
over time. Although this effect was sufficient to explain the majority of the lack of correlation, their
mathematical model still predicted some correlation between mRNA and protein quantity, so they
hypothesized that there was also a level of transcriptional noise that further reduced the observed
correlation to 0. Gedeon and Bokes, however, hypothesized that this lack of correlation could
potentially be explained by the translation and maturation time of Venus.!> When they incorporated
this delay (approximated at 7.5 minutes) between protein translation and fluorescence signal into their
own model, they found that it calculated a reduced correlation coefficient within the bounds determined
by the experimental data, thus providing a source of the “transcriptional noise”. They also
demonstrated that, for a protein with such a delay between translation and fluorescence, the correlation
between mRNA and protein abundance over a time course can be improved by shifting the protein
levels “backward in time” by the amount of the delay, i.e. that for a protein that folds and matures

instantly, there would be a directly observable correlation (Figure 1.7).
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Figure 1.7 Maturation delay can lead to temporal decoupling of events. A, (left) Measured
mRNA and protein levels for Venus-tagged TufA in E. coli, with each point representing a single
cell. The correlation coefficient is r = 0.01 £ 0.03 (mean + SD, n = 5447). (right) Correlation
coefficients between mRNA and protein levels from 129 strains, each expressing a different Venus-
tagged protein, demonstrating that the lack of correlation occurs generally. This figure is from
Taniguchi et al.® Reprinted with permission from AAAS. B, Simulation of measured mRNA and
protein levels over time using a model incorporating translation and maturation delay, for a
hypothetical low-copy protein. For the protein number, the grey line represents the measured
protein number for instantaneous translation and maturation, while the black line represents the
measured protein number assuming a delay of 12 minutes. This delay is longer than that of Venus
(approximated at 7.5 minutes), to emphasize the difference between the two states. Note that a
correlation between mRNA and protein levels at the same time point is visible in the model without
delay. Reprinted from Gedeon and Bokes,*? with permission from Elsevier.
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This presents a cautionary tale about using fluorescent protein fusion tags, or fluorescent
protein-based biosensors that mature during the detection window of the experiment, including the
FRET-based sensor described in the previous section, or bimolecular fluorescence complementation
assays, which rely on the reconstitution of a fluorescent protein that was split into two immature
halves.’® As these proteins are not fluorescent until their chromophore is fully mature, any tagged
proteins or interactions are “invisible” for multiple minutes after the fluorescent protein is formed, and
thus will not be detected if the imaging experiment occurs within that time. On the other hand, for
biosensors such as GCaMP, the fluorescent protein is expressed in a form that is able to mature in the
absence of the target. As long as there is time for these biosensors to mature before the event of interest,
then the problem of maturation can be avoided entirely. Thus, we seek to develop such a biosensor that
can be used to detect any protein of interest on a rapid timescale, retaining the advantages of using
fluorescent proteins as fusion tags, such as their ability to be genetically encoded and wide range of
available chromophores, while expressing the actual fluorescent protein separately from the protein of
interest, in a form that can mature before the target protein is expressed. To create this biosensor, we
will exploit the GCaMP family of biosensors, replacing the calmodulin-M13 interaction with a peptide-
protein interaction from a pair of Bcl-2 family proteins, Bim and Bcl-x.. The peptide will be tagged to
a circularly permuted GFP, while the protein will be used as a fusion tag attached to the protein of
interest. This will allow the two halves of the sensor to be expressed separately, allowing the cpGFP
to mature before the protein of interest is produced. Once the tagged protein of interest is expressed,
binding of the peptide-protein pair will occlude the pore, stabilizing the phenolate form of the
chromophore and increasing fluorescence. In theory, this should reduce the delay between expression

and detection from the timescale of maturation (minutes), to that of diffusion (seconds).
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1.2 The Bcl-2 family proteins: Bcl-x. and Bim

There exist a wide variety of well-studied protein-protein interaction motifs that could be used
in a biosensor, including coiled-coil heterodimers, 7 antibody-antigen interactions,® 1 ppz
domain peptide ligands,!!*'? SH3 domain peptide ligands, 13 114 W\ domain peptide ligands,'*>
116 and Bcl-2 type receptor/BH3 complexes.!*” 18 These motifs all have known specificities and
affinities, and have structural data available to aid in the initial design of the biosensor scaffold. For

our sensor, we selected the Bcl-2 type receptor/BH3 complexes due to their extremely tight binding,

with Kg values in the low- to sub-nanomolar range,*!® 1?° as well as their relatively small size.

The Bcl-2 type proteins are a family of pro- and anti-apoptotic proteins, defined in eukaryotes
by their possession of at least one of four conserved sequence motifs known as Bcl-2 homology
domains (BH1-4),'?! although some Bcl-2-like proteins exist in viruses that are structurally similar yet
do not have any sequence similarity to these domains.?2 They are broadly divided into two groups: the
pro-survival proteins containing three or four of the homology domains, such as Bcl-2 itself, Mcl-1
and Bcl-xc, and the pro-apoptotic proteins, which are further divided into activator proteins that only

contain the BH3 domain, such as Bim*?3

and Noxa, and larger pore-forming proteins, such as Bax and
Bak.'?* Hetero- and homo-oligomerization of these proteins govern their effect on the cell, with the
pro-survival proteins binding to the pro-apoptotic proteins to sequester them, while homo-oligomers
of the pro-apoptotic Bax and Bak proteins create pores in the outer membrane of the mitochondria,
leading to the release of intermembrane space proteins that activate caspases in the cytoplasm and lead
to apoptosis.!?® The smaller BH3-only pro-apoptotic proteins serve as regulators, either by binding

competitively to the pro-survival proteins or by binding to Bax and Bak in order to promote

oligomerization.?

Of these proteins, the mammalian pro-survival protein Bcl-x. was the first to have its 3-D

structure solved.*’ It was found to consist of eight a-helices, with helices 0.5 and a6 forming a central
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hairpin surrounded by the others, as well as a C-terminal transmembrane region, which was removed
for the original structural studies as it destabilized the protein in solution and the truncated protein was
shown to retain its function in vivo. The BH domains are distributed around the structure, with BH1
encompassing the turn between 04 and a5, BH2 the turn between a7 and a8, BH3 being entirely located
on o2 and BH4 being located on a.1. Importantly, this structure contains a hydrophobic groove, formed
predominantly between helices a3 and a4, that forms the binding site for the pro-apoptotic proteins
(Figure 1.8).% This groove is formed by the BH1, BH2 and BH3 domains of the pro-survival protein,
and differences in this cleft have been found to be at the root of the differences in specificity of the
different pro-survival proteins. For instance, the wider groove in pro-survival Bcl-2 leads to a 10-fold
weaker binding interaction with pro-apoptotic Bak and Bad proteins, compared to their affinity for
Bel-x..12* 12 While the majority of the tertiary structure of pro-survival proteins such as Bcl-x is
required to form the binding groove, studies of the pro-apoptotic proteins have found that only a portion
of their BH3 domain is necessary to bind the groove. As a result, short peptides (between 16 and 26
amino acids in length) derived from the pro-apoptotic proteins have been shown to retain high affinity
for the pro-survival proteins.'®12% 130 These peptides form an amphipathic a-helix, with four conserved
hydrophobic residues pointing into hydrophobic pockets in the groove of the pro-survival protein,
conferring binding affinity. The small size of these BH3 peptides makes them ideal as potential
components of our sensor, and even the larger pro-survival proteins are less than 220 amino acids in
length after the transmembrane domain is removed, making them similar in size to GFP and reasonable

to use as a fusion tag.
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Figure 1.8 Annotated structure of Bcl-x., a pro-survival protein. A, Helical representation
of apo-Bcl-x. (PDB ID: 1IMAZ), showing the Bcl-2 homology (BH) domains in different colours.
The a5 and a6 helices form a central hairpin surrounded on either side by the other helices. B,
Surface representation of apo-Bcl-x. demonstrating the canonical hydrophobic binding groove
created mainly by helices a3 and a4 with a5 forming the base. This groove is critical for mediating
interactions with the BH3 domains of the pro-apoptotic proteins of the Bcl-2 family. Adapted from
Lee and Fairlie,* under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

An important quality for a biosensor is that it have as small an effect as possible on the normal
functionality of the cell. Thus, in order to use Bcl-2 family proteins as in vivo sensors, it is important
to ensure that they will not trigger apoptosis. For this reason, we selected Bim as the pro-apoptotic
BH3-only protein to use for our sensor, as a 26-amino acid peptide of Bim retains high affinity for the
pro-survival proteins,''® and structural methods to regulate its activity have been well studied. These
methods start with the discovery of three different isoforms of the protein,'?® Bimg,, Bimy, and Bims,
that show an inverse relationship between length and pro-apoptotic activity: Bimg, is the longest
sequence and showed the least cytotoxicity, while Bimsis the shortest sequence, and was most effective
at killing cells. This was later found to be due to sequestration of the longer Bim isoforms by binding
to the microtubule-associated dynein motor complex,**! and thus the Bimg. and Bim. isoforms would
not be particularly good tags, as they would presumably lead to sequestration of their associated fusion
proteins. Conveniently, it has been shown that the pro-apoptotic effect of Bims in epithelial cells can
be abrogated by removing its C-terminal membrane binding domain, as localization to the

mitochondrial membrane in necessary for its activity.**? Thus, retaining only the BH3 domain of Bim
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should limit its pro-apoptotic activity, while retaining its affinity to a pro-survival tag such as Bcl-x..
As for Bel-xy, it has been shown to form a pro-apoptotic fragment when caspase cleavage removes the
N-terminal BH4 homology domain,™*® but this activity also requires localization to the mitochondrial
membrane, and can once again be eliminated by removal of the C-terminal membrane anchor
sequence.®** Therefore, eliminating the various targeting sequences from the Bim and Bcl-x. proteins
should allow them to serve as effective fusion tags, as they will no longer be sequestered to various

locations in the cell, and their pro-apoptotic activities will be eliminated.

1.3 Overview of Principal Techniques and Data Analysis

1.3.1 Expression of Multiple Recombinant Proteins in E. coli

For the rapid production of high levels of recombinant protein in the laboratory, E. coli remains
the organism of choice. It has been well studied, grows rapidly to a high culture density, and can easily
be transformed with exogenous DNA to insert sequences of interest into the cells.®*® This exogenous
DNA is prepared in the form of an expression plasmid, a circular molecule of DNA that minimally
contains the gene of interest in a multiple cloning site, a promoter sequence that leads to transcription
of the gene, a selectable marker that allows cells that contain the plasmid to be identified, and an origin
of replication that allows the extrachromosomal plasmid to replicate independently from the

chromosome, such that the plasmid is maintained through multiple generations of cellular division.

When only a single protein of interest is to be produced, as is generally the case when preparing
recombinant proteins for in vitro tests using purified protein, most expression plasmids will be
effective, varying mainly in the overall level of protein produced. But most of these plasmids are
designed to express a single protein, so expressing multiple proteins, either simultaneously or
sequentially, requires particular consideration of how the sequences will be cloned and how their

expression will be controlled. The series of DUET vectors (Novagen) are the most commonly used
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vectors for expressing multiple proteins, as each contains two multiple cloning sites, and four
compatible vectors are available, allowing up to 8 proteins of interest to be expressed in a single cell.
But all of these genes would be under the control of the same promoter, and thus would be expressed
simultaneously. For our biosensor, we were interested in expressing two proteins sequentially, such
that the cpGFP could mature before the protein tag was expressed, and so the DUET system did not

suit our needs.

To allow sequential expression of our two proteins, we chose to place each of them under the
control of a different promoter. At the time, there were no plasmids commercially available that
contained two independent promoters, and so instead we chose to clone each gene into a separate
plasmid, then transform the two plasmids into a single stock of bacteria. But cells containing multiple
plasmids are known to suffer from plasmid incompatibility, i.e. the loss of all but one of the plasmids
over generations in the absence of selective pressure.® 13 This occurs with modern expression plasmids
because almost all of them use the same origin of replication, known as the ColE1 origin,*” the pMB1
origin or the pBR322 origin,'*® based on the early plasmids in which this origin was discovered. This
origin of replication encodes an RNA pre-primer, RNA 11, which can hybridize with the DNA template
strand. After processing by RNAseH to add a 3°-OH group, RNA Il can be extended by DNA
polymerase |, initiating replication fork assembly and allowing the polymerase Pol Il to perform
replication of the plasmid.*®® 2 This replication mechanism is regulated by the transcription of an
antisense RNA molecule, RNA I, which is also encoded in the origin of replication of the plasmid, but
under a much stronger promoter. RNA I is complementary to part of the 5’ end of the RNA II pre-
primer, and when the two are bound, the structure of RNA 11 is altered such that its 3* end cannot
hybridize to the DNA template, preventing replication. This creates a negative feedback loop, where
the more the plasmid is copied, the more replication is inhibited by the excess of RNA I. For a single

type of plasmid in a cell, this serves to regulate the copy number of the plasmid, or number of plasmids
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in each cell, preventing runaway plasmid replication and thereby limiting the metabolic burden on the
cell. For multiple plasmids with the same origin of replication, incompatibility occurs from the
combination of this negative feedback loop and the stochastic nature of the initiation of replication. As
RNA 11 can replicate any of the plasmids present, replication will occur on a random plasmid. If at any
point one of the plasmids replicates more than the others, such that it has more copies than the others,
then replication of that plasmid becomes statistically more likely, while simultaneously continuing the

negative feedback loop by synthesis of RNA 1, reducing the overall likelihood of any replication event.

Once one plasmid gains an advantage in terms of relative copy number, it tends to maintain
this advantage, such that more copies of that plasmid are present during cell division, and relatively
few of the other plasmids. The plasmids segregate themselves randomly between the two daughter
cells, so for the plasmids with few copies, it is possible that one of the daughter cells receives no copies,
leading to segregational incompatibility (Figure 1.9). Over the course of multiple generations, this
plasmid loss continues, as does the division of cells that have already lost plasmids, until eventually
the culture consists mainly of cells containing a single plasmid. In order to avoid this plasmid loss,
multiple selection methods can be used, where each plasmid contains a different selection factor. For
instance, a number of antibiotic resistance genes are used in plasmids, including resistance for
ampicillin, kanamycin and chloramphenicol.*** If each plasmid used provides a different antibiotic
resistance, growing bacteria in a cocktail of all resisted antibiotics will ensure that any cells that suffer
plasmid loss will not be viable. But as the plasmid loss is still occurring, culture growth will be slower

due to this population of nonviable cells.
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Figure 1.9 Example of plasmid segregational incompatibility. In this figure, small black and
white circles represent two different plasmids inside a cell, with a total copy number of 8 plasmids.
(left) The various possibilities of plasmid transmission to daughter cells after cell division, along
with their probabilities (assuming a binomial distribution of plasmids), along with the possible
populations of the different plasmids after plasmid replication. Note the possibility of plasmid loss
due to the stochastic distribution of plasmids to the daughter cells, even when the initial populations
are equal. (right) Plasmid transmission with two compatible plasmids, where each plasmid
replicates independently to equilibrium after each cell division. Figure replicated with permission
from Novick.® Copyright © 1987, American Society for Microbiology

To avoid plasmid incompatibility, compatible origins of replication can be used. Within the
ColE1 family of origins of replication, mutants have been identified that control replication in the same
fashion, but are still compatible, including p15A,**? RSF1030,'*® and CloDF13.1** These origins of
replication have different sequences for the primer RNA Il and the inhibiting RNA 1, and thus are
unable to interfere with the replication of plasmids containing the ColE1 origin of replication, and vice-
versa.}® There are also unrelated origins of replication, such as the pSC101 plasmid**® that is regulated
by monomer-dimer equilibrium of the RepA protein encoded by the plasmid.X*° While plasmids with
these origins of replication generally have lower copy numbers, and are therefore less commonly used

for protein expression, the ability to stably replicate alongside a ColE1 plasmid renders them useful



In order to sequentially express multiple proteins, different promoters are required. While there
are some constitutive promoters available, such as the pBla promoter used to provide p-lactamase
activity in some plasmids,'*’ they are less commonly used for recombinant protein expression, due to
the increased metabolic burden on the cell resulting from the continuous expression of a protein.
Instead, a number of promoters that can be induced by small molecules are commonly used, including
3-B-indoleacrylic acid (IAA)-inducible trp,**® % isopropyl B-D-1-thiogalactopyranoside (IPTG)-
inducible lac, which includes lacUV5,*° tac,'! and trc,'*? and arabinose-inducible araBAD.*>® These
inducible promoters allow the time of protein expression to be controlled, as mMRNA transcription is
inhibited by the binding of a repressor protein to the promoter/operator, competing with RNA
polymerase binding. This repressor can be allosterically modulated by binding of the inducer, causing
a change in conformation that prevents the repressor from blocking the promoter, as in the trp and lac
promoters,*® ¥ or changing it into an activator form, as in the araBAD promoter.*®® For these
examples of inducible promoters, the repressor proteins are endogenously expressed in E. coli, but
additional copies of the gene are often added to expression plasmids using the associated promoter, to
ensure that sufficient quantities of repressor are created to repress the multiple copies of each plasmid
present in the cell. By combining one constitutive promoter with an inducible promoter, or multiple
inducible promoters with different inducers, different proteins can be induced at different times. Thus,
by using two plasmids with compatible origins of replication, different selection markers, and different

promoters, independent expression of two proteins in a single E. coli cell can be achieved.

1.3.2 Analysis of Equilibrium and Non-equilibrium Binding

The reversible binding between two molecules, A and B, to form the non-covalent complex

AB, can be described using the following kinetic scheme, assuming 1:1 stoichiometry:1*

k
A+ B <=—AB E i
Yor, (Equation 3)
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In this case, kon is the second order association rate constant, with units of M s, and ko is the first
order dissociation rate constant, with units of s™. When solutions of A and B are mixed, binding will

occur to form AB, with a rate of:

Binding rate = k,,[A][B] (Equation 4)
Where [A] and [B] are the molar concentrations of A and B. Once AB is formed, it will dissociate back

into A and B with a rate of:

Dissociation rate = k,s¢[AB] (Equation 5)
Where [AB] is the molar concentration of the AB complex. Association and dissociation will continue
until the system reaches an equilibrium, where the rates of binding and dissociation are equal. The
affinity of the two molecules for one another is defined by the relative concentrations of the bound and
unbound molecules at equilibrium, which is also equal to the ratio of the two rate constants. These

values are often expressed as the dissociation equilibrium constant, or Kg:

korr _ [AeqlBeql
Kon [4Beq]

Kq (Equation 6)

The Kg has units of M (for 1:1 stoichiometry), and represents the inverse of the affinity of the two
molecules for each other: the lower the Kg, the more tightly they bind, and the more AB complex there
will be at equilibrium. Note that the values [Aeq] and [Beg] are the concentrations of A and B free in

solution at equilibrium and are not equal to the concentrations of A and B initially mixed together, as

some of each will be used to form the AB complex, such that:

[Aeq] = [AO] - [ABeq] (Equation 7)
Where [Ao] is the initial concentration of A in the solution. The same equation holds for B.
A simple method to determine the Kq of two molecules is to prepare a binding curve: a series
of mixtures of A and B are allowed to reach equilibrium, with one concentration varying while the
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other is fixed. By measuring the concentration of Aeq, Beq Or AB, a plot of AB versus the concentration
of the varied molecule creates a binding curve that can be fit to a given theoretical model. In this thesis,
AB concentration will be inferred by the increase in fluorescence when the two halves of the biosensor
bind. In the ideal case, the concentration of the fixed molecule, for example A, will be much lower
than the Ky. Under these conditions, the amount of B used to form the AB complex will be negligible
across all concentrations of B, such that [Beq] = [Bo]. This simplifies the interpretation of the binding
curve, as [Ao] and [Bo] are known from the preparation of the experiment, and so an additional step of
calculating [Beg] at each point is unnecessary. A range of concentrations of B are then tested that
include concentrations both above and below the Kq. For concentrations of B much greater than the
Ka, A will be saturated, and the concentration of AB will reach a plateau where effectively all of A is
bound, and the addition of further B does not measurably change the concentration of AB. By

substituting Equation 7 into Equation 6, we can show that:

[4Beg] _ [Beq]
[46] Kg+ [Beq]

(Equation 8)

Where [ABeq]/[A0] is the fraction of total A bound. The equation describes a hyperbola going from 0
bound A when no B is added, to the plateau at 1, when B is present in a concentration well above the
Ka. A useful result of this equation for visual analysis of the binding curve is that when [Beq] = Kg, the
fraction of A bound is equal to 0.5. Thus, the concentration where the curve reaches half its maximum
value is equal to the Kgq. For a more accurate determination of the Kg, equation 8 can be fit to the data

using a regression method, such as nonlinear least-squares.™’

It is not always experimentally possible to keep the concentration of A well below the K, for
example in the case of a tight-binding interaction with a nanomolar K4, A might need to be in the same
nanomolar range in order to accurately measure the signal produced by the AB complex. In this case,

the concentration of B at equilibrium will no longer be equal to the initial concentration of B, a
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phenomenon referred to as ligand depletion, and so [Beq] Will also need to be calculated while fitting

the data.®> Substituting Equation 7 for both A and B into Equation 6 gives the following relationship:

([A0]—[ABeq))([Bol-[ABeq])

Ka= [ABeg]

(Equation 9)

Which can be rearranged into the following quadratic equation:

[4B.q]" = (Kq + [Ao] + [Bo)[ABeq] + [Aol[Bo] = 0 (Equation 10)

By applying the quadratic formula, we arrive at an analytical solution for [ABeg], of the form:

(Kq+[Ao]+[Bo]) - \/([Kd+[A0]+[Bo]])2—4[A0][Bo] (Equation 11)
2
The other root of this equation, which takes the sum of all the terms in the numerator, returns a value

[ABeq] =

of [ABeq] greater than the total concentration of A or B, and therefore is not a physically possible
solution. Dividing both sides by [Ac] gives the equation for fractional saturation, similar to Equation 8

for the case without ligand depletion, which can once again be fit to the measured data:

[ABeq] (Kq+[Ao)+[Bo)) - v (Kq+[Ao]+[Bo])2—4[A][Bo ] (Equation 12)

[Ao] 240

Another potential complexity when measuring equilibrium binding is the possibility of multiple
binding events, such that:
on

Kory
In this example, n molecules of B are able to bind simultaneously to each molecule of A, changing the

A, +nB A,B (Equation 13)

equilibrium equation to:

n
= % (Equation 14)
neq
Which rearranges to:
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n
[AnBeq] — [Beal (Equation 15)

[Anol Ky + [Beg]”

Equation 15 is known as the Hill equation,*®

of which equation 8 is simply a special case where n =
1. n is the Hill coefficient of sigmoidicity, or simply Hill coefficient, and graphically represents the
deviation of the data from the previous hyperbolic curve, towards a sigmoidal shape. In theory the
value of n should be equal to the number of binding sites available on An, although in practice this is
not always the case, as n is generally less than the number of binding sites. It is instead broadly
interpreted as the extent of cooperativity between each site, i.e. the amount by which affinity for B
increases each time a molecule of B binds to An. In the case of perfect positive cooperativity, the
binding of a single molecule of B to A, leads to the immediate simultaneous binding of all possible
molecules of B, which gives the binding scheme represented in Equation 13, with a Hill coefficient of

n. As the Hill equation is simply a more general form of equation 8, it can be fit to data in the same

fashion, simply by adding n to the variables being optimized.

The above equations all apply to systems that are at equilibrium, and suffice to determine the
affinity of two molecules for one another, as expressed by the Kq. But no information can be gained
about the individual rate constants of the forward and reverse reactions using equilibrium data, only
their relative values. To obtain information about the individual rate constants, kinetic experiments
must be used.'®® In a kinetic experiment, a system is perturbed, for instance by mixing two solutions
of A and B together. The change in the system over time as it approaches the new equilibrium is then
followed. When measuring the rate of change of the concentration of an AB complex, this rate is equal
to the difference between its rate of formation and dissociation:®

d[AB]

Fraie kon[A][B] — kofr[AB] (Equation 16)
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For the reversible binding of two molecules A and B that we have been considering, under
pseudo-first order conditions where A is in large excess relative to B (and so [Aeq] = [Ao]) this equation

can be combined with Equation 6 and integrated to find the exponential time course:

[AB] = ([ABo] — [AB,y|)e~(konl4l*korr)t 4 (4B, ] (Equation 17)
Where ABy is the initial concentration of AB complex, usually 0 for an experiment begun by mixing
A and B together. Because of the pseudo-first order assumption, the concentration of A in this equation

is a constant, and a fit of equation 17 to kinetic data will determine an observed rate constant:

kobs = konlAl + koss (Equation 18)
Extracting kon and Kot can then be done in multiple ways. Because Equation 18 is linear, a plot of Kobs
versus [A] for multiple concentrations of A will have a slope of kon and an intercept of Kot
Alternatively, if Kq has already been determined from an equilibrium binding curve, Equation 6 and
Equation 18 form a system of two equations with two unknowns, which can then be solved to obtain

values for the two rate constants.

As with the equilibrium binding assays, it is not always possible to prepare an experiment
where the concentration of A will be constant over the course of the experiment. If A is not added in
sufficient excess over B (generally accepted to be a minimum of ten-fold), then the pseudo-first order
assumption does not hold, and Equation 18 will not be accurate, as it fails to account for the change in
concentration of A over time. Instead, the full integrated rate equation can be used, calculated by Hulme
and Trevethick to be:®

xy(e(x_y)kont — 1)
(xe(x_Y)kont -y)

[AB] = (Equation 19)

Where x is defined as [ABeq], calculated using Equation 11, and y is defined as [Ao][Bo]/[ABeq]. If Kq

has been previously determined using a binding curve, then [ABeg] can be calculated directly, and
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Equation 19 can then be fit to the data in the same way as Equation 17 to obtain a value for Kon. Koff can
then be calculated using Equation 6. In this manner, both rate constants can be obtained, and the
timescale on which binding occurs can be determined. This is of particular relevance for our biosensor,
as the goal is to have it interact on a sub-minute timescale, and simply measuring the equilibrium Kg
cannot differentiate a system with slow binding and slow dissociation from a system with fast binding

and fast dissociation.

1.3.3 Flow Cytometry and Fluorescence-activated Cell Sorting

Flow cytometry is a method to obtain information about individual cells in a culture, by using
microfluidics to pass them individually in front of a light source.’® Light scattered from these cells
can then be detected and correlated to obtain information about cell size and shape, and fluorescence
emitted by the cells can also be detected when appropriate excitation sources are used. The power of
this method comes from the ability to measure characteristics of individual cells at a rapid rate, as
modern flow cytometers can interrogate thousands or even tens of thousands of cells per second. This
allows researchers to obtain sample sizes far greater than would be possible from standard microscopy
techniques, improving the statistical accuracy of measurements, and increasing the chance of detecting

rare events.

In order to focus a suspension of cells into a flow with a small enough cross-section that
individual cells can be distinguished, flow cytometers make use of hydrodynamic focusing.®* Inside
the instrument, the cell suspension is injected into the middle of a stream of sheath fluid. This sheath
fluid adopts a laminar flow profile, preventing mixing of the fluids and restricting the cell suspension,
or core, to the center of the flow. The relative areas of the sheath and core fluids can be controlled by
varying their relative flow rates, as the volumetric flow rate of a liquid is equal to the product of the
cross-sectional area and the velocity, and the velocities of the sheath and core fluids are not independent

due to friction between the two, characterized by their viscosities. This allows the diameter of the core
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fluid to be kept small enough that cells will generally pass in single-file, and so be detected
individually, without needing to use tubing with an internal diameter on the order of a single cell, which

would easily clog.

Once the cells are arranged in single-file, they pass by a light source to be interrogated. In most
flow cytometers, the light source used for illumination is a laser, as they provide intense light focused
in a narrow beam suitable for single-cell illumination.'®® Because a single laser emits light at a very
specific wavelength, many flow cytometers include multiple lasers, in order to excite different
fluorophores. For example, Beckman-Coulter currently offers solid-state lasers emitting at 375, 405,
488, 561, 638 and 808 nm in their CytoFLEX S line of research flow cytometers, with up to four of
these lasers available in a single instrument. The 488 nm laser is particularly common, as it efficiently

excites fluorescein dye, as well as EGFP.*

When the cells pass by the light source, a number of detectors record the interaction between
the two. Light that is scattered at small angles from the incident light (0.5-2.0°) is referred to as forward
scatter. To detect this scattered light, a detector is placed on the opposite side of the fluid stream to the
light source, and an opaque obscuration bar is placed in front of it, such that unscattered light arriving
directly from the light source is not detected. The amount of forward scattered light is roughly
proportional to the size of the particle, but this is not a direct correlation, and cannot generally be used
to accurately determine cell size. It can also be affected by the wavelength of light used, as well as the
difference in refractive index between the cell and the fluid, such that dead cells with permeable
membranes tend to scatter less than live cells of equal size.!®20n the other hand, light that scatters at
wide angles to the incident light (roughly 90°) is referred to as side scatter. This scatter generally arises
from irregularities in the surface or cytoplasm of the cell, and can thus be used to differentiate certain
types of cells from one another, or to exclude aberrant cells from a population. Fluorescence detection

is also measured at a wide angle from the incident light, and makes use of wavelength specific filters
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and mirrors to detect only light in a given range of wavelengths, corresponding as much as possible to

the emission spectrum of the fluorophore (Figure 1.10).163
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Figure 1.10 Detector configuration for flow cytometry. An example flow cytometry system with
a single excitation laser interrogating a flow of cells, showing the detectors for forward scatter (fsc),
side scatter (ssc) and fluorescence emission of different colours (red, orange and green). Numbers
used represent the wavelengths of light, in nm, in a given beam. Filters and mirrors used are either
bandpass filters (BP) that allow wavelengths around a certain value to pass, longpass filters (LP)
that allow wavelengths greater than a certain value to pass, or shortpass filters (SP) that allow
wavelengths shorter than a certain value to pass. (Reprinted with permission of John Wiley & Sons,
Inc. Copyright 2001 from Givan, A. L. [2001] Flow Cytometry: First Principles, 2nd edition.
Wiley-Liss, New York, NY.).2
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For each of these signals, detectors measure the light pulse over the time that the cells spend in
the beam, and record three descriptors: the height, or maximum intensity detected during the pulse, the
width, or duration of the pulse, and the area, or total integrated intensity of the pulse.’®* All of these
values are recorded for each cell, allowing the researcher to view the recorded data at the population
level, usually in the form of a histogram, when visualizing a single parameter, or a density or contour

plot, when visualizing two parameters.

Often, not all detected cells will be of interest for a particular experiment. For instance, some

cells in a culture may be dead, or particles of dust in the micron and submicron range of diameters'®®
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may be detected, as they will also scatter light. Because of this, each individual detection of a particle
passing through the beam of the light source is referred to as an event, rather than a cell. To exclude
undesired events from further analysis, software gates are used. A gate is a population of events
selected based on some criteria, which can then be analyzed separately from the whole population. For
instance, a control experiment with no cells present may provide a range of forward and side scatter
values that correspond to dust particles in the buffer, and so a gate can be drawn that excludes this
range, selecting only events that correspond to cells. A gate can also be drawn to exclude doublets, i.e.
two cells stuck together, by making use of the fact that the height, width and area of the light pulse
from an event can be tracked. Because the diameter of the core fluid is not much larger than the
diameter of a single cell, doublets tend to orient along the axis of flow. This leads to an event that is
roughly twice as long, and therefore has twice the width, but with the same height, and thus twice the
area. By using a gate that excludes cells with high values of area relative to height, doublets can be

excluded from the count, enriching the data in single-cell values.®

Once the populations of interest have been identified, they can then be analyzed. These analyses
can be based on comparisons of the sizes of different populations of cells, for instance to determine
what fraction of bacteria in a culture are viable,'®” contain antigens for a known antibody conjugated
with a fluorescent dye, or otherwise have a phenotype that can be interrogated using a fluorophore.6®
In the particular case where it is desirable to collect the cells from a population of interest, in order to
perform other experiments with them, fluorescence-activated cell sorting (FACS) can be performed.
A FACS instrument functions on the same principles as a flow cytometer, but instead of sending all
the cells to a waste container after interrogating them, it has the capacity to split off individual cells
into another container for collection. An example of how this can be done is by droplet sorting, in
which the stream is vibrated after interrogation, such that it splits into droplets small enough that each

cell is enclosed in an individual drop. Because the flow rate of the cells is controlled, the time between
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the interrogation of a cell by the light source and its enclosure in a droplet is known, allowing the
droplets containing cells of interest to be determined. These droplets are then positively or negatively
charged by the application of a voltage pulse, and as the stream of droplets passes by a charged
deflection plate, the selected droplets are either attracted or repelled by the plate, sending them into a

different collection container from the other, uncharged droplets, which pass directly into waste.**

FACS is an effective screen to identify and collect bacteria with improved phenotypes, so long
as a method exists to correlate this phenotype with a fluorescent signal, and has been used in such a
capacity for decades.!® Its high-throughput nature, with the potential to screen millions of cells, makes
it an excellent tool for the directed evolution of fluorescent proteins, i.e. the screening of large libraries
of random or semi-random mutants to identify improved variants.!® One of the most successful
variants of the Aequorea victoria GFP, EGFP, was discovered with the assistance of FACS in 1996,%°
and FACS has also been part of the development of the well-known mFruits line of fluorescent
proteins,*® other red fluorescent proteins,'™* 12 FRET npairs,'”® and at least one single-molecule
fluorescent protein-based biosensor.!”* Reciprocally, fluorescent proteins are also fine reporters for
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flow cytometry applications in a variety of cells,””™ with multiple colours available to study protein

expression.’® With good experimental design, more complex studies can also be performed, including,

17 protein-protein interactions,'’® cell tracking,'’® and

but not limited to: alternative gene splicing,
indirectly reporting on enzymatic activity.®” Thus, fluorescent proteins and flow cytometry are tools

that go hand-in-hand, each complementing the other in biological assays.

1.4 Thesis objectives

In Chapter 1, an overview of fluorescent proteins has been presented, along with a particular
case where their usage is limited: when the detection window of the experiment coincides with the
maturation of the chromophore. We have mentioned our goal of developing a two-part biosensor that

would avoid this problem by expressing a circularly permuted fluorescent protein ahead of the protein
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of interest, providing time for maturation to occur, then detecting a change of fluorescence in the
presence of the protein of interest. In order to create this change in fluorescence, a protein-protein
interaction between the protein of interest and the biosensor must be introduced, for which we selected
the Bcl-2 family of proteins to use as fusion tags, based on their relatively small size and high affinity.
Finally, we have introduced the techniques that will be used to characterize this biosensor, mainly
equilibrium binding curves using fluorescence as a reporter on binding, as well as flow cytometry on

cells expressing both halves of the sensor.

In Chapter 2, we will describe the initial development and testing of our biosensor, which we
name a Sensor for Transiently Expressed Proteins, or STEP. We demonstrate that the interaction of a
Bcl-x_ based tag with a Bim peptide that has been fused to a circularly permuted GFP causes an
increase in green fluorescence, and thus that the biosensor does function both in vitro with purified
proteins, and in E. coli cells. We also show that the tag can be fused to a mock protein of interest

without greatly affecting the affinity or dynamic range of the sensor.

In Chapter 3, the process of improving the STEP will be described, including both rational
design hypotheses tested as well as some high-throughput screening using FACS. The current best
sensor that we have developed is named gSTEP1 and we present its characterization there, including

equilibrium and Kkinetic assays, both in vitro and in E. coli.

Chapter 4 will expand on the available options for the STEP, encompassing attempts made to
develop biosensors using different protein-protein interaction pairs, as well as different colours of
fluorescent proteins. The overarching goal is to eventually allow multiplexing of these sensors, such

that multiple proteins could be detected at once.

Finally, Chapter 5 will summarize the state of the STEP, and provide some direction for future

engineering of this protein biosensor. Options for both rational design and directed evolution will be

35



discussed, followed by some potential applications that are being explored. A number of fluorescence-
based protein detection systems have been developed, and their advantages and disadvantages relative

to our biosensor will be explored.
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Chapter 2: First STEPs: Design of a Fluorescent Sensor for Transiently Expressed Proteins

Matthew G. Eason, Antonia T. Pandelieva, Safwat T. Khan, Hernan G. Garcia & Roberto A. Chica

Manuscript in preparation
2.1 Statement of Contribution

Matthew G. Eason designed all protein sequences. Matthew G. Eason and Safwat T. Khan
performed cloning experiments. Matthew G. Eason and Antonia T. Pandelieva performed
characterization experiments and analyzed data. Matthew G. Eason performed flow cytometry.

Roberto A. Chica and Hernan G. Garcia conceived the project. Matthew G. Eason wrote the chapter.

2.2 Introduction

Proteins are involved in a wide variety of tasks in the cell, including enzymes catalyzing
metabolic processes, transcription factors regulating transcription, structural proteins comprising the
cytoskeleton, and more. Thus, the study of proteins inside living cells requires robust methods that can
specifically identify proteins of interest in this complex environment. One such method, which has
been used with great success, is that of genetically fusing a fluorescent protein (FP), generally a
homolog of the green fluorescent protein,® to a protein of interest. The use of these natively fluorescent
proteins as fusion tags provides excellent spatial and temporal resolution of protein localization. Using
fluorescence microscopy, the location of the tagged proteins can be tracked in real time, potentially at
resolutions in the tens of nanometers when using super-resolution microscopy techniques and

compatible FPs.180-183

In order to form the fluorescent chromophore, the FP tag must undergo an autogenic post-
translational modification known as maturation. During this process, the tripeptide sequence of the
chromophore undergoes cyclization, dehydration, and oxidation in order to form the conjugated system
required for fluorescence.® As these reactions are catalyzed by the surrounding protein structure,?

maturation does not begin until after the FP has folded, leading to a delay between protein folding and
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fluorescence, commonly quantified as a half-time. In vitro, this maturation half-time can be as low as
2 minutes in engineered FPs,** however, for most green FPs it is closer to 30 minutes.** *® Depending
on the organism studied, this maturation delay can become even longer in vivo,'% 18 which leads to a
period of time immediately post-translation where an FP fusion tag is incapable of reporting on the
protein of interest. This results in a loss of information when reporting on transiently-expressed
proteins, such as the Hes proteins that drive the somitogenesis clock in zebrafish,® or Insulin-like
growth factor-binding protein 1 (IBP-1), which is rapidly secreted from the cell.*®® Over 160 proteins
with half-lives less than 4 minutes have been identified in yeast,'®” comprising roughly 4% of the tested
proteins, and including transcription factors, mRNA splicing factors and cell cycle proteins. Thus,
transiently-expressed proteins are involved in regulating the growth and development of organisms,
yet little information on their expression and localization can be gained using conventional FP tags, as
the majority of FP-tagged molecules will no longer be present in the cell by the time fluorescence
would otherwise be detected. Maturation delay can also introduce error into experiments that compare
temporal information from FP-tagged protein expression to other cellular processes, such as mRNA

transcription, 12 92 188

To address this gap in temporal information, we have created a sensor for transiently expressed
proteins (STEP). The STEP is based on a circularly permuted, green fluorescent protein (cpGFP),
which can fold and mature independently of the expression of the protein of interest (POI). This cpGFP
is derived from the calcium ion sensor GCaMP3; the N- and C-termini are located next to the
chromophore, resulting in a pore on the GFP surface.®® Water enters the core of the protein via this
pore and quenches fluorescence, resulting in a dim signal. A short peptide from the BH3 domain of
Bim, a Bcl-2 family protein,'®® is genetically fused to the N-terminus of cpGFP, creating a construct
we call gSTEP, for green-STEP. The Bim peptide enables the specific binding of a protein tag, which

we call STEPtag, based on another Bcl-2 family protein, Bcl-x.. The binding of STEPtag to gSTEP
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plugs the pore in the cpGFP, eliminating quenching and restoring bright fluorescence (Figure 2.1). By
pre-expressing gSTEP in the organism of interest, the chromophore can be given time to mature
independently, such that it is ready to detect STEPtag fused to the POI the instant it is expressed. This
sensor then operates on the timescale of protein-protein binding, rather than chromophore maturation.
It should therefore enable detection of a tagged POI in seconds, with high spatiotemporal resolution,

opening the door to the study of protein localization immediately after translation.

OFF ON

gSTEP

/\ STEPtag

&
Binding
v peptide

cpGFP

Figure 2.1 General schematic of the STEP. The STEP is comprised of a circularly permuted
fluorescent protein, in this case a green fluorescent protein (cpGFP), to create a green STEP
(gSTEP). A binding peptide is fused to the terminus of the fluorescent protein, next to the pore in
the barrel. This peptide binds specifically to a binding partner, termed STEPtag, forming a binding
pair. The pore created by circular permutation exposes the core of the cpGFP to solvent, quenching
the chromophore and resulting in a dim fluorescent signal (OFF, above). When the binding partner
binds to the binding peptide, the resulting complex covers the pore, restoring a bright fluorescent
signal (ON, above). By genetically fusing STEPtag to a protein of interest (POI) and pre-expressing
gSTEP, expression of the POI can be detected by following the increase in fluorescence over time.

2.3 Results

2.3.1 Preparing the Scaffold
As the GCaMP family of calcium ion sensors operates by varying the fluorescence intensity of

a circularly permuted fluorescent protein in response to a protein conformational change that is
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triggered by a binding event, in their case the binding of calcium ions, it was a natural choice to begin
with one of their cpGFPs for the STEP. We selected the cpGFP from GCaMP3 to begin with, as that
version of GCaMP is brighter, more stable and has a greater dynamic range than the previous
generations.® We then selected the Bcl-2 family of binding proteins to serve as the binding pair,? 1%
specifically because of their extremely tight binding interaction (< 1 nM Kgqvalues),**® but also because
of the small size (26 amino acids) of the BH3 domain required to bind to the receptor protein.'® This
domain is comprised of a helix that is similar in size and structure to the M13 peptide used in GCaMP
to guide the calmodulin domain to the pore, and we hypothesized that it would perform a similar
function in the STEP, without being so large as to block the pore in the absence of binding partner. We
chose the Bim BH3 domain as our binding peptide and Bcl-x. as the binding protein, as their interaction
has been characterized,'®! and a crystal structure of the bound state was available.!® The Bim peptide
of this crystal structure was then aligned to the location of the M13 peptide of the GCaMP2 crystal
structure using PyMOL (Figure 2.2), and it was estimated that Bcl-x. binding could occur adjacent
to the pore. Based on this inspection, we selected two potential sequences for the binding tag: either
the soluble domain of Bcl-x.,*® which we named exSTEPtag (extended STEPtag), or an N-terminal
truncation of this domain, spanning the o2 helix to the a8 helix, named STEPtag. The truncation at the
N-terminal region to create STEPtag reduced the overall size of the tag by removing a 58 amino acid

127 as well as the al helix

loop between the ol and o2 helices that is unnecessary for protein binding,
that can participate in the formation of a domain-swap dimer when the aforementioned loop is
removed.?®* 1% Both options included a C-terminal truncation relative to the wild-type sequence that

removed a hydrophobic, membrane-anchor domain in order to improve solubility and prevent the tag

from affecting localization of the POI.9 197
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Figure 2.2 Hypothetical binding of STEPtag next to the pore of cpGFP in the STEP. A model of
the bound STEP was created by overlaying the crystal structures of GCaMP2 (PDB: 3EK4) and Bim
bound to Bcl-x. (PDB: 1PQ1). The cpGFP domain of GCaMP2 is shown in green, with the
chromophore shown as yellow sticks. Note the pore in the -barrel between the two termini (white),
which exposes the chromophore. The Bim peptide (magenta) was aligned to the N-terminus of the
cpGFP, replacing the M13 peptide that was present. The portion of Bcl-x_ used to create STEPtag is
shown in cyan, with the al helix included in exSTEPtag shown in blue. The loop between the o1 and
o2 helices in exSTEPtag is not shown due to lack of electron density in the crystal structure.

Having selected the individual parts that make up the STEP, the next stage was to assemble
them into a functional sensor. Firstly, to verify that the fully bound STEP would indeed have a
fluorescent signal greater than that of the unbound STEP, we created a series of constructs with both
the Bim peptide and either STEPtag or exSTEPtag fused to opposite termini of the cpGFP, thus
simulating a fully bound sensor. Different lengths of flexible glycine-serine linkers were used to vary
the conformational freedom available to the binding pair, as well as the inter-domain distance between
them and the cpGFP barrel. These linkers ranged in length from zero amino acids, using only the

leucine-glutamic acid and threonine-arginine linkers already present on the GCaMP-derived cpGFP

sequence, up to 30 amino acids, to approximate untethered binding of the binding pair.’® These

41



unimolecular constructs were expressed, and their fluorescence was compared to that of cpGFP (Table
2.1). We found that while every construct had a similar emission peak around 515 nm, the excitation
spectra varied across different constructs, with some showing greater signal when excited at 395 nm,
and others showing greater signal when excited at 495 nm. These two excitation wavelengths
correspond to the protonated (neutral) and deprotonated (anionic) forms of the chromophore,
respectively, with excited-state proton transfer occurring in the neutral form to produce a similar
emission peak to that of the anionic one.>® The sequences that showed improved signal from the 395
nm excitation peak were interesting, as in GCaMP2 this protonated chromophore signal decreases as
a result of the binding event, and thus a bright signal at 395 nm would be indicative of exposed
chromophore.* As cpGFP is expected to already have a solvent-exposed chromophore, the sequences
with increased signal when exciting at 395 nm must therefore be further stabilizing the protonated form
of the chromophore. Thus, depending on the sequence tested, both the protonated and deprotonated
states of the chromophore could potentially be stabilized by the bound STEP. As the 495 nm excitation
peak is more conducive to imaging with a standard 488 nm laser line, we chose to focus on the
sequences with increased fluorescence at that wavelength. When looking at the 495 nm signal, it is
clear that increasing the linker length is detrimental, with the maximum change in fluorescence
(expressed as the difference in fluorescence normalized to the baseline signal from an independently
expressed cpGFP, AF/Fo) being seen in the two constructs with no added linkers, Bim-L0-cpGFP-LO-
STEPtag, and exSTEPtag-L0O-cpGFP-L0-Bim. This seems to indicate that the two binding partners are
sufficient to interact with the chromophore, and that keeping them close to the pore should improve
the sensor signal when fully bound. As the increase in fluorescence was greatest in the construct with
the smaller STEPtag, we chose it as our scaffold for creating the two halves of the STEP, naming it

uni-gSTEPO, for unimolecular green STEP, initial iteration.
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Table 2.1 Screening the unimolecular sequences.

a

Sequence AF/F," (A 395nm)  AF/F, (h_ 495 nm)

Bim-L0-cpGFP-L0-STEPtag”

(uni-eSTEPO) -0.2+0.2 3.1+0.8

Bim-L5-cpGFP-L5-STEPtag -0.1 0.1
Bim-L10-cpGFP-L10-STEPtag -0.1 0.2
Bim-L30-exSTEPtag-L5-cpGFP -0.1 -0.1
Bim-L30-exSTEPtag-L10-cpGFP -0.2 0.1
exSTEPtag-L0-cpGFP-L0-Bim -0.6 1.0
exSTEPtag-L5-cpGFP-L5-Bim -0.4 0.9
exSTEPtag-L.10-cpGFP-L10-Bim -0.4 0.6
cpGFP-L0-Bim-L.30-exSTEPtag 3.8 -0.6
cpGFP-L5-Bim-L.30-exSTEPtag 2.7 -0.2
cpGFP-L10-Bim-L.30-exSTEPtag 2.6 -0.2

aSequences are named based on their arrangement of the three sensor parts (cpGFP, Bim and
STEPtag), from the N- to the C-terminus. Linkers between parts are denoted Lx, where x is the
number of amino acids

b Difference between the peak signal of the construct and a baseline signal (F,), normalized to the
baseline signal. In this case, F;is the fluorescence of an equivalent concentration of cpGFP, purified
separately

¢ Error shown is the standard deviation of three biological replicates

2.3.2 Creating the STEP

Having created uni-gSTEPO and demonstrated that it was brighter than cpGFP, we then split
this construct at the linker between the cpGFP barrel and STEPtag, to create the two parts of the sensor.
As the linkers connecting the cpGFP to the binding peptide and binding protein in the GCaMP family
of biosensors have been shown to be important to the sensor signal,®> 18 we left the threonine-arginine
linker from GCaMP3 attached to the cpGFP construct, creating gSTEPO. We found that we could
detect the addition of saturating concentrations of STEPtag to gSTEPO, while exciting at 485 nm, with

a AF/Foof 1.4 + 0.1 at the emission peak, signifying that the brightness of the sensor more than doubles
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when STEPtag is present. The in vitro equilibrium binding of the sensor was also measured, with an
observed Kq of 240 = 50 nM (Figure 2.3).The peak emission of uni-gSTEPO was found to be roughly
twofold brighter than the peak emission of the saturated gSTEPO, implying that the observed binding
interaction was not producing the maximum possible increase in signal. This result, coupled with a
noticeable amount of background fluorescence of unbound gSTEPO, leads to a relatively low signal-

to-noise ratio, expressed here as the AF/Fo.
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Figure 2.3 Characterizing gSTEPO binding. A, The excitation and emission spectra of gSTEPO (75
nM) alone and in the presence of 2500 nM STEPtag. Spectra are averages of three biological replicates
of gSTEPO, and two biological replicates of STEPtag. B, A representative binding curve of gSTEPO
(75 nM) with a range of concentrations of free STEPtag. The dashed line indicates a fit of the Hill
equation to the data. Error bars are the standard deviation of triplicate measurements.
2.3.3 Rational Improvement of AF/Fo by Enlarging the Pore

To improve the AF/Fo, we considered two possible options: increasing the brightness of the
bound state, by improving the interaction of the binding partner with the chromophore of gSTEPO, or
decreasing the brightness of the unbound state, by further quenching the chromophore when the pore

is open. We chose to begin with the second option, as we hypothesized that it could be accomplished

simply by truncating the C-terminus of the sensor. The C-terminal linker sequence has been shown to
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contribute to the high brightness of GCaMP5,%® so we hypothesized that its presence in the STEP
could be increasing the baseline fluorescence of our sensor, lowering the observed AF/Fo. Thus, we
generated C-terminal truncations of gSTEPO, removing the C-terminal linker sequence that was left
over from GCaMP3, as well as a further 1-4 amino acids. These constructs were labeled gSTEPO-TX,
where x is the number of cpGFP amino acids truncated, and we found that gSTEPO-T1 -T2 and -T3
showed improved AF/Fo, with the Kq of STEPtag binding remaining mostly unchanged (Table 2.2).
gSTEPO-T4, on the other hand, was poorly soluble, remaining mostly in the pellet fraction during
purification (Figure S2.1), and also showed less than 20% of the brightness of the other constructs.
We chose to continue working with gSTEPO-T1, as it showed the greatest improvement in AF/Fo, while

maintaining a similar Kq relative to gSTEPO.

Table 2.2 Characterizing truncations of gSTEPO.

Sequence K, (nM) AF/F,(Ex. 485 nm)
gSTEPO® 240 + 50 1.4+0.1
gSTEPO-T1" 250 + 60 22+05
gSTEPO-T2 210 1.7
gSTEPO-T3 230 1.9
gSTEPO-T4 N/AP N/AP

aData obtained from three biological replicates, error shown is the standard deviation
®No binding curves were performed for gSTEP0-T4, due to the low signal obtained

2.3.4 Detection of STEP Fluorescence in Bacterial Cells

As our in vitro data showed that binding of STEPtag to gSTEPO and its derivatives could be
readily detected in purified protein samples, the next step was to test the sensor inside of a live cell. As
a proof-of-concept, we turned to flow cytometry of E. coli cells to demonstrate that cells expressing
gSTEPO-T1 could be differentiated from cells expressing both gSTEPO-T1 and STEPtag. To allow

gSTEPO-T1 to be expressed and mature in advance of the measurements, it was subcloned into pSF-
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OXB20. In this vector, the gene is placed under control of the OXB20 promoter, which is based on the
RecA promoter.t*® This plasmid places the gene of interest under the control of a strong constitutive
bacterial promoter, allowing gSTEPO-T1 to be present in the cell at all times. STEPtag was kept under
control of the T7 promoter?®2%2 py cloning it into pACYC-Duet-1, a vector whose antibiotic resistance
and origin of replication is compatible with pSF-OXB20. By comparing a population of cells
containing just gSTEPO-T1 with a population containing both vectors, we can see a distinct increase
in fluorescence when STEPtag is present (Figure 2.4), with the mean signal increasing twofold, i.e. an
in cellulo AF/Fo of 1. Interestingly, a control experiment where the pACY C vector containing STEPtag
remained uninduced showed similar levels of fluorescence to the experiment where it was induced

(Figure S2.9). We therefore hypothesize that the leaky expression from the T7 system!%®

produces
sufficient STEPtag during the overnight growth of the cultures to bind gSTEPO-T1, causing the
observed shift in fluorescence regardless of the overexpression of STEPtag. Attempts to repeat the
experiment with shorter growth times did not show sufficient levels of green fluorescence from
gSTEPO-T1, as the level of expression from pSF-OXB20 did not seem to be sufficiently high.
Nevertheless, while this expression system did not allow us to visualize an individual population of

cells before and after expression of STEPtag, we were able to differentiate populations containing

STEPtag and gSTEPO-T1 from those that only contained gSTEPO-T1.
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Figure 2.4 Bacterial flow cytometry of cells expressing the STEP. Flow cytometry histogram of
STEP fluorescence in E. coli cells containing plasmids expressing either STEPtag alone, or gSTEPO-
T1 and STEPtag. Fluorescence was excited at 488 nm, and emission was measured using a 525BP40
filter. STEPtag expression was induced by the addition of 1mM IPTG [(+) IPTG], 90 minutes before
the cells were harvested for cytometry. The pET11a STEPtag negative control was expressed in BL21
(DEJ) Gold cells, while the others were expressed in Tuner (DE3) cells.

2.3.5 In vitro Tagging of a Protein

In order to fulfill its intended purpose, the STEP needs to detect a protein of interest. Having
demonstrated that gSTEPO-T1 can detect STEPtag alone, it remained to show that STEPtag could be
fused to a POI without interfering with the sensor. As a mock POI, we chose to use Thermoascus
aurantiacus xylanase 10A (TAX),2%% 204 as this enzyme forms a highly stable TIM-barrel’® of
moderate size (312 amino acids). It should thus be large enough to demonstrate whether tagged proteins
can sterically hinder the binding interaction, while being stable enough to avoid any negative influence
on the folding of the binding partner. While we expect transiently-expressed proteins to be less stable
than TAX, the in vitro optimization of the STEPtag fusion required a POI that would be stable for the

duration of the purification process. The active site glutamates, E131 and E237,2%® were mutated to
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alanines, to prevent any enzymatic activity from interfering with the binding assay. Flexible glycine-
serine linkers of different lengths were used to fuse STEPtag to TAX, from the four amino acid GSSG
to the thirteen amino acid GSSGGGGSGGGGS. We also tested constructs with STEPtag fused at
either the N- or C-termini of TAX (Table 2.3). All constructs are labelled from N- to C- terminus, with
the number indicating the length of the linker. We found that the four, eight and thirteen amino acid
linkers performed poorly, showing much greater Kq values for tags at both termini, with the shorter
linkers also showing poor AF/Fo. The fusions with linkers of ten amino acids, on the other hand, all
performed comparably to STEPtag on its own, whether TAX was fused to the N- or C-terminus of
STEPtag, and in fact showed slightly lower Kq values than were measured previously. We also verified
that the sensor was specific to the binding partner, by demonstrating that the addition of untagged TAX

or BSAto gSTEPO-T1 showed no increase in signal (Figure S2.8).

Table 2.3 Characterization of a mock POI-STEPtag fusion binding to gSTEPO-T1.

Binding Partner K, (nM) AF/F,(Ex. 485 nm)
TAX-L13-STEPtag” 350+ 10 3.6+09
TAX-L10-STEPtag 151 23
STEPtag-L10-TAX" 170 + 30 1.9+0.1
STEPtag-L8-TAX 310 1
STEPtag-L4-TAX 360 0.9

2 Data obtained from two biological replicates, error shown is the standard deviation

2.4 Discussion
Our results show that we have created a fluorescent biosensor that can detect the protein-protein
interaction between gSTEPO and STEPtag in vitro, and that STEPtag can still be detected when it is

used as a fusion tag at either the N- or C-terminus of a protein. The STEP can therefore in principle
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detect any protein of interest that can be expressed as a fusion with STEPtag, by measuring the increase

in fluorescent signal of gSTEPO when the fusion protein is present.

By beginning the development of the sensor with a variety of unimolecular constructs, we were
able to rapidly assess whether having STEPtag adjacent to the pore of the cpGFP affects brightness,
and could also test a variety of different linker lengths and binding peptide positions without needing
to optimize the peptide-protein binding interaction. We found that keeping the binding pair of the Bim
peptide and the STEPtag close to the pore was important to increasing the brightness, as the constructs
with no added linkers outperformed all others when comparing the signal from the anionic
chromophore, excited at 485 nm. At the other end of the scale, the 30 amino acid linkers provide some
interesting results. In the case of the cpGFP-Lx-Bim-L30-STEPtag constructs, which were designed
with a long, flexible linker between Bim and the STEPtag to mimic the conformational freedom
available to free STEPtag in solution, we see that there is an increase in signal from the neutral
chromophore instead. This implies that the chromophore environment is different in these constructs
relative to the others tested, increasing the pKa of the chromophore phenol group. As the anionic form
of the chromophore is preferable for imaging, these constructs were not selected for further

development of the STEP.

The change in fluorescent signal of gSTEPO upon binding to STEPtag follows the same trends
as the difference in signal between cpGFP and uni-gSTEPO, as desired. As seen in the excitation spectra
(Figure 2.3), some signal from the neutral chromophore is lost, while the signal from the anionic
chromophore increases, similarly to how GCaMP2 changes in fluorescence upon calcium ion
binding.** The current change in fluorescence upon binding of gSTEPO-T1 (AF/Fo = 2.2 + 0.5)
approaches that of the original GCaMP calcium ion sensor, which demonstrated a AF/Fo of
approximately 3.5.8% As can be seen in the flow cytometry data (Figure 2.4), this is sufficient to use the

STEP to discriminate an average cell containing no STEPtag from an average cell containing STEPtag,
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although there is some overlap between the populations. While a kinetic analysis tracking fluorescence
over time should still show the increase in fluorescence as STEPtag is produced, this overlap in
brightness could lead to difficulties in the analysis of end-point data, as the brightest cells without
STEPtag will show similar signal to the average cells with it present. Thus, engineering the STEP to
improve the AF/Fo would improve its usefulness as a sensor. Through a combination of linker
modification, site-directed mutagenesis and directed evolution, GCaMP has been engineered to obtain
AF/Fo values greater than 35 in vitro,2” 2%’ so we are optimistic that we will be able to improve this

characteristic of the STEP.

As for the measured Kq of the STEP, 250 + 60 nM is more than a hundredfold greater than the
theoretical Kq of the Bim peptide and Bcl-x. protein, possibly due to interference of the cpGFP domain
with the ideal binding mode of the binding pair, or perhaps due to the truncations made to the sequence
when creating the STEPtag. Although we hoped to avoid any formation of domain-swapped dimer by
removing the al helix, it does contain the BH4 domain of the protein, which has been found to stabilize
native Bcl-x. by making hydrophobic contacts with the surrounding helices.* Thus, the fold of STEPtag
might differ from the ideal Bcl-x. structure, reducing the affinity of STEPtag for Bim. We did attempt
to express full-length Bcl-x. including both the a1 helix and the loop between the al and o2 helices,
in the form of His-EK-Bcl-x.,2® as well as MBP-Bcl-x.*! to test this hypothesis, but in our hands
these sequences did not express sufficient quantities of soluble protein to set up binding curves. Despite
the lower than expected affinity of the STEP, its Kq remains at a feasible concentration for cellular
proteins. For instance, protein concentrations in S. cerevisiae have been found to range from less than
50 to greater than 10° molecules per cell.2® For an average cell volume of 42 pm?3 219 21 thjs |eads to
molar concentrations between 2 nM and 40 uM, with the median concentration around 100 nM. Thus,
the affinity of the STEP should be sufficient to detect a variety of proteins of interest, as a similar range

of concentrations is seen in other organisms as well.?*2 213 As a future improvement, a lower Kq would
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be desirable to lower the limit of detection, in particular as we are interested in visualizing proteins
shortly after translation begins, so it is likely that they will not yet have reached their maximum
concentration. We plan to be able to improve the K4 through modification of the Bim-STEPtag binding
pair, possibly by introducing synthetic versions of the Bim peptide with the potential for tighter

120

binding.

When considering the equilibrium binding of STEPtag to gSTEPO and gSTEPO-T1, it is
interesting to note that the Hill coefficient of the binding curves is around 2 (Figure S2.5, S2.6, S2.7),
implying that there is some form of cooperative binding occurring'®® despite the fact that the expected
stoichiometry of STEPtag binding to the gSTEPs should be that of the Bim-Bcl-x. heterodimer, i.e.
1:1.12% This result could potentially be due to a change in binding stoichiometry, if multiple molecules
of STEPtag can bind to a single molecule of gSTEP, or it could be due to dimerization of the gSTEP
itself, such that the binding of STEPtag to one gSTEP increases the affinity of the other. It has been

reported that GFP forms a weak dimer, with a Kgq in the 100 uM range,?*

while two possibilities for
self-association of Bcl-xL have been reported, a domain-swap dimer that forms in the presence of
detergents or high pH,?*® as well as an interaction between Bcl-xL and its own BH3 domain, with an
IC50 of ~640 nM.?'® As none of these possibilities seem likely to affect our binding curves, we have
yet to specifically identify the cause of the observed cooperativity. It should be noted that the Kqvalues
reported here still assume 1:1 stoichiometry, i.e. that only one molecule of STEPtag binds each
molecule of gSTEP. While this apparent cooperativity lowers the dynamic range of the sensor for the
purposes of quantifying STEPtag (and thus POI) concentration based on the fluorescent signal, it does

not affect its use as a binary sensor. In order to detect transiently expressed proteins, it suffices that the

sensor increases in signal once the tagged POI is expressed.

The STEP described here is a starting point to build towards an effective sensor for transiently

expressed proteins in model organisms. By basing the STEP on previous FP-based biosensors, we are
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harnessing the high spatial and temporal resolution of fluorescence measurements, as well as the utility
and convenience of having a fully genetically encoded sensor, requiring no exogenous molecules to
produce the desired signal. These characteristics have led to a rapid proliferation of genetically encoded
fluorescent biosensors, with a recent review tabulating over 750 different variants,’® but the examples
of biosensors that detect other proteins tend to be engineered towards the detection of a particular
protein of interest, rather than that of a fusion tag that can be used more generally. That being said,
there exist at least two fluorescent biosensors for protein-protein interactions similar to the STEP, the
dimerization-dependent fluorescent proteins,?” 28 and the recently published Flashbody.?*® The
dimerization-dependent fluorescent proteins were designed to probe for protein-protein interactions,
where they use fluorescent protein-derived barrels as fusion tags for the two proteins whose binding is
to be interrogated. One of the barrels, A, is fluorogenic, having low brightness initially, which increases
10- to 60-fold upon binding to the other barrel, B. Because this system was designed to identify proteins
that already interact, the Kqwas deliberately increased to the micromolar range to prevent the tags from
creating false-positive interactions. As such, these dimerization-dependent fluorescent proteins tackle
a different problem than the STEP, as the barrels cannot easily detect one another in the absence of
additional forces to improve binding. The Flashbody, on the other hand, functions very similarly to the
STEP, using a cpGFP fused to an affinity tag to detect binding by an increase in fluorescence. In this
case, the Flashbody tags cpGFP with the variable region fragments of an antibody. This antibody binds
to a peptide target, in this case the BGPC7 peptide, a 7 amino acid peptide that acts as the fusion tag
to the protein of interest. The Flashbody shows a AF/Fo of roughly 3, as well as a Kq 0f 300 nM, similar
to the STEP. Interestingly, as their antibody-peptide interaction has a theoretical Kq of 50 nM, they
also see an increase in Kq relative to the original binding pair, matching what we see with the Bim-
STEPtag interaction. Our selected binding pair has a fifty-fold lower theoretical Kq, and thus while the
current Flashbody characteristics are comparable to those of gSTEPO-T1, we expect to be able to

further improve the characteristics of our sensor. Improvements to the Kq and AF/Fo will open the door

52



to performing live-cell imaging of the STEP, which will allow us to reach our desired goal of obtaining

rapid kinetic data for the study of transiently-expressed proteins.

2.5 Materials and Methods

2.5.1 Construct Preparation

Sequences for the 11 unimolecular constructs were codon optimized for E. coli, synthesized
and cloned into pJ414 vectors by DNA2.0 (now ATUM). gSTEPO and STEPtag sequences were
obtained by PCR amplification of the appropriate regions of the uni-gSTEPO sequence, using synthetic
oligonucleotides (Eurofins) to add an N-terminal His tag to STEPtag, as well as Ndel and BamHlI
restriction sites flanking the gene. These sequences were then subcloned into pET1la vectors
(Novagen), using the introduced Ndel and BamHI restriction sites. All reagents used for subcloning
were obtained from New England Biolabs. gSTEPO truncations were created in the same manner, using
gSTEPO as a template. A pET11a vector containing the gene encoding inactivated TAX was a generous
gift from Stephen L. Mayo. STEPtag-TAX fusions were created by first using PCR to generate
STEPtag sequences with the appropriate N- or C-terminal linkers, where the DNA sequence of the
linker contains an Xhol restriction site. These sequences were then subcloned into pET11a vectors, in
the same manner as above. In parallel, TAX constructs with the same linkers were also prepared, and
could then be subcloned into the pET11a-STEPtag vectors using either Ndel/Xhol restriction sites (for
N-terminal TAX), or Xhol/BamHI restriction sites (for C-terminal TAX). Constructs for flow
cytometry were subcloned into either MCS1 of pACYC-Duet-1 (Novagen), or pSF-OXB20 (Oxford

Genetics), using either Ncol/BamHI or Xhol/BamHI restriction sites, respectively.

2.5.2 Protein Expression and Purification
All vectors for in vitro use were transformed into chemically competent E. coli BL21 (DE3)

Gold (Agilent). Expression was performed by culturing cells in Luria-Bertani (LB) broth,
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supplemented with 100 pg/mL ampicillin. Cells were grown at 37°C with shaking to an OD600 of 0.6-
0.8, at which point protein expression was induced by addition of 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Cells were then incubated with shaking overnight at 16°C, harvested
by centrifugation and lysed using an EmulsiFlex-B15 cell disruptor (Avestin). Proteins were purified
by immobilized metal affinity chromatography using Profinity Nickel-charged IMAC resin (Bio-Rad),
in a gravity flow column, according to the manufacturer’s protocol. Buffer exchange into 20 mM
sodium phosphate containing 50 mM NaCl (pH 7.4) and sample concentration was performed using
Amicon Ultra-15 centrifugal filters with a 3K molecular weight cut-off (Millipore) for STEPtag, and

Microsep Advance centrifugal filters with a 10K molecular weight cut-off (Pall) for all other proteins.

2.5.3 Fluorescence Assays

Proteins were quantified by either the linearized Bradford Assay??°

using the Quick-Start
Protein Assay Kit (Bio-Rad), or by measuring absorbance at 280 nm in a cuvette using a SpectraMax
Plus®* microplate spectrophotometer (Molecular Devices). Extinction coefficients for the proteins
were estimated using the ProtParam online tool.??* All measurements were performed in 20 mM
sodium phosphate buffer containing 50 mM NaCl (pH 7.4), at room temperature. Fluorescence spectra
of all proteins were recorded on an Infinite M1000 microplate reader (Tecan). All fluorescence
measurements were performed using 75 nM of fluorescent protein, and each sample well was prepared
in triplicate. To calculate the Kg, the fluorescence signal when exciting at 485 nm and emitting at 515
nm was used to fit the Hill equation, accounting for ligand depletion, across the range of STEPtag
concentrations used. AF/Fo values for all the binding curves were calculated using the Hill equation fit

to determine Fmax and Fmin, Where Fmax is the maximum signal of the fit, and Fmin is the minimum signal

of the fit.
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2.5.4 Flow Cytometry

Constructs used were transformed into chemically competent E. coli Tuner™ (DE3)
Competent Cells (Novagen), or BL21 (DE3) Gold, in the case of the STEPtag control. Cells were
cultured in Terrific Broth (TB) (Fisher) supplemented with 100 pg/mL ampicillin (for cells containing
pSF-OXB20 gSTEPO-T1 or pET11a STEPtag) and 34 pg/mL chloramphenicol (for cells containing
pACYC STEPtag). Cells were grown with shaking at 37°C for 12 hours, then induced with 1 mM
IPTG for 90 minutes. Cells were then harvested by centrifugation, washed twice in filtered 20 mM
sodium phosphate buffer containing 50 mM NaCl (pH 7.4), and diluted to an approximate
concentration of 10° cells/mL with filtered 20 mM sodium phosphate buffer containing 50 mM NaCl
(pH 7.4). All cells were passed through a 40 um Falcon Cell Strainer (Fisher) immediately before
beginning flow cytometry. Flow cytometry measurements were performed using a Gallios flow
cytometer (Beckman Coulter), set to detect 50 000 events per run. Fluorescence was detected by
exciting with a 488 nm laser, and detecting emission with a 525BP40 filter. Data analysis was

performed using the Kaluza software package (Beckman Coulter).
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2.6 Supplementary Information

2.6.1 Amino Acid Sequences

Bim-L0-cpGFP-LO-STEPtag (uni-gSTEPQ)
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGI TLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNT
LGHKLEYNTRREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDG
VNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAA
ESRK*

Bim-L5-cpGFP-L5-STEPtag
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGGSGGLENVYIKADKOKNGIKANFKIRHNIEDGG
VOLAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTG
GSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTL
TYGVQCEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFK
EDGNILGHKLEYNTRGGSGGREVIPMAAVKOQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEFE
QVVNELFRDGVNWGRIVAFFSFGGALCVESVDKEMOQVLVSRIAAWMATYLNDHLEPWIQENGGWDTE
VELYGNNAAAESRK*

Bim-L10-cpGFP-L10-STEPtag
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGGSGGGGSGGLENVYIKADKQOKNGIKANFKIRHN
IEDGGVQLAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELY
KGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKEFICTTGKLPVPWPT
LVTTLTYGVQCEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELK
GIDFKEDGNILGHKLEYNTRGGSGGGGSGGREVIPMAAVKOALRFEAGDEFELRYRRAFSDLTSQLHI
TPGTAYQSFEQVVNELFRDGVNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPW
IQENGGWDTEFVELYGNNAAAESRK*

Bim-L30-exSTEPtag-L5-cpGFP
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSMSQS
NRELVVDFLSYKLSQKGYSWSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNGATGH
SSSLDAREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWG
RIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRK
GGSGGLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQONTPIGDGPVLLPDNHYLSVQSKLS
KDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFEFSVS
GEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERT
IFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTR*
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Bim-L30-exSTEPtag-L10-cpGFP
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSMSQS
NRELVVDFLSYKLSQKGYSWSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNGATGH
SSSLDAREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWG
RIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTEFVELYGNNAAAESRK
GGSGGGGSGGLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSV
QSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGH
KFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY
IQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTR*

exSTEPtag-LO-cpGFP-L0-Bim
MSQSNRELVVDFLSYKLSQKGYSWSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNG
ATGHSSSLDAREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDG
VNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAA
ESRKLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSVQSKLSK
DPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSG
EGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTI
FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRDLRPEIRIAQELRRIGDEF
NETYTRRHHHHHH*

exSTEPtag-L5-cpGFP-L5-Bim
MSQSNRELVVDFLSYKLSQKGYSWSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNG
ATGHSSSLDAREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDG
VNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAA
ESRKGGSGGLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSVQ
SKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHK
FSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY T
QERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRGGSGGDLRPEIRIA
QELRRIGDEFNETYTRRHHHHHH*

exSTEPtag-L10-cpGFP-L10-Bim
MSQSNRELVVDFLSYKLSQKGYSWSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNG
ATGHSSSLDAREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDG
VNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAA
ESRKGGSGGGGSGGLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNH
YLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGD
VNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAM
PEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRGGSGGGGSG
GDLRPEIRIAQELRRIGDEFNETYTRRHHHHHH*

CcpGFP-L0-Bim-L30-exSTEPtag
MLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSVQSKLSKDPN
EKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGE
GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFK
DDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRDLRPEIRIAQELRRIGDEFNET
YTRRGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSMSQSNRELVVDFLSYKLSQKGY SWSQFSDVEEN
RTEAPEGTESEMETPSAINGNPSWHLADSPAVNGATGHSSSLDAREVIPMAAVKQALREAGDEFELR
YRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWGRIVAFFSFGGALCVESVDKEMQVLVSRIA
AWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRKHHHHHH *
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CpGFP-L5-Bim-L30-exSTEPtag
MLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSVQSKLSKDPN
EKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGE
GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFK
DDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRGGSGGDLRPEIRIAQELRRIGD
EFNETYTRRGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSMSQSNRELVVDFLSYKLSQKGY SWSQF'S
DVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNGATGHSSSLDAREVIPMAAVKQALREAGD
EFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWGRIVAFFSFGGALCVESVDKEMQVL
VSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRKHHHHHH*

cpGFP-L10-Bim-L30-exSTEPtag

MLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPN
EKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGE
GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFK
DDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTRGGSGGGGSGGDLRPEIRIAQEL
RRIGDEFNETYTRRGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSMSQSNRELVVDFLSYKLSQKGY S
WSQFSDVEENRTEAPEGTESEMETPSAINGNPSWHLADSPAVNGATGHSSSLDAREVIPMAAVKQAL
REAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWGRIVAFFSFGGALCVESVDK
EMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRKHHHHHH*

cpGFP (used as baseline control for unimolecular scans)

MHHHHHHENLYFQGLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNH
YLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGD
VNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSA
MPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYN*

gSTEPO
MHHHHHHDLRPEIRTIAQELRRIGDEFNETYTRRLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFEFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVOQ
CEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEYNTR*

STEPtag
MHHHHHHREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNW
GRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESR
K*

gSTEPO-T1
MHHHHHHDLRPEIRTIAQELRRIGDEFNETYTRRLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVOQO
CEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEY™*
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gSTEPO-T2
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRLENVYIKADKOQKNGIKANFKIRHNIEDGGVQLAY
HYQOONTPIGDGPVLLPDNHYLSVOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKEFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGY IQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLE*

gSTEPO-T3
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDEFKEDGNIT
LGHKL*

gSTEPO-T4
MHHHHHHDLRPEIRTIAQELRRIGDEFNETYTRRLENVYIKADKOQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFEFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVOQ
CEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHK*

TAX-L13-STEPtag
MAEAAQSVDQLIKARGKVYFGVATDONRLTTGKNAAITQADFGQVTPENSMKWDATEPSQGNENFAG
ADYLVNWAQONGKLIRGHTLVWHSQLPSWVSSITDKNTLTNVMKNHITTLMTRYKGKIRAWDVVNAA
FNEDGSLROTVEFLNVIGEDYIPIAFQTARAADPNAKLYINDYNLDSASYPKTQATIVNRVKOWRAAGV
PIDGIGSQTHLSAGOGAGVLOALPLLASAGTPEVAITALDVAGASPTDYVNVVNACLNVQSCVGITV
WGVADPDSWRASTTPLLEDGNEFNPKPAYNAIVQDLOQGSTIEGRGGSSGGGGSGGGGSREVIPMAAVK
QALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWGRIVAFFSEFGGALCVES
VDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRKHHHHHH*

TAX-L10-STEPtag
MAEAAQSVDQLIKARGKVYFGVATDONRLTTGKNAAITQADFGQVTPENSMKWDATEPSQGNENFAG
ADYLVNWAQONGKLIRGHTLVWHSQLPSWVSSITDKNTLTNVMKNHITTLMTRYKGKIRAWDVVNAA
FNEDGSLROTVFLNVIGEDYIPIAFQTARAADPNAKLYINDYNLDSASYPKTQAIVNRVKOWRAAGV
PIDGIGSQTHLSAGQGAGVLOALPLLASAGTPEVAITALDVAGASPTDYVNVVNACLNVQSCVGITV
WGVADPDSWRASTTPLLEDGNEFNPKPAYNAIVQODLOQGSIEGRGGSSGGGGSGGREVIPMAAVKQAL
REAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELFRDGVNWGRIVAFFSEFGGALCVESVDK
EMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGNNAAAESRKHHHHHH*

STEPtag-L10-TAX
MHHHHHHREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELEFRDGVNW
GRIVAFFSFGGALCVESVDKEMOVLVSRIAAWMATYLNDHLEPWIQENGGWDTEFVELYGNNAAAESR
KGSSGGGGSGGMAEAAQSVDQLIKARGKVYFGVATDONRLTTGKNAATI IQADFGQVTPENSMKWDAT
EPSQOGNFNFAGADYLVNWAQONGKLIRGHTLVWHSQLPSWVSSITDKNTLTNVMKNHITTLMTRYKG
KIRAWDVVNAAEFNEDGSLROTVEFLNVIGEDYIPIAFQTARAADPNAKLYINDYNLDSASYPKTQAIV
NRVKOWRAAGVPIDGIGSQTHLSAGOGAGVLOALPLLASAGTPEVAITALDVAGASPTDYVNVVNAC
LNVQSCVGITVWGVADPDSWRASTTPLLFDGNENPKPAYNAIVQODLOQOGSIEGRG*
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STEPtag-L8-TAX
MHHHHHHREVIPMAAVKOQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELEFRDGVNW
GRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTEVELYGNNAAAESR
KGSSGGSGGMAEAAQSVDQLIKARGKVYFGVATDONRLTTGKNAAITQADFGOQVTPENSMKWDATEP
SQGNENFAGADYLVNWAQONGKLIRGHTLVWHSQLPSWVSSITDKNTLTNVMKNHITTLMTRYKGKI
RAWDVVNAAEFNEDGSLROTVFLNVIGEDYIPIAFQTARAADPNAKLYINDYNLDSASYPKTQAIVNR
VKOWRAAGVPIDGIGSQTHLSAGQOGAGVLOQALPLLASAGTPEVAITALDVAGASPTDYVNVVNACLN
VOSCVGITVWGVADPDSWRASTTPLLEFDGNENPKPAYNATIVODLOOGSTIEGRG™*

STEPtag-L4-TAX
MHHHHHHREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNELERDGVNW
GRIVAFFSEFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTEFVELYGNNAAAESR
KGSSGMAEAAQSVDQLIKARGKVYFGVATDONRLTTGKNAAIIQADFGQVTPENSMKWDATEPSQGN
FNFAGADYLVNWAQONGKLIRGHTLVWHSQLPSWVSSITDKNTLTNVMKNHITTLMTRYKGKIRAWD
VVNAAFNEDGSLROQTVEFLNVIGEDYIPIAFQTARAADPNAKLYINDYNLDSASYPKTQAIVNRVKQW
RAAGVPIDGIGSQTHLSAGOGAGVLOALPLLASAGTPEVAITALDVAGASPTDYVNVVNACLNVQSC
VGITVWGVADPDSWRASTTPLLEDGNENPKPAYNAIVODLOQGSIEGRG*
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2.6.2 Sample SDS-PAGE Gels
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Figure S2.1 Sample SDS-PAGE gels of purification steps. Samples taken during protein
purification were mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes,
then loaded into 10% acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein
Marker, Broad Range (NEB). Electrophoresis was performed at 120 volts until the dye front had
migrated to the end of the gel. Abbreviations are as follows: P — pellet, FT — flowthrough, EL —

eluted (purified)
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55.6 kDa
42.7 kDa

34.6 kDa
27.0kDa

14.3 kDa

Figure S2.2 Sample SDS-PAGE gels of purified proteins. Samples taken after protein purification
were mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes, then loaded
into 15% acrylamide SDS-PAGE gels, to better resolve STEPtag. The ladder used is the P7702
Unstained Protein Marker, Broad Range (NEB) for the left and center gels, or P7717 Unstained
Protein Standard, Broad Range for the rightmost gel (NEB). Electrophoresis was performed at 120
volts until the dye front had migrated to the end of the gel. Abbreviations are as follows: EL — eluted
(purified)
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2.6.3 Mass Spectrometry Analysis of STEPtag

As STEPtag migrates lower than the 14.3 kDa band of the SDS-PAGE ladder (Figure S2.2), we wanted
to verify that the protein was not undergoing any form of post-translational degradation. Mass
spectrometry of an FPLC purified sample of STEPtag was performed by the University of Ottawa’s
Proteomics Resource Center. The calculated molecular weight was 15 503.81 Da (see mass spectrum
below), which is very close to the expected molecular weight of 15 504.4 Da, therefore we conclude

that no degradation is occurring.
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Figure S2.3 Mass spectrum of STEPtag. The instrument used was an LTQ-velos-Orbitrap Elite
(Thermo Scientific), and the spectrum was acquired using an Orbitrap analyzer, with a resolution of
60K (at 200 m/z).
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2.6.4 Raw Fluorescence Data
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Figure S2.4 Excitation scans of the unimolecular constructs. Scans of 75 nM of each protein

were performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). The emission

wavelength used was 550 nm. Multiple biological replicates of Bim-L0-cpGFP-L0-STEPtag (uni-
gSTEPO) and cpGFP are included.
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Figure S2.5 Binding curves of gSTEPO with STEPtag. Scans of 75 nM of biological replicates
of purified gSTEPO, mixed with varying concentrations of biological replicates of purified
STEPtag, were performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4).
The fluorescence signal of the left panel is the emission between 520 and 540 nm, when exciting at
488 nm, as an approximation of the signal through a green filter set (530/20 nm) when exciting with
a 488nm laser, while the center and right panels are the peak emission signal when exciting at 485
nm. The dashed lines are the results of a fit of the Hill equation to the data, and Kq, AF/Fo and the
value of n calculated from the Hill equation fit are reported for each curve. Error bars are the
standard deviation of triplicate measurements.
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Figure S2.6 Binding curves of gSTEPO truncations. Scans of 75 nM of purified gSTEPO
truncations, mixed with varying concentrations of STEPtag, were performed in 20 mM sodium
phosphate buffer containing 50 mM NaCl (pH 7.4). These experiments were performed with the
same purification of STEPtag. The fluorescence signal is the emission between 520 and 540 nm,
when exciting at 488 nm. The dashed lines are the results of a fit of the Hill equation to the data,
and Kg, AF/Fo and the value of n calculated from the Hill equation fit are reported for each curve.
Error bars are the standard deviation of triplicate measurements. These curves were performed
under the same conditions as the left panel of Figure S2.5, using the same STEPtag.
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Figure S2.7 Replicate binding curves of gSTEPO-T1. Scans of 75 nM of biological replicates of
purified gSTEPO-T1, mixed with varying concentrations of purified STEPtag, were performed in
20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). The fluorescence signal is the
emission at 515 nm, when exciting at 485nm. The dashed lines are the results of a fit of the Hill
equation to the data, and Kgq, AF/Fo and the value of n calculated from the Hill equation fit are
reported for each curve. Error bars are the standard deviation of triplicate measurements.
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Figure S2.8 The fluorescence of gSTEPO truncations are unaffected by TAX and BSA. 75nM
of purified gSTEPO truncations, mixed with varying concentrations of purified TAX or BSA, were
performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). The fluorescence
signal is the emission between 520 and 540 nm, when exciting at 488 nm. Error bars are the standard
deviation of triplicate measurements.
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Figure S2.9 Binding curves of gSTEPO-T1 with TAX-STEPtag fusions. Scans of 75 nM of
purified gSTEPO-T1, mixed with varying concentrations of TAX-STEPtag fusions, were performed
in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). The fluorescence signal is
the emission at 515 nm, when exciting at 485nm. The dashed lines are the results of a fit of the Hill
equation to the data, and Kg, AF/Fo and the value of n calculated from the Hill equation fit are
reported for each curve. Error bars are the standard deviation of triplicate measurements. Note that
the STEPtag-L4 and L8-TAX curves are on a linear concentration scale. A representative STEPtag
curve has been included beside them to compare.
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2.6.5 Additional Flow Cytometry Data
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Tuner (DE3), pSF-OXB20 gSTEPO-T1, (+) IPTG
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Figure S2.10 Flow cytometry data. Cell strain, plasmids and presence of IPTG are all indicated
in the figure titles. Dot plots of forward scatter (FS) area versus height for doublet discrimination,
forward scatter versus side scatter height (SS), for selection of well-formed cells, and forward
scatter versus green fluorescence height (FL1) for the flow cytometry runs shown in Figure 2.4.
Events with a large forward scatter area to forward scatter height ratio are more likely to be doublets,
i.e. multiple cells passing through the detector simultaneously, so they were removed with the
“Single” gate (red), which also removes the population of small, nonfluorescent particles, which
we hypothesize to be dust. The “Bac” gate from the forward scatter versus side scatter plot was
used for the fluorescence histogram, to screen out outliers with anomalous shapes or sizes.
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2.6.6 Vector Maps
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Figure S2.11 Vector maps of plasmids used in this chapter. Vector maps were generated using
SnapGene Viewer. Promoters used are highlighted in magenta, and restriction sites used for cloning
are highlighted in brown. Note that pSF-OXB20 and pACYC-Duet-1 have different antibiotic
resistances (Kanamycin and Chloramphenicol), as well as compatible origins of replication (pMB1
and p15A), such that they can both be stably maintained within the same cells.
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Chapter 3: STEPping Forwards: Developing the STEP into a Sensor for Real-Time Imaging

Matthew G. Eason, Antonia T. Pandelieva, Marc M. Meyer & Roberto A. Chica

Manuscript in preparation
3.1 Statement of Contribution

Matthew G. Eason designed all protein sequences, all cloning and expression strategies and
subcloned sequences. Matthew G. Eason and Antonia T. Pandelieva performed in vitro
characterization experiments and analyzed data. Matthew G. Eason and Roberto A. Chica designed the
two-stage FACS sort. Antonia T. Pandelieva performed FACS experiments. Matthew G. Eason
performed stopped-flow and flow cytometry experiments. Marc M. Meyer performed the plate-based

kinetic assay. Matthew G. Eason wrote the chapter.

3.2 Introduction

In the previous chapter, we created our Sensor for Transiently Expressed Proteins (STEP), and
demonstrated that it showed a measurable increase in fluorescence when gSTEPO is in the presence of
a protein of interest bound to STEPtag. Yet these in vitro demonstrations were only the first steps
towards the desired use of the sensor: detecting transiently expressed proteins in model organisms.
With that in mind, we moved forward with three major goals: improvement of the signal-to-noise ratio

and Ky, in cellulo testing and kinetic characterization.

Firstly, our best version of the sensor, gSTEPO-T1, was found to have a Kq of 210 nM, much
greater than the theoretical Kq of the parent binding partners (0.8 nM), as well as a AF/Fq of 2.0, lower
than that of the GCaMP sensors on which it is based (ranging from 3.5 to over 10). We hoped to
improve both of these characteristics, first by rational design, then by developing a high-throughput
screening method to perform directed evolution. Our rational design hypotheses focused on influencing
the affinity of the binding partners, thus lowering the K4, and were twofold: first, that the specific

sequence of the binding peptide could influence the binding interaction, and second, that changing the
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proximity of the binding peptide to the cpGFP domain could relieve potential clashes between the
STEPtag and the cpGFP barrel that would destabilize the bound state, and thus negatively affect
binding. To verify the effect of changing the binding peptide, we tested alternative sequences of the
Bim peptide, testing a homologous sequence as well as a selection of high-affinity designed mutants.
To change the proximity of the binding peptide and the cpGFP domain in gSTEPO-T1, flexible glycine-

serine linkers were added between the two sequences.

Secondly, as the original goal of the STEP was to use it in an in vivo context to track transiently
expressed proteins inside of research model animals, we moved towards that goal by demonstrating
that the STEP signal can be detected inside of live E. coli cells. Our previous attempt at flow cytometry
using pSF-OXB and pACY C vectors (Chapter 2) was difficult to work with, required multiple vectors,
and seemed to have high levels of background STEPtag, so we tested different combinations of vectors
and promoters in order to determine an efficient method to produce both halves of the STEP inside the
same cell, either simultaneously or sequentially. Some of these constructs were then used to perform
high-throughput screening of STEP variants, using fluorescence-activated cell sorting (FACS), while

others were used for in cellulo kinetic characterization.

For this third goal of kinetic characterization, we were interested in two parameters: the
timescale at which the gSTEP-STEPtag binding interaction occurs, and the time required to detect
STEPtag after its expression in a cell. For the STEP to be a useful alternative to standard fluorescent
protein tags, it needs to operate on a faster timescale than the tens of minutes required for GFP
maturation, and ideally even faster than the few minutes required for Venus, the fastest-maturing FP.
To directly measure the binding kinetics of the STEP, we used a stopped-flow spectrophotometer,
providing rapid mixing and fluorescence measurements on the sub-second timescale. To measure
STEP signal post-STEPtag induction, we used our in cellulo expression system, and compared the time

required to detect STEP signal to the time required to detect EGFP signal, after the induction of both.
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3.3 Results

3.3.1 Rational Improvement of gSTEPO-T1
Our first rational improvement to gSTEPO-T1 involved changing the binding peptide. The Bim
peptide present in gSTEPO-T1 uses the mouse amino acid sequence, which has been show to bind with

sub-nanomolar affinity to human Bcl-x.

the template for the design of STEPtag. We hypothesized
that using the human Bim peptide could improve the affinity of the sensor, as that peptide-protein
binding interaction has been co-evolved, and Dutta et al.}*® have shown the Ki; for the two proteins to
be below the limit of detection of their assay (< 0.1 nM). In that same work, Dutta et al. also designed
two Bim mutants, named XXA1 and XXA4, which demonstrate improved specificity for Bcl-x. and
maintain high affinity. Although XXA1 and XXA4 were measured to have K; values of 0.09 nM and
0.2 nM, respectively, two mutants of XXA1 were found to have K values that were below the limit of
detection, and thus could potentially have higher affinity than the wild-type sequence. We chose to test
these two mutant peptides, named G2gE and Y4eK, as well as the original XXA1 and XXA4 sequences
(Table 3.1). Interestingly, the human Bim peptide improved both the affinity and the signal of the
STEP, lowering the Kg from 210 nM to 160 nM and increasing the AF/Fo from 2.0 to 3.3. As for the
designed peptides, the XXA1 and XXA4 peptides performed roughly as expected, with no real change
in Kg when using XXA1, and an increased Kq with XXA4, matching the trends seen in the original

paper. The G2gE peptide was the best performing of the mutants, with a Kq of 180 nM and a AF/Fo of

2.3, but the human Bim construct still outperformed it in both metrics tested.
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Table 3.1 Characterizing gSTEPO-T1 constructs with different binding peptides.

Sequence K, (nM) AF/F,
gSTEPO-T1-hBim" 160 + 40 33+0.1
gSTEPO-T1-XXA1 190 2.3
gSTEPO-T1-XXA4" 280 + 40 1.3+0.1
¢STEPO-T1-G2gE" 180 £ 30 23402
gSTEPO-T1-Y4eK" 240 + 40 14+023

2 Data obtained from three biological replicates, error shown is the standard deviation
b Data obtained from two biological replicates, error shown is the standard deviation

While we were varying the Bim peptide sequence, we also investigated our second hypothesis,
that potential steric clashes between gSTEPO-T1 and STEPtag could be relieved by increasing the
distance between the peptide and the cpGFP domain, using flexible linker sequences. As the original
screen of the unimolecular STEP had shown poor results with linker sequences of 5 amino acids and
above, we restricted ourselves to linkers of 1-5 amino acids, balancing the competing interests of
creating space for the binding interaction to occur and maintaining proximity to the chromophore for
signal modulation. These mutants were named gSTEPO-T1-Lx, where X is the number of amino acids
in the linker. We found that the sequences with 1-3 amino acids added did not outperform the parent
protein (Table 3.2), and in fact the single amino acid linker seems to prevent the STEP from being
affected by STEPtag. The 4 and 5 amino acid linkers, on the other hand, do demonstrate improved
affinity, with Kq values of 130 and 120 nM, respectively. We chose to continue working with the 4
amino acid linker, as gSTEPO-T1-L4 had more reproducible results across multiple replicates, as well

as generally higher overall brightness, compared to gSTEPO-T1-L5 (Figure S3.3).
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Table 3.2 Characterizing gSTEPO-T1 mutants with increased linker length between the Bim
peptide and cpGFP.

Sequence K, (nM) AF/F,
gSTEPO-T1-L1° N/A N/A
¢STEPO-T1-L2° 210 £30 1.0+0.2
¢STEPO-T1-L3" 180 + 60 1.5+0.7
gSTEPO-T1-L4° 130 + 10 2+1
gSTEPO-T1-L5° 120 + 70 3+2

2 No change in the fluorescence of gSTEP0-T1-L1 was observed upon addition of
STEPtag

b Data obtained from three biological replicates, error shown is the standard deviation
¢ Data obtained from five biological replicates, error shown is the standard deviation

Having identified improved mutants from both rational design hypotheses, we incorporated all
beneficial mutations into the same scaffold, creating a gSTEP with both an extended linker between
the peptide and the barrel, as well as the human Bim peptide, rather than the mouse peptide. We named
this construct gSTEPO-T1-hBim-L4. Unfortunately, it did not show additive improvements from the
two parents, with a Kg of 160 £ 5 nM and a AF/Fo of 0.8 + 0.1, when exciting the anionic form of the
chromophore at 485 nm. On the other hand, we noticed that this mutant displayed a considerably larger
change in fluorescence when the neutral form of the chromophore was excited, at 410 nm (Figure 3.1),
displaying a AF/Fo of 2.9 + 0.1, as well as a slightly improved Kq of 117 £ 3 nM. As we do not expect
the excitation wavelength to change the binding kinetics of the sensor, it seems that this improvement
in apparent Kq comes from an improved fit of the Hill equation to the data (Figure S3.4). Regardless,
we were intrigued by this result, as exciting gSTEPO-T1-hBim-L4 at 410 nm did show the desired
combination of low Ky (as seen in the L4 mutant) and high AF/Fo (as seen in the human Bim peptide
mutant). Replicating this combination for the anionic chromophore would result in the best version of

the gSTEP yet.
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Figure 3.1 Fluorescence spectra of improved gSTEPO-T1 mutants. A, The excitation (Ex.) and
emission (Em.) spectra of the most improved mutants obtained from each of the linker extension
and peptide swapping experiments, each in the presence (+) or absence (—) of STEPtag. B, The
excitation (Ex.) and emission (Em.) spectra for the combined mutant gSTEPO-T1-hBim, containing

both the human Bim peptide and the four amino acid linker. Each spectrum was gathered using 75
nM of gSTEPO-T1 mutant, either alone or in the presence of 5000 nM STEPtag.

3.3.2 High-Throughput Screening of STEP Mutants Using FACS

While performing the rational improvements of the STEP, we realized that a high-throughput
screening assay would be helpful for further engineering efforts, as it would allow us to supplement
the small, directed design hypotheses with the screening of large combinatorial libraries, as well as
libraries of random mutants for the purposes of directed evolution. We selected FACS as our high-
throughput screening method of choice, as it can feasibly screen libraries of millions of mutants, and
directly reads the fluorescent signal of the STEP. In order to properly screen the capacity of the STEP
to detect a protein of interest, we needed to develop a bacterial expression system that would allow us

to measure the fluorescence of both the bound and unbound states of STEP mutants. As an ideal STEP
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has not just a bright fluorescent signal in the on state, but also a dim signal in the off state, we started
by designing a two-step screening assay that could interrogate both of these states sequentially (Figure
3.2). In this assay, both halves of the sensor (JSTEP and STEPtag) are cloned into the same pET-Duet
expression vector. This vector contains two multiple cloning sites, each of which is preceded by a T7
promoter, such that the two proteins are co-expressed when IPTG is added. The first step of the
screening assay is a positive sort of these cells, where both halves of the sensor are expressed and the
cells with the highest brightness are kept. These hits then have the STEPtag gene removed by a single
restriction digestion, the vector containing just the fluorescent gSTEP mutant is recircularized by
ligation and the DNA library is retransformed and rescreened. In the second screening step, a negative
sort is performed, selecting cells with low fluorescence in the absence of STEPtag, in order to identify

mutants with low background fluorescence and thus a high AF/Fo.

To test this two-step screening method, we performed combinatorial saturation mutagenesis on
the introduced GSGS linker in gSTEPO-T1-hBim-L4, as it seemed likely that these added amino acids
in close proximity to the pore could be contributing to a change in the chromophore pKa, leading to the
large population of the neutral chromophore and to change upon STEPtag binding being seen in the
neutral chromophore peak rather than the anionic one. Additionally, the sequences of the linkers in
GCaMPs have previously been shown to contribute to the modulation of fluorescence of those
sensors,® 8 so it seemed possible that an improved sequence could be found. This combinatorial
saturation library consisted of all combinations of the 20 natural amino acids at the 4 positions in the
added GSGS linker of gSTEPO-T1-hBim-L4, for a theoretical library size of 20* or 160 000 protein
sequences. Such a library would be challenging to screen with lower-throughput methods, such as 96-

well plate-based screening, but was of a reasonable size for FACS sorting.
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Figure 3.2 Design of a two-step FACS screen for STEP mutants with improved AF/Fo. To
identify sensors with improved signal-to-noise ratios, two consecutive FACS sorts are performed.
In the first (Positive screen), the entire mutant library is co-expressed with STEPtag, and cells
containing the brightest mutants are retained. These mutants are then recloned to remove STEPtag
from the expression vector, and transformed into new cells. These cells, containing gSTEP mutants
known to be bright in the presence of STEPtag, are then sorted again (Negative screen), this time
keeping cells with dim signal. Cells that pass through both sorts should contain sensor mutants that
are bright in the presence of STEPtag, and dim in its absence, resulting in an increased AF/Fo.

In the positive sort, we tested cells for fluorescence when exciting both at 405 and 488 nm, as

the parent protein, gSTEPO-T1-hBim-L4, was shown to have an improved AF/Fo when exciting the
neutral chromophore at around 405 nm (Figure 3.1), and we desired a sensor with improved signal
when exciting the anionic chromophore. To select mutants where this shift had occurred, we selected
only cells with high fluorescence when excited at 488 nm, and low fluorescence when excited at 405
nm (Figure 3.3). These hits then had the STEPtag removed, and the vectors were retransformed to
perform the negative sort. In this case, we selected three different populations in the second screen to

determine if our negative screen was performing as intended: low, moderate, and high fluorescence
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cells were each selected from the sort in the absence of STEPtag. The low population contained cells
with fluorescence levels equal to those of cells expressing no fluorescent protein at all. In theory, this
population would contain ideal sensors, where the off state could not be distinguished from
background, while the on state when STEPtag is added remains bright, as seen in the positive sort. But
this population would also contain cells that did not successfully express the sensor, and so libraries
selected from the population would be expected to have a high level of false positives. The high
population contained cells with fluorescence levels equal to those of the brightest proteins in the
positive sort, and so would be expected to contain proteins with mutations that generally increase the
fluorescence of the sensor, without necessarily improving the AF/Fo. Finally, the medium population
contained cells with fluorescence levels between the other two, and so should still have measurable

baseline fluorescence, but be brighter in the on state (Figure S3.15).
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Figure 3.3 Two-step FACS screen of a library of gSTEPO-T1-hBim-L4 mutants. A, The first
step of the screen, with cells containing both gSTEPO-T1-hBim-L4 mutants and STEPtag. The cells
selected from this screen (black oval, Hits), were those that showed the brightest green fluorescence
when excited at 488 nm and also showed relatively low fluorescence when excited at 405 nm, in
order to enrich the resulting population in mutants where the anionic chromophore is favoured. B,
The second step of the screen, with cells containing the hits from the first step in the absence of
STEPtag. Three different populations were sorted from this library, based on their brightness
relative to the parent protein. The low population contains cells that are dimmer than control cells
expressing gSTEPO-T1-hBim-L4 (the off state of the sensor). The medium (Med) population
contains cells that are as bright as the off state, and the high population contains cells that are as
bright as the on state of the sensor, when STEPtag is present.
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For each of the three populations in the negative sort, cells containing the mutant sensor were
picked into a 96-well plate, cultured, induced and lysed. For each mutant, an equal volume of cell
lysate was then mixed with either phosphate buffer or saturating concentrations of STEPtag, and the
fluorescence spectra were measured (Figure 3.4). Unfortunately, none of the mutants from the low
population were fluorescent, while the mutants from the medium and high populations showed
moderate and high fluorescence, even in the presence of STEPtag. When testing the response to
STEPtag, we found that 0% of the low, 27% of the medium and 80% of the high populations showed
an increase when STEPtag was added, relative to the signal when phosphate buffer was added. This
shows that our two-step screen did not work as intended, as the positive signal in the presence of
STEPtag was not maintained from the positive sort to the hits from the negative sort. Despite this, a
single mutant from the high library showed promise as a sensor, as it was both brighter and showed a
larger AF/Fo in the lysate test than gSTEPO-T1-hBim (Figure 3.5). As gSTEPO-T1-hBim was our
current best sensor when exciting the anionic chromophore, we selected this improved mutant for

further characterization, and named it gSTEP1.

100 10000

|

w

o

o

o

o
|

= Low = Medium = High

z 80 - T 8000 - 2 25000 -

= = ~ 20000 -

S 60 1 & 6000 1 §15000

[} [} [} B

Q - Q - (8]

2 40 g 4000 % 10000

S 20 - — S 2000 A = |

: el S R ——
0 T T ) 0 . 0 mEmm——m——

500 520 540 560 500 520 540 560 500 520 540 560
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.4 Fluorescence emission spectra of mutants selected from the two-step FACS sort.
Cells containing individual mutants from the three populations (low, medium and high) selected
from the negative sort (Figure 3.3) were cultured in 96-well plates, lysed and equal volumes of
lysate were mixed with STEPtag at a final concentration of 7.5 uM. The emission spectra were then
measured while exciting at 488 nm. gSTEPL1 is indicated in bright red (High panel).
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Figure 3.5 Emission spectra comparing gSTEP1 and gSTEPO-T1-hBim in the lysate screen.
Cells expressing the gSTEPs were cultured in 96-well plates, lysed and equal volumes of lysate
were mixed with either STEPtag at a final concentration of 7.5 uM ((+) STEPtag), or with buffer
((—) STEPtag). The emission spectra was then measured while exciting at 488 nm.
3.3.3 In vitro Characterization of gSTEP1
Sequencing of gSTEP1 revealed that the GSGS linker from the parent protein had been mutated
to HKIR. This new linker sequence had a significant impact on the excitation spectra of the sensor,
restoring the anionic chromophore peak as the major peak, as intended by our positive FACS sort
(Figure 3.6). In addition, gSTEP1 appeared to be much brighter than any of the previous mutants, both
when comparing the results of the lysate scan (Figure 3.5), as well as qualitatively during purification,
as the protein was bright green in colour, even before the addition of STEPtag. We compared the
brightness of equal concentrations of gSTEP1, uni-gSTEPO and GFP S65T, chosen as a positive control
with published brightness comparable to that of EGFP (Figure 3.6).222 We found that in the presence

of STEPtag, our sensor now showed similar intensity (roughly 80%) to that of GFP S65T and more

than double the brightness of uni-gSTEPO, when exciting at 485 nm. As the spectrum of gSTEP1 is
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red-shifted relative to that of GFP S65T (Figure S3.7), this is not actually comparing the peak signal
of gSTEP1 to the peak signal of GFP S65T, but once again aiming to compare the signal that would
be measured in a standard experiment, where these fluorophores would be excited by a 488 nm laser.
Also of note, the increased brightness of gSTEP1 had not come at the expense of a loss in AF/Fg, as
might be expected if the mutant was simply brighter at all times, leading to a relatively high background
signal in the absence of STEPtag. The AF/Fo over six independent purifications was measured to be
3.4 £ 0.5, equivalent to that of gSTEPO-T1-hBim, the previous best mutant. Binding curves also
showed a small improvement in Kq relative to that of gSTEPO-T1-hBim, with a measured value of 120

+ 30 nM (Figure 3.7).
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Figure 3.6 Fluorescence intensity of gSTEP1. A, The excitation and emission spectra of gSTEP1
(75 nM), alone and in the presence of 10 UM STEPtag. The excitation spectrum was gathered with
an emission wavelength of 550 nm, and the emission spectra was gathered with an excitation
wavelength of 485 nm. B, The peak fluorescence of gSTEP1 compared to that of uni-gSTEPO and
GFP S65T, when exciting at 485 nm. All fluorescent proteins were measured at 75 nM
concentrations. gSTEP1 results are the average of six biological replicates of gSTEP1 and STEPtag.
Error bars on the gSTEP1 results represent the standard deviation.
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Figure 3.7 Representative binding curve of gSTEP1. Peak fluorescence when exciting at 485
nm of 75 nM of gSTEP1, mixed with a range of concentrations of free STEPtag. The dashed line
indicates a fit of the Hill equation to the data (n = 1.8). Error bars are the standard deviation of
triplicate measurements.

Having demonstrated that gSTEP1 had improved characteristics relative to the previous
generations of the sensor, we measured its binding Kinetics, to confirm that it could operate on an
appropriate timescale for the detection of transiently expressed proteins. Using a stopped-flow
spectrophotometer, gSTEP1 and STEPtag were rapidly mixed while measuring fluorescence (Figure
3.8). We found that the signal from the sensor reached equilibrium within seconds, with the fit of the
integrated rate equation (Equation 19 of the introduction) providing a Kon of 1.7 + 0.1 x 10° M1s?®
measured across 4 stopped-flow runs with the same preparation of gSTEP1 and STEPtag (Figure 3.8).
Given the measured Kq of 120 £ 30 nM from the binding curves, this results in a calculated Ko of

0.020 + 0.005 s™.
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Figure 3.8 Representative stopped-flow experiment with gSTEP1. Measured signal from the
stopped-flow photomultiplier tube (PMT) when filtering for excitation at 485 nm, emission at 515
nm. At time = 0s, equal volumes of 1 uM gSTEP1 and 5 pM STEPtag into the mixing chamber
were injected, and the fluorescence detector was zeroed, such that the baseline signal from unbound
gSTEP1 was removed. The black line represents the fit of Hulme and Trevethick’s integrated rate
equation (Equation 19 in the introduction)® to the data. All measurements were performed in 20
mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4), at 37°C

3.3.4 Bacterial Characterization of gSTEP1

While working with the Duet vector in the two-step screening approach, we realized that this
cloning strategy was laborious and prone to losses of library DNA during the recloning steps.
Additionally, it could not easily be used for in cellulo characterization of the STEP, as both gSTEP
and STEPtag were under the control of the same promoter. This meant that the only expression states
available in a given population of cells were the on state of the STEP, with both halves induced, or no
STEP present at all, and thus the off state of the STEP could not be measured. To circumvent this, we
identified a system where gSTEP and STEPtag can be expressed independently, by placing the
transcription of mRNA for each protein under the control of a separate bacterial promoter. In this
system, gSTEP is cloned into the pZA23 vector, under the control of the Pa1iaco-1 promoter,??® STEPtag

153

is cloned into the pBAD vector, under the control of the Psap promoter,™ and both vectors are

transformed into the same E. coli cells. Because each of these vectors contains a different origin of
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replication (p15A for pZA23 and pBR322 for pBAD) and antibiotic resistance gene (kanamycin for
pZA23 and ampicillin for pBAD), they can be stably maintained in the same cell, and the two
independent promoters allow induction of either half of the STEP separately, by addition of the
appropriate inducer (IPTG for pZA32, and arabinose for pBAD). This creates a system where we can
screen gSTEP in the presence and absence of STEPtag in the same cells, without any intermediate
cloning steps, simply by modifying the concentration of arabinose present while gSTEP is being
induced. In fact, as the pZA23 vector has been designed for use in cell strains with added laci® genes,
encoding for additional copies of the Lac repressor, we found that when it is present in cell strains
without these additional copies of laci?, such as the TOP10 cells commonly used for pBAD expression,
there is a measurable amount of constitutive expression from the vector in the absence of IPTG. For
our goal of in cellulo characterization, this is ideal, as the STEP has been designed under the
assumption that gSTEP will be expressed long before STEPtag is induced, in order to allow complete

maturation of the chromophore, and constitutive expression of gSTEP ensures that this is the case.

Using this pZA23/pBAD expression system, we were able to perform some characterization of
the sensor in E. coli, using flow cytometry to measure the fluorescence of gSTEP1 in individual cells.
With this system, we observed that cells containing gSTEP1 where STEPtag expression was induced
by addition of arabinose were considerably brighter than uninduced cells from the same initial culture
(Figure 3.9). The AF/Fo observed between the mean fluorescence of these two populations was
considerably greater than the in vitro values, at 11 + 4 across two replicates of the experiment. This
was sufficient to easily distinguish the two populations by their fluorescence, with little overlap. Also
of interest was that under these conditions, cells expressing gSTEP1 and STEPtag were brighter than

cells expressing EGFP by about fourfold.
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Figure 3.9 Bacterial flow cytometry of cells expressing gSTEP1. Flow cytometry histogram of
STEP fluorescence in three cultures of E. coli TOP10 cells, containing plasmids expressing either
STEPtag alone, gSTEP1 and STEPtag, or EGFP and STEPtag. After growth to mid-log phase, the
cells containing both gSTEP1 and STEPtag were split into two cultures, and arabinose was added
to the indicated samples to induce STEPtag expression, one hour before the cells were harvested
for cytometry. Fluorescence was excited at 488 nm, and emission was measured using a 525BP40
filter.

Having demonstrated that we could detect the increase in bacterial gSTEP1 fluorescence due
to STEPtag production after an hour of incubation, our next step was to determine how rapidly this
increase could be detected post-induction, as this rate is critical to the end goal of using the STEP to
detect transiently expressed proteins. We therefore needed to measure gSTEP1 fluorescence during
induction of STEPtag in live cells. To minimize the time between induction and fluorescence
measurement, we used a plate reader with an injector system, allowing the first fluorescence readings

to be taken seconds after the addition of arabinose. This plate reader was kept at 37°C, with shaking

steps every few minutes, to maintain an environment that is reasonable for E. coli growth. We once
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again compared the gSTEP1 signal to that of EGFP, although in this case EGFP was placed in a pBAD
vector, such that it would not be expressed until induction with arabinose. In this way, the assay should
mimic the detection of a protein of interest tagged with either STEPtag or EGFP, where the fusion is
not expressed until the time of induction. This allowed us to directly compare the time to detection of
the STEP versus that of a conventional fluorescent protein fusion tag. Under these conditions, we found
that the cells expressing the STEP showed an immediate increase in fluorescence after STEPtag
induction (Figure 3.10), while cells expressing EGFP required roughly 8-10 minutes before the signal
began to increase. Thus, despite the slightly higher background signal of the STEP, it detected
expression more rapidly than EGFP. For instance, the time required for the STEP population to reach
120% of the pre-induction signal was 9 minutes, while the EGFP population required 17 minutes to
reach the same relative increase. In fact, the STEP showed a larger relative increase in signal for 25
minutes post-induction, before being overtaken by EGFP. Thus, the STEP provides a signal that cannot
be replicated by EGFP for the first 10 minutes post-expression, and will be a more sensitive reporter
for the first 25 minutes, satisfying our goal of making a sensor for transiently expressed proteins with

lifetimes on the minute timescale.
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Figure 3.10 Time course of cellular fluorescence during reporter protein induction. Whole-
cell fluorescence emitted at 514 nm, measured when exciting at 488 nm, normalized to the OD 600
of the sample to account for variations in culture density. E. coli cells were cultured in LB broth to
mid-log phase, then transferred to a 96-well plate in a plate reader incubating at 37°C. For the first
30 minutes, fluorescence and absorbance measurements were taken every 2 minutes, shaking prior
to measurement. At 30 minutes, 0.23% arabinose was added to induce pBAD expression (+Ara),
and measurements were taken every 23 seconds afterwards.

3.4 Discussion

Overall, the two rational design hypotheses did lead to improvements in the STEP, as both
gSTEPO-T1-hBim and gSTEPO-T1-L4 outperformed the 250 nM Kgq and 2.2 AF/Fo measured for the
parent gSTEPO-T1. When testing to see if an increased linker length between the Bim peptide and
cpGFP could improve the sensor, gSTEPO-T1-L4 showed the anticipated improvement by lowering
the Kqto 130 nM, presumably by allowing the bound STEPtag to adopt a more stable position next to
the GFP barrel, without having a large effect on the change in fluorescence. For the mutants with 1 and
2 amino acid linkers, the loss of AF/Fo was interesting, implying that these relatively subtle changes
can have a large effect on the functionality of the STEP, potentially by rotating the Bim peptide in a

way the moves the bound STEPtag away from the pore. As these mutants were negatively impacting
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the functionality of the sensor, we did not continue investigating this effect. Interestingly, when we
first tested the unimolecular STEP constructs (Chapter 2), the construct with 5 amino acid linkers and
an N-terminal Bim peptide showed no increase in fluorescence relative to cpGFP (Chapter 2), while
the split constructs with 4 and 5 amino acid linkers here show an increase that outperforms the 0 amino
acid linker sensor. This could be because the 5 amino acid linker between STEPtag and the cpGFP in
the unimolecular construct did not allow the proper positioning of the binding pair to improve
fluorescence, and so the improvement due to the increased linker length between Bim and cpGFP was

missed.

By changing the sequence of Bim peptide used, we also created a gSTEP mutant with a lower
Kq (160 nM) when binding STEPtag, where the human Bim peptide is used rather than the mouse
sequence. This improvement was not necessarily maintained across the synthetic mutants tested,
although they were expected to have similar Kq values to that of the human sequence, based on their
published affinities. The increase in AF/Fo to 3.3 when using the human Bim sequence was likewise
not anticipated, but it can potentially be explained by changes to the C-terminus of the Bim peptide,
closest to the pore. In the original mouse Bim, the C-terminal sequence is NETYTRR, while in human
Bim, it is instead NAYYARR. It is possible that these positions are close enough to the chromophore
to have an effect on its fluorescence when STEPtag binds, an observation that is supported by the shift
in the fluorescence excitation spectra towards the neutral chromophore peak when combining the 4-

amino acid linker with the human Bim peptide.

When attempting to revert this change in the spectra through linker saturation, the two-step
FACS screen did test considerably more mutants then would have been possible using 96-well plates
or purified proteins, screening tens of thousands of mutants. Yet it was not successful at identifying
mutants with improved AF/Fo by comparing cells containing STEPtag to cells without it, as the best

hit, gSTEP1, came from the brightest cells in the negative sort. In fact, the majority of the mutants in
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the dimmer populations were either nonfluorescent or did not show an increase in fluorescence when
purified STEPtag was added. This lack of an increase implies that the two-step screen was not
effectively retaining mutants with sensor activity, i.e. an increase in fluorescence when STEPtag is
added. This loss of sensor activity could result from the positive sort not only detecting mutants that
were bright due to the presence of STEPtag, but rather selecting cells that were simply bright overall,
either by increased expression or an increased fluorophore brightness that is independent of STEPtag
presence. The negative sort also shows that, after the recloning and second expression of the mutants,
a large proportion of the cells no longer express fluorescent protein, much less effective sensors. Thus,
FACS sorting of STEP mutants would be much more efficient if these steps could be omitted, and both
on and off state fluorescence could be measured in the same cell. This could be done with the
pZA/pBAD expression system we developed after the original FACS experiment, and we plan on

testing this system for future improvements to the STEP.

Nevertheless, by testing multiple 96-well plates of mutants from the two-step screen, a hit was
obtained, gSTEPL. This generation of the sensor binds as tightly as gSTEPO-T1-L4, with a Kg of 120
+ 30 nM, and has a change in fluorescence upon binding equivalent to that of gSTEPO-T1-hBim, with
a AF/Fo of 3.4 £ 0.5. This improvement is caused by the replacement of the GSGS linker with HKIR,
a more positively charged sequence. Interestingly, a number of red and green GECIs contain a residue
near the pore that is capable of H-bonding to the chromophore phenolate.??* A similar mechanism
could help modulate fluorescence in gSTEPL, if the added linker residues are able to directly interact
with the chromophore. Our efforts to confirm this possibility by obtaining a crystal structure are
ongoing, so this remains speculation for now. Regardless, our high-throughput screening method did
result in the best gSTEP sensor yet. The fact that the on state of the sensor was of similar brightness to
GFP S65T in our in vitro test was also heartening, implying that our signal should be detectable using

standard fluorescence microscopy methods, as EGFP is still in common use there, and the brightness
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of GFP S65T and EGFP is almost identical, at 35.2 for GFP S65T versus 33.5 for EGFP.! Finally, the
stopped-flow experiment provided confirmation of our hypothesis that the binding of gSTEP to
STEPtag leads to an increase in fluorescence that is observable on a sub-minute timescale, reaching
equilibrium in a few seconds at the concentrations tested. This rate is considerably faster than the
maturation rate of even the fastest-maturing fluorescent protein, Venus, a yellow fluorescent protein

that still has a maturation half-time of 2 minutes.**

Having demonstrated that we could detect the STEP in vitro, we then moved on to bacterial
characterization. For the gSTEP1 experiments, the pZA23/pBAD expression system that we developed
allowed us to compare cells from the same population before and after STEPtag induction, which was
not previously effective in the gSTEPO-T1 tests (Chapter 2), performed with the pOXB/pACY C-Duet
vectors, and impossible with the pET-Duet vector used for the FACS sort. When comparing cells using
flow cytometry, the cells containing gSTEP1 with STEPtag induced by arabinose addition were clearly
distinct from the same cells that had not had STEPtag induced, and the cells without STEPtag induced
did show the expected low background fluorescence, as they were only slightly brighter than the
control cells expressing only STEPtag. Interestingly, in this experiment the cells containing both
gSTEP1 and STEPtag were brighter than the cells expressing EGFP, unlike in the in vitro data, where
GFP S65T was found to be brighter than gSTEP1. Initially, we considered that the red-shift in the
gSTEP1 spectra could contribute to this increase. Our flow cytometer uses a 525BP40 emission filter,
meaning that it allows light between 505 and 545 nm to pass through to the detector. As the EGFP
emission peak can be found at 511 nm, and the emitted fluorescence is still at 90% of the peak value
at 505 nm,* a considerable amount of the emission spectra is being cut off by the filter. The gSTEP1
emission peak, on the other hand, occurs at 515 nm, and the emitted fluorescence drops to 50% of
maximum at 505 nm, allowing a larger fraction of total gSTEP1 fluorescence to be detected (Figure

S3.13). But the EGFP peak is also wider than that of gSTEP1, and so the total integrated signal between
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505 and 545 nm ended up being quite similar, with the gSTEP1 signal being about 6% greater. As the
increased signal was reproducible over two separate cultures (Figure 3.9 and Figure S3.16), it seems
that some part of our preparation for flow cytometry is particularly conducive to visualizing the
gSTEP1 signal. Most importantly, we demonstrated that the on and off states of the STEP could be
directly compared between cells containing sequences for both gSTEP1 and STEPtag, where in the
previous experiments we could only distinguish populations where the vector containing the STEPtag

gene had been added or removed by cloning.

This ability to compare the on and off states of the STEP in the same cell population finally
allowed us to perform a kinetic in cellulo experiment, in order to determine the time required for
gSTEPL1 to detect expression of STEPtag. As shown in Figure 3.10, the STEP signal begins to increase
linearly almost immediately after induction of STEPtag, while the EGFP signal shows a lag phase,
remaining relatively stable for the first 8-10 minutes before curving upwards. The experimental setup
allowed us to measure the fluorescent signal every 23 seconds post-induction, and these individual data
points show that the STEP culture does require about three points, or just over one minute, to stabilize
and begin to increase post-induction (Figure S3.11), although some of this instability could be due to
the injection and mixing of the arabinose used to induce STEPtag production, as both the STEP and
EGFP cultures show a small drop in fluorescence during the induction step. In the original pPBAD
paper,'®® the authors were able to detect expression from the pBAD promoter within roughly a minute,
so it seems that STEPtag is being detected about as early as possible. It should be clarified that the time
to reach the 120% fluorescence threshold reported in section 3.3.4 considers the baseline fluorescence
to be the pre-induction level, before the drop due to induction. If we instead consider the baseline to
be the values just after induction, the STEP reaches the 120% threshold in 6 minutes, versus 11 for

EGFP. In either case, the STEP attains this early threshold in slightly over half the time required for
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EGFP. This experiment provides the proof-of-principle that our sensor can outperform a fluorescent

protein at the rapid detection of protein expression in a living organism.

Having demonstrated that gSTEP1 can rapidly detect STEPtag both in cellulo and in vitro, the
binding kinetics and signal-to-noise ratio of the sensor are therefore sufficient for our tests, although
they could still be improved. Thus, the gSTEP1 and STEPtag pair open the door to the use of our sensor
for transiently expressed proteins for its intended purpose: detecting transiently expressed proteins.
With a theoretical response on the timescale of seconds, and a detectable signal that appears minutes

earlier than EGFP at the population level, the STEP is ready to be tested in research model organisms.

3.5 Materials and Methods

3.5.1 Construct Preparation

gSTEPO-T1 mutant sequences were obtained using splicing by overlap extension (SOE)
mutagenesis,?® in order to insert the appropriate linkers or perform site-directed mutagenesis on the
sequence. Briefly, synthetic oligonucleotides (Eurofins) were ordered containing the desired
mutations, as well as sequences complementary to the parent gene flanking the mutations, for both the
sense and anti-sense strands. These oligonucleotides were then used in conjunction with
oligonucleotides flanking the gSTEPO-T1 gene to perform PCR amplification of gSTEPO-T1,
generating two sequences, one of which contains the desired sequence from the 5’ end to the mutation
site, and the other that contains the desired sequence from the mutation site to the 3 end. The full
mutant genes were then generated by mixing these two sequences, which overlap at the desired
mutation site, and performing PCR amplification using the previous flanking oligonucleotides. These
sequences were then subcloned into pET11a vectors (Novagen), using the Ndel and BamHI restriction
sites. The mutant library of gSTEPO-T1-L4-hBim was generated in the same manner as above, using

NNS degenerate codons in place of all four of the linker amino acids. The library was then subcloned
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into MCS2 of a pETDuet-1 vector (Novagen), using the Ndel and Xhol restriction sites, along with
STEPtag containing a Hindll restriction site upstream of the coding sequence, which was cloned into
MCS1 using the Ncol and BamHI restriction sites. All reagents used for subcloning were obtained
from New England Biolabs. A pET11a vector containing the gene encoding GFP S65T was a generous
gift from Stephen L. Mayo, and a pET11a vector containing the gene encoding EGFP was a generous
gift from James A. Davey. Constructs for flow cytometry and bacterial characterization were subcloned
into either pPBAD/His A (Invitrogen), or pZA23MCS (EXPRESSYYS), in the same manner as above,
using either Ncol/EcoRI or Hindlll/BamHI restriction sites, respectively, except for EGFP, where
Xhol/EcoRI were used to subclone the gene into pBAD/His A. This cloning strategy removed the His
tag, Xpress epitope and EK site from the pBAD vector for the STEP constructs, as our constructs
already contained a His tag for purification. These vector components were retained for EGFP, as it

was cloned in-frame with them.

3.5.2 Protein Expression and Purification for in vitro screening and characterization

All vectors for in vitro use were transformed into chemically competent E. coli BL21 (DE3)
Gold (Agilent). Expression was performed by culturing cells in Luria-Bertani (LB) broth,
supplemented with 100 pg/mL ampicillin. Cells were grown at 37°C with shaking to an OD600 of 0.6-
0.8, at which point protein expression was induced by addition of 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Cells were then incubated with shaking overnight at 16°C, harvested
by centrifugation and lysed using an EmulsiFlex-B15 cell disruptor (Avestin). Proteins were purified
by immobilized metal affinity chromatography using Profinity Nickel-charged IMAC resin (Bio-Rad),
in a gravity flow column, according to the manufacturer’s protocol. Buffer exchange into 20 mM
sodium phosphate containing 50 mM NaCl (pH 7.4) and sample concentration was performed using
Amicon Ultra-15 centrifugal filters with a 3K molecular weight cut-off (Millipore) for STEPtag, and

Microsep Advance centrifugal filters with a 10K molecular weight cut-off (Pall) for all other proteins.
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3.5.3 Fluorescence Assays

Proteins were quantified by measuring absorbance at 280 nm in a cuvette using a SpectraMax
Plus®* microplate spectrophotometer (Molecular Devices). Extinction coefficients for the proteins
were estimated using the ProtParam online tool.??* All measurements were performed in 20 mM
sodium phosphate buffer containing 50 mM NaCl (pH 7.4), at room temperature. Fluorescence spectra
of all proteins were recorded on an Infinite M1000 microplate reader (Tecan). All fluorescence
measurements were performed using 75 nM of fluorescent protein, and each sample well was prepared
in triplicate. To calculate the Kg, the fluorescence signal when exciting at 485 nm and emitting at 515
nm was used to fit the Hill equation, accounting for ligand depletion,® across the range of STEPtag
concentrations used. AF/Fo values for all the binding curves were calculated using the Hill equation fit
to determine Fmax and Fmin, Where Fmax is the maximum signal of the fit, and Fmin is the minimum signal

of the fit.

3.5.4 FACS Sorting and Library Screening

For the positive sort, the mutant linker library with STEPtag present in pET-Duet-1 was
transformed into E. coli E. cloni ELITE electrocompetent cells (Lucigen), and plated onto agar plates
supplemented with 100 pg/mL ampicillin. Roughly 100 000 colonies were collected, precultured
overnight in LB broth supplemented with ampicillin, and the preculture was miniprepped using an
Omega miniprep kit. The miniprepped DNA was transformed into electrocompetent E. coli BL21
(DE3) Gold for expression, and plated onto agar plates supplemented with ampicillin. Roughly 100
000 colonies were again collected, cultured overnight in LB broth supplemented with ampicillin, and
the overnight cultures were used to seed fresh cultures in LB broth supplemented with ampicillin.
These cultures were grown to an OD600 of 0.5-0.9, then were diluted to a concentration of roughly 5
x 107 CFU/mL, assuming that 1 OD600 = 8 x 108 CFU/mL for E. coli.??® The cells were washed twice

with filtered PBS, then passed through a 40 um Falcon Cell Strainer (Fisher) twice. FACS sorting was
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done at the University of Ottawa Faculty of Medicine Core Facility, using a MoFlo AstriosEQ Cell
Sorter (Beckman Coulter). Fluorescence was detected by exciting with a 488 nm laser, and detecting
emission with a 513/26 nm filter. Data analysis was performed using the FlowJo software package
(BD). The top 20 000 cells were sorted, diluted into 50 mL of LB broth supplemented with ampicillin,

and cultured overnight.

For the negative sort, the overnight culture of the positively sorted cells was miniprepped, and
the STEPtag sequence was removed from the pET-Duet-1 vector by digestion with HindlIl. The vector
was purified by agarose gel electrophoresis, followed by gel extraction. The purified vector was
recircularized by ligation with the Quick Ligation Kit (NEB), and retransformed into electrocompetent
BL21 (DE3) Gold cells. The remaining steps were performed as for the positive FACS sort, with the
exception that the FACS sorting was performed at the University of Ottawa Cellular Imaging and
Cytometry Facility, using the same make of instrument, and data analysis was performed using the

Kaluza software package.

To screen the AF/Fy of the sorted cells, the overnight cultures from the negative sort were used
to streak LB agar plates supplemented with ampicillin, and colonies were picked into 96-well plates
containing LB broth supplemented with ampicillin. Plates were grown overnight at 37°C with shaking,
then were used to seed fresh plates containing TB Overnight Express (Novagen) for expression. The
expression plate was also grown overnight at 37°C with shaking, then the cells were lysed with
Bugbuster (Millipore). The clarified lysate was then mixed with either phosphate buffer or STEPtag,

and fluorescence scans were recorded on an Infinite M1000 microplate reader (Tecan).

3.5.5 Stopped-Flow Kinetic Assay
Stopped-flow measurements were performed wusing an RSM1000 Stopped-flow

spectrophotometer (Olis). Plane gratings used were 400 lines/mm, 500 nm blaze wavelength, all fixed

99



slits were set to 3.16 mm to maximize signal, and the fixed-disk was used for single wavelength
measurements, with a 1.24 mm slit. gSTEP1 and STEPtag were purified and quantified as described
in section 3.5.2, and were loaded into the stopped-flow unit, which was kept at 37°C using a
temperature control unit (Julabo). 300 pL of each sample was fired into the mixing chamber per shot,
and the fluorescence was measured with the monochromators set to an excitation wavelength of 485
nm, and an emission wavelength of 515 nm. For each combination of samples, one shot was fired prior

to data collection, to clear the dead volume of the system. All data were exported to Excel for analysis.

3.5.6 Flow Cytometry

Constructs used were transformed into chemically competent TOP10 E. coli cells (Invitrogen).
Cells were cultured in LB broth supplemented with 100 pg/mL ampicillin (for cells containing pPBAD
STEPtag) and 50 pg/mL Kanamycin (for cells containing pZA23 gSTEP1 or EGFP). Cells were grown
with shaking at 37°C to an OD600 between 0.4-0.8, then the pZA23 gSTEP1 pBAD STEPtag culture
was split equally into two flasks, the (+) arabinose flasks were induced with 0.2% arabinose, then all
cultures were incubated for a further 60 minutes. Cells were then harvested by centrifugation, washed
twice in filtered 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4), and diluted to an
approximate concentration of 107 cells/mL with filtered 20 mM sodium phosphate buffer containing
50 mM NaCl (pH 7.4). All cells were passed through a 40 pum Falcon Cell Strainer (Fisher)
immediately before beginning flow cytometry. Flow cytometry measurements were performed using
a Gallios flow cytometer (Beckman Coulter), set to detect either 10 000 or 100 000 events per run.
Fluorescence was detected by exciting with a 488 nm laser, and detecting emission with a 525BP40

filter. Data analysis was performed using the Kaluza software package (Beckman Coulter).

3.5.7 Plate-Based Bacterial Kinetic Assay
Constructs used were transformed into chemically competent TOP10 E. coli cells (Invitrogen). Cells
were cultured in LB broth supplemented with 100 pg/mL ampicillin (for cells containing pBAD
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STEPtag) and 50 pug/mL Kanamycin (for cells containing pZA23 gSTEP1 or EGFP). Cells were grown
with shaking at 37°C to an OD600 between 0.5-0.6, then 200 pL of cells were loaded into a 96-well
plate. Fluorescence and absorbance measurements were recorded on an Infinite M1000 microplate
reader (Tecan), preheated to 37°C. Measurements were taken every 2 minutes for 30 minutes, shaking
the plate before measuring, then expression was induced by injecting 6 pL of 8% arabinose into the
wells, for a final concentration of 0.23%. Fluorescence and absorbance measurements were then taken
as rapidly as possible for 1 hour, shaking the plate every 15 minutes. Finally, measurements were taken
every 2 minutes for the next 5 hours, with shaking prior to every measurement, to track cell growth

over time.
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3.6 Supplementary Information

3.6.1 Amino Acid Sequences

gSTEPO-T1-L1
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGLENVYIKADKOKNGIKANFKIRHNIEDGGVQLA
YHYQOONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMV
SKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKEFICTTGKLPVPWPTLVTTLTYGV
QCFSRYPDHMKOHDFFKSAMPEGY IQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDEFKEDGN
ILGHKLEY*

gSTEPO-T1-L2
MHHHHEHHDLRPEIRIAQELRRIGDEFNETYTRRGSLENVYIKADKQKNGIKANFKIRHNIEDGGVQL
AYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSM
VSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKEFICTTGKLPVPWPTLVTTLTYG
VOCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDEKEDG
NILGHKLEY*

gSTEPO-T1-L3
MHHHHHHDLRPEIRIAQELRRIGDEFNETYTRRGSGLENVYIKADKOKNGIKANEFKIRHNIEDGGVQ
LAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGS
MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTY
GVQCEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDEKED
GNILGHKLEY*

gSTEPO-T1-L4
MHHHHHHDLRPEIRTIAQELRRIGDEFNETYTRRGSGSLENVYIKADKQKNGIKANFKIRHNIEDGGV
QLAYHYQONTPIGDGPVLLPDNHYLSVQOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGG
SMVSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLT
YGVOCEFSRYPDHMKQHDEFFKSAMPEGY IQERTIFFKDDGNYKTRAEVKEFEGDTLVNRIELKGIDFKE
DGNILGHKLEY*

gSTEPO-T1-L5
MHHHHEHHDLRPEIRIAQELRRIGDEFNETYTRRGSGSGLENVYIKADKOKNGIKANFKIRHNIEDGG
VOLAYHYQONTPIGDGPVLLPDNHYLSVOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTG
GSMVSKGEELFTGVVPILVELDGDVNGHKFESVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTL
TYGVQCEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFEK
EDGNILGHKLEY*

gSTEPO-T1-hBim
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRLENVYIKADKOKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNT
LGHKLEY*
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gSTEPO-T1-XXAl

MHHHHHHDLRPEIWYAQGLKREGDEFNAYYARRLENVY IKADKOQKNGIKANFKIRHNIEDGGVQLAY
HYQOONTPIGDGPVLLPDNHYLSVOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEY*

gSTEPO-T1-XXA4

MHHHHHHDLRPEIWYAQWLKRFGDQFNAYYARRLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGY IQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEY*

gSTEPO-T1-G2gE
MHHHHHHDLRPEIWYAQELKREFGDEFNAYYARRLENVYIKADKOKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CEFSRYPDHMKQHDFFKSAMPEGYIQFERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEY™

gSTEPO-T1-Y4eK
MHHHHHHDLRPEIWYAQGLKREFGDEFNAYKARRLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQOSKLSKDPNEKRDHMVLLEEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKEFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNT
LGHKLEY*

gSTEPO-T1-hBim-L4
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRGSGSLENVYIKADKQKNGIKANFKIRHNIEDGGV
QLAYHYQONTPIGDGPVLLPDNHYLSVQOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGG
SMVSKGEELFTGVVPILVELDGDVNGHKFESVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLT
YGVOCEFSRYPDHMKQHDEFFKSAMPEGY IQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDEFKE
DGNILGHKLEY*

gSTEP1
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRLENVYIKADKOKNGIKANFKIRHNIEDGGV
QLAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGG
SMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLT
YGVQCFSRYPDHMKOQHDEFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKE
DGNILGHKLEY*

GFP S65T
MASMGSHHHHHHSGSKGEELFTGVVPILVELDGDVNGHKEFSVSGEGEGDATYGKLTLKFICTTGKLP
VPWPTLVTTFTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKOKNGIKVNFKIRHNIEDGSVQLADHYQONTPT
GDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK*
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EGFP (in pZA23)
MASMGSHHHHHHSGSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLP
VPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQONTPT
GDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK*

EGFP (in pBAD)
MGGSHHHHHHGMASMTGGQOMGRDLYDDDDKDRWGSELEGSKGEELFTGVVPILVELDGDVNGHKES
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKOQHDEFFKSAMPEGYVQE
RTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIK
VNFKIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGI
TLGMDELYK*
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3.6.2 Sample SDS-PAGE Gels

gSTEPO-T1-L1 (31 kDa) gSTEPO-T1-12 (31 kDa)
P SN FT W1 W2 DS P SN FT W1 W2 DS

gSTEPO-T1-L4 (31 kDa) gSTEPO-T1-L5 (32 kDa) o
P SN FT W1 W2 DS P SN FT W1 W2 DS
66.4 kDa
55.6 kDa
42.7 kDa
34.6 kDa

27.0kDa

20.0kDa

14.3 kDa

Figure S3.1 Sample SDS-PAGE gels of purification steps. Samples taken during protein
purification were mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes,
then loaded into 15% acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein
Marker, Broad Range (NEB). Electrophoresis was performed at 120 volts until the dye front had
migrated to the end of the gel. Abbreviations are as follows: P — pellet, SN — supernatant, FT —
flowthrough, W1 — wash 1, W2 — wash 2, DS — desalted (purified). Lysozyme is present on the
gSTEPO-T1-L5 gel for an unrelated experiment, it was included here as it seems to have spread into
the desalted lane.
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Figure S3.2 Sample SDS-PAGE gels of purified protein. Samples taken of desalted (DS) protein
were mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes, then loaded
into 15% acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein Marker,
Broad Range (NEB) (top gels), or the P7704 Unstained Protein Marker, Broad Range (NEB)
(bottom gel). Electrophoresis was performed at 120 volts until the dye front had migrated to the
end of the gel.
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3.6.3 Raw Fluorescence Data
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Figure S3.3 Binding curves of gSTEPO-T1 constructs with increased linker length. Emission
scans of 75 nM of biological replicates of purified gSTEPO-T1 mutants, mixed with varying
concentrations of STEPtag, were performed in 20 mM sodium phosphate buffer containing 50 mM
NaCl (pH 7.4). For each mutant, each experiment was performed with a fresh biological replicate
of STEPtag. The fluorescence signal is the emission at 515 nm, when exciting at 485 nm. The
dashed lines are the results of a fit of the Hill equation to the data, and Kq, AF/Fo and the value of n
calculated from the Hill equation fit are reported for each curve. Error bars are the standard
deviation of triplicate measurements.
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Figure S3.4 Binding curves of gSTEPO-T1 constructs with different binding peptides. Scans
of 75 nM of biological replicates of purified gSTEPO-T1 mutants, mixed with varying
concentrations of STEPtag, were performed in 20 mM sodium phosphate buffer containing 50 mM
NaCl (pH 7.4). For each mutant, each experiment was performed with a fresh biological replicate
of STEPtag. The fluorescence signal is the emission at 515 nm, when exciting at 485 nm, or 410
nm where indicated for gSTEPO-T1-hBim-L4. The dashed lines are the results of a fit of the Hill
equation to the data, and Kg, AF/Fo and the value of n calculated from the Hill equation fit are

[STEPtag] (nM)

[STEPtag] (nM)

reported for each curve. Error bars are the standard deviation of triplicate measurements.
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Figure S3.5 Binding curves of gSTEP1. Scans of 75 nM of biological replicates of purified
gSTEP1, mixed with varying concentrations of STEPtag, were performed in 20 mM sodium
phosphate buffer containing 50 mM NaCl (pH 7.4). For each mutant, each experiment was
performed with a fresh biological replicate of STEPtag. The fluorescence signal is the emission at
515 nm, when exciting at 485 nm. The dashed lines are the results of a fit of the Hill equation to the
data, and Kq, AF/Fo and the value of n calculated from the Hill equation fit are reported for each
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Figure S3.6 Binding curves of gSTEP1 with TAX-STEPtag fusions. Scans of 75 nM of
biological replicates of purified gSTEP1, mixed with varying concentrations of TAX-STEPtag
fusions, were performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). The
fluorescence signal is the emission at 515 nm, when exciting at 485 nm. The dashed lines are the
results of a fit of the Hill equation to the data, and Kq, AF/Fo and the value of n calculated from the
Hill equation fit are reported for each curve. Error bars are the standard deviation of triplicate
measurements. Note that the behaviour of the fusions is similar to that seen with gSTEPO-T1,
confirming that gSTEP1 binds similarly, and should likewise perform well with a 10 amino-acid
linker between STEPtag and a POL.
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Figure S3.7 Fluorescence spectra of gSTEP1 compared to GFP S65T. Excitation and Emission
spectra of purified GFP S65T (75 nM) or gSTEP1 (75 nM), alone and in the presence of 10 uM
STEPtag. The excitation spectrum was gathered with an emission wavelength of 550 nm, and the
emission spectra was gathered with an excitation wavelength of 485 nm. The GFP S65T spectra are
from a single purification, while the gSTEP1 spectra are the average of six purifications. All
measurements were performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH
7.4), at room temperature.
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Figure S3.8 STEPtag does not affect the fluorescence spectra of GFP S65T. Excitation and
Emission spectra of purified GFP S65T (75 nM) alone and in the presence of 10 uM STEPtag. The
excitation spectrum was gathered with an emission wavelength of 550 nm, and the emission spectra
was gathered with an excitation wavelength of 485 nm. These spectra are from a single purification.
All measurements were performed in 20 mM sodium phosphate buffer containing 50 mM NacCl
(pH 7.4), at room temperature.
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Figure S3.9 Raw signal from the stopped-flow experiment. Measured signal from the stopped-
flow PMT when filtering for excitation at 485 nm, emission at 515 nm. Injection of equal volumes
of samples into the mixing chamber occurs at time = 0 s. Samples are named as the contents of
syringe 1 + syringe 2, with PBS being 20 mM sodium phosphate buffer containing 50 mM NacCl
(pH 7.4). gSTEP1 was mixed at an initial concentration of 1 uM, and STEPtag at an initial
concentration of 5uM. All measurements were performed at 37°C.
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Figure S3.10 Full time courses of cellular fluorescence during reporter protein induction. A,
The time course used for Figure 3.10 Peak fluorescence measurements when exciting at 488 nm,
normalized to the OD 600 of the sample to account for variations in cell density, as well as OD 600
measurements, over the full 390 minute time course. Cells were cultured in LB broth to mid-log
phase, then transferred to a 96-well plate in a plate reader, incubating at 37°C. For the first 30
minutes, measurements were taken every 2 minutes, shaking prior to measurement. At 30 minutes,
0.23% arabinose was added to induce pBAD expression (+Ara), and measurements were taken
every 23 seconds afterwards for 1 hour, shaking every 15 minutes. For the final 5 hours,
measurements were taken every 2 minutes, shaking prior to measurement. B, A replicate assay, run
under the same conditions as in Panel A.
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Figure S3.11 Cellular fluorescence change at the moment of reporter protein induction. Peak
fluorescence measured when exciting at 488 nm, normalized to the OD 600 of the sample to account
for variations in cell density, as well as OD 600 measurements, over the full 390 minute time course.
The selected data is the same as was used for Figure 3.10, in this figure the individual data points
are shown to highlight the effect of induction on the signals. Cells were cultured in LB broth to
mid-log phase, then transferred to a 96-well plate in a plate reader, incubating at 37°C. For the first
30 minutes, measurements were taken every 2 minutes, shaking prior to measurement. At 30
minutes, 0.23% arabinose was added to induce pBAD expression (+Ara), and measurements were
taken every 23 seconds afterwards for 1 hour, shaking every 15 minutes.
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Figure S3.12 pZA-gSTEPL1 expression is not induced by arabinose. Peak fluorescence measured
when exciting at 488 nm, normalized to the OD 600 of the sample to account for variations in cell
density, as well as OD 600 measurements. The data for pZA-gSTEP1 + pBAD-STEPtag and pBAD-
EGFP is the same as was used for Figure 3.10, also included are negative controls expressing
gSTEP1 without STEPtag. Cells were cultured in LB broth to mid-log phase, then transferred to a
96-well plate in a plate reader, incubating at 37°C. For the first 30 minutes, measurements were
taken every 2 minutes, shaking prior to measurement. At 30 minutes, 0.23% arabinose was added
to induce pBAD expression (+Ara), and measurements were taken every 23 seconds afterwards for
1 hour, shaking every 15 minutes.
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Figure S3.13 gSTEP1 and EGFP emission when passed through the flow cytometry filter.
Normalized emission spectra for gSTEP1 saturated with STEPtag and for EGFP. The EGFP spectra
was obtained from FPbase.! The vertical dashed lines indicate the 505 and 545 nm wavelengths,
between which the 525BP40 filter used for flow cytometry would allow fluorescence to be detected.
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3.6.4 Additional Flow Cytometry Data
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Figure S3.14 Flow cytometry controls before the positive FACS sort of linker mutants. All
cells sorted are E. coli BL21 (DE3) Gold. Dot plots of forward scatter height vs side scatter height
(Left) were used to select for well-formed cells (Gate B). The gated cells were then tested for green
fluorescence when exciting at both 405 nm and 488 nm (right).
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Figure S3.15 Flow cytometry controls for the negative FACS sort of linker mutants. All cells
sorted are E. coli BL21 (DE3) Gold. A, The dot plot of side scatter (SSC) versus forward scatter
(FSC1) of cells containing empty pET11a vector, used to select for well-formed cells. The Bacteria
gate was applied to all populations during the fluorescence measurements. B, The dot plot of
forward scatter width versus area of cells containing empty pET11a vector, used for doublet
discrimination. The Single cells gate was also applied to all sorted populations during the
fluorescence measurements. C, The dot plot of green fluorescence when exciting at 488 nm, using
a 513/26 bandpass filter, versus side scatter of cells expressing STEPtag from a pET11a vector.
This population was used to establish the Low gate for the final sort. D, The same dot plot as panel
C, but for cells expressing the positively sorted library and STEPtag from a pET Duet vector. This
population was used to establish the Med and High gates for the final sort.
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Figure S3.16 Bacterial flow cytometry of cells expressing gSTEP1. Replicate of the experiment
performed in Figure 3.9. Flow cytometry histogram of STEP fluorescence in three cultures of E.
coli TOP10 cells, containing plasmids expressing either STEPtag alone, gSTEP1 and STEPtag, or
EGFP and STEPtag. After growth to mid-log phase, the cells containing both gSTEP1 and STEPtag
were split into two cultures, and arabinose was added to the indicated samples to induce STEPtag
expression, one hour before the cells were harvested for cytometry. Fluorescence was excited at
488 nm, and emission was measured using a 525BP40 filter.
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Figure S3.17 Flow cytometry data. Cell strain, plasmids and presence of arabinose are all
indicated in the figure titles. Dot plots of forward scatter (FS) area versus height for doublet
discrimination, forward scatter height versus side scatter height (SS), for selection of well-formed
cells, and forward scatter versus green fluorescence (FL1) for the flow cytometry runs shown in
Figure 3.9. Events with a large forward scatter area to forward scatter height ratio are more likely
to be doublets, i.e. multiple cells passing through the detector simultaneously, so they were removed
with the “Single” gate, which also removes the population of small, nonfluorescent particles, which
we hypothesize to be dust. The “Bac” gate from the forward scatter versus side scatter plot was
used for the fluorescence histogram, to screen out outliers with anomalous shapes or sizes.
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3.6.5 Vector Maps
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Figure S3.18 Vector maps of new plasmids used in this chapter. VVector maps were generated
using SnapGene Viewer. Promoters used are highlighted in magenta, and restriction sites used for
cloning are indicated in bold. Note that pPBAD HisA and pZA23 have different antibiotic resistances
(Ampicillin and Kanamycin), as well as compatible origins of replication (pbBR322 and p15A), such
that they can both be stably maintained within the same cells.
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Chapter 4: Side STEPs: Expansion of the STEP family

Matthew G. Eason, Antonia T. Pandelieva, Eduardo Ramirez & Roberto A. Chica

Manuscript in preparation
4.1 Statement of Contribution

Matthew G. Eason designed all protein sequences. Matthew G. Eason and Eduardo Ramirez
performed cloning experiments. Matthew G. Eason and Antonia T. Pandelieva performed
characterization experiments and analyzed data. Matthew G. Eason and Roberto A. Chica selected

binding partners to test. Matthew G. Eason wrote the chapter.

4.2 Introduction

While the green version of the STEP was being created and optimized, we also considered
other permutations of the sensor. As the STEP is made up of defined motifs: a binding protein
(STEPtag), binding peptide (Bim) and a circularly permuted fluorescent protein (cpGFP), we
considered different designs that varied one or more of these motifs to change the function or
fluorescence characteristics of the STEP. Ideally, this could lead to a toolbox of STEP designs, where
different binding peptide-protein pairs could be used to alter the binding kinetics or different
fluorescent proteins could be used to change the colour of the signal produced. Combining these
designs would then lead to multiplexing of the STEP, by using different coloured fluorescent proteins
and orthogonal binding peptide-protein pairs, such that each STEP detects a different protein during

the same experiment.??’

When considering alternative binding peptide-protein pairs, we turned to the original proteins
on which we based the design of the STEP: the family of genetically encoded calcium ion indicators,
in particular GCaMP3. These proteins already contain such a binding pair, although they are fused
together next to the cpGFP pore. In the case of GCaMP3, the peptide is a 13-residue fragment of

myosin light chain kinase (M13),2%8 the protein is calmodulin,?®® and together they form a binding pair
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that has been shown to bind very tightly, with a Kq on the sub-nanomolar scale when calcium ions are
present.>® Thus, we hypothesized that by splitting GCaMP3 at the cpGFP-calmodulin linker, the
resulting M13-cpGFP construct would be a sensor for calmodulin, much like the STEP is a sensor for
STEPtag, but this new construct would only function in the presence of calcium ions, ideally showing
a similar change in fluorescence to that of GCaMP3, i.e. a AF/Fo of 12.%¢ A proof-of-concept of a
similar sensor using a yellow fluorescent protein-based sensor, split-pericam, has been shown to have
partial function as a calcium ion sensor when both halves are co-expressed, although it was split at the
linker between the two circularly permuted halves of the fluorescent protein, and thus likely did not
mature until after association.?! A split-GCaMP construct could then open the door to creating
conditional sensors, which will only detect tagged proteins when other physiological conditions are
met. Alternatively, any protein that binds specifically to a peptide could potentially be used to create a
STEP, for instance PDZ and SH3 domains, which have previously been used to create molecular
switches with a range of Kq values.!® For the purposes of multiplexing, two sets of peptide-protein
pairs are required that are orthogonal, i.e. each pair will not interact with the members of the other pair.
Conveniently, the Bcl-2 family used to create gSTEP1 and STEPtag is comprised of multiple homologs

119

with different specificities,”™ such that orthogonal pairs can be identified, and we have also tested

some of these pairs.

In addition to orthogonal binding pairs, multiplexing the STEP to detect multiple proteins in the same
experiment would also require spectrally distinct fluorophores, such that the signal from each POI is
different. Having access to multiple colours of STEP is also a relevant stand-alone goal, as it would
allow the sensor to be used with a wider range of optical hardware, or simultaneously with other
fluorophores in imaging experiments. To achieve this goal, we began to create a toolbox of different
colours of STEP, by introducing mutations to the chromophore and surrounding residues that have

previously been shown to affect the fluorescence spectra. For instance, the T203Y mutation in GFP

132



has been shown to red-shift its fluorescence by m-stacking with the chromophore, creating a yellow
fluorescent protein.?* An opposite effect can be seen in the cyan fluorescent proteins, where the Y66H
or Y66W mutation directly alters the aromatic side chain present in the chromophore, blue-shifting the
spectra.?® Finally, although red-shifting GFP to higher wavelengths than YFP proved difficult, red
fluorescent proteins have been derived from homologous proteins in species of coral and anemones,**
3. %0 with extended chromophore conjugation along the protein backbone. By introducing the
equivalent YFP and CFP mutations into gSTEP1, or by replacing the cpGFP with a circularly permuted

RFP sequence, we created versions of the STEP with a range of different colours.

4.3 Results

4.3.1 Alternative Binding Partners

The first set of alternative binding partners that we tested was the M13 peptide and calmodulin
pair from GCaMP3. To create the biomolecular system, the GCaMP3 sequence was split at the linker
between the cpGFP and calmodulin, resulting in an M13-cpGFP fluorescent protein, and a calmodulin
binding partner. When these two parts were mixed together in the presence of calcium ions, we found
that there was indeed an increase in fluorescence (Figure 4.1). Additionally, this interaction was shown
to only occur in the presence of calcium ions, as when EGTA was added to chelate calcium ions, the
signal remained at baseline levels. The measured binding affinity was much weaker than the reported
sub-nanomolar value for free M13 and calmodulin, as we found that the signal was not saturated at
600 nM of calmodulin, and did not noticeably increase above baseline until more than 20 nM of
calmodulin was added. As the signal could not be saturated with the amount of purified calmodulin
available, we were unable to determine a Kq or a AF/Fo, but some lower bounds can be placed on these
values. Given the results obtained, the AF/Fqis at least 2.0 £ 0.7, with a Kq of at least 120 + 50 nM,
based on two biological replicates. We also verified that the signal increase was specific to calmodulin
binding, by performing binding curves with BSA in parallel (Figure S4.6), and found that the addition
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of BSA did not lead to an increase in fluorescence, regardless of the calcium ion concentration. Thus,
the split-GCaMP system does demonstrate specific, measurable binding, with the possibility of multi-
parameter detection, i.e. detecting a POl only when there are also calcium ions present. As we expected
that the added complexity of requiring calcium ions to be added would not generally be an asset to the

sensor, we did not continue with further characterization or optimization of this binding pair.
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Figure 4.1 Fluorescence spectra and binding curve of M13-cpGFP. A, The measured green
excitation spectrum (emitting at 550 nm) of purified M13-cpGFP (75 nM). The (+) Calmodulin
curves have 600 nM of calmodulin added, the (+) Ca2+ curves have 1 mM of CaCl; added, and the
() Ca2+ curves have 1 mM of EGTA added. B, A representative binding curve, measuring
maximum emission at 550 nm when exciting at 500 nm. The dashed line indicates a fit of the Hill
equation to the data (n = 0.6). Error bars are the standard deviation of duplicate measurements.

For our next set of alternative binding pairs, we turned to a PDZ domain from mouse a-1-
syntrophin, that had been previously used in the development of a modular protein switch.**® This PDZ
domain, which we called PDZtag, binds to a short peptide sequence, with a measured Kq of 8 uM. By
fusing this short peptide to either the N- or C-terminus of the cpGFP sequence present in gSTEPO-T1,
we created PDZ-cpGFP and cpGFP-PDZ, respectively. Both of these constructs were shown to
increase in fluorescence in the presence of PDZtag, with a AF/Fo of 1.7 for PDZ-cpGFP and 1.0 for

cpGFP-PDZ (Figure 4.2). Interestingly, the measured Kq of binding was lower than that reported by
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Dueber et al., at 630 nM for PDZ-cpGFP and 380 nM for cpGFP-PDZ (Figure 4.3). Thus, the PDZ
binding pair seems to be a possible pair for future use in a STEP that has different specificity to
gSTEPL. Although neither the binding affinity nor the signal increase outperforms gSTEP1, much less

optimization has been performed with this binding pair, and therefore the current values could likely

be improved.
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Figure 4.2 Fluorescence spectra of PDZ-based binding pairs. A, The measured green excitation
spectrum (emitting at 550 nm) and green emission spectrum (exciting at 485 nm) of purified PDZ-
CcpGFP (75 nM). The (+) PDZtag curves have 5 uM of PDZtag added. B, The measured green
excitation spectrum (emitting at 550 nm) and green emission spectrum (exciting at 485 nm) of
purified cpGFP-PDZ (75 nM). The (+) PDZtag curves have 5 uM of PDZtag added.
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Figure 4.3 Binding curves of PDZ-based binding pairs. Measured binding curves for PDZ-
cpGFP and cpGFP-PDZ, measuring emission at 515 nm when exciting at 485 nm. The dashed line
indicates a fit of the Hill equation to the data (n = 1.3 for PDZ-cpGFP and n = 2.4 for cpGFP-PDZ).
Error bars are the standard deviation of trinlicate measurements.

Our final set of alternative binding pairs were the other members of the Bcl-2 family. When
comparing the affinities of the different peptides and proteins,*° it has been noted that the Noxa peptide
and Mcl-1 protein bind specifically to one another, as Noxa binds very poorly to other proteins in the
family, including Bcl-x., which was used as the template for STEPtag. The Bim peptide used in
gSTEP1 (Chapter 3) binds to Mcl-1 with high affinity, and thus could not be used as part of the other
binding pair. Instead, we chose the Bad peptide, as it does not show measurable binding to Mcl-1, yet
maintains similar affinity to Bcl-x.. Thus, the two predicted orthogonal binding pairs we tested were:
pair a, the Bad peptide with Bcl-x., and pair b, the Noxa peptide with Mcl-1. To differentiate the
gSTEPs and STEPtags by their specificity, the letter associated with the binding pair is appended to
the name, thus, gSTEPs with the Bad peptide are known as gSTEP.a, and STEPtags based on Bcl-x.
will be STEPtag.a. Because no modifications were made to the Bcl-x, based tag, STEPtag.a is identical
to STEPtag (Chapters 2 and 3), but will be referred to as STEPtag.a for the rest of the chapter.

STEPtag.b is simply Mcl-1, with the C-terminal membrane binding domain removed.
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To test binding pair a, with the Bad peptide and Bcl-x. binding partner, we generated
gSTEPO.a, based on gSTEPO, our optimal sensor at the time. To create gSTEPO.a, we replaced the Bim
peptide sequence with a Bad peptide sequence, and also included the mutations to the GFP barrel
reported in GCaMP8,? as they were reported to improve the AF/Fq of the calcium ion sensor, and we
hoped to see a similar increase in the STEP. STEPtag.a was simply STEPtag, with no further changes
added. When we tested this binding pair, we found that gSTEPO.a did show an increase in signal when
STEPtag.a was added, with a Kqof 200 £ 100 nM, and a AF/Foof 0.8 £ 0.3 (Figure 4.4). This was a
reasonable result, with a Kq similar to that of gSTEPO (240 + 50 nM), and a small loss in AF/Frelative
to gSTEPO (1.4 + 0.1), so the gSTEPO.a sensor does seem to function as desired with STEPtag.a. But
when it was tested with STEPtag.b, an Mcl-1 sequence that should not bind to Bad, we also measured
an increase in signal, with a Kq of 480 nM, and a AF/Fo of 1.4. Thus, this iteration of the sensor does

not seem have the expected specificity for STEPtag.a.
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Figure 4.4 Fluorescence spectra and binding curve of gSTEPO.a. A, The measured green
excitation spectrum (emitting at 550 nm) and green emission spectrum (exciting at 485 nm) of
purified gSTEPO.a (75 nM). The (+) STEPtag.a curves have 10 uM of STEPtag.a added. B,
Representative binding curves, measuring emission at 515 nm when exciting at 485 nm. The dashed
line indicates a fit of the Hill equation to the data (n = 6.9 for STEPtag.a, 1.8 for STEPtag.b). Error
bars are the standard deviation of triplicate measurements.
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To test binding pair b, with the Noxa peptide and Mcl-1 binding partner, we generated
gSTEPO.b, this time replacing the Bim peptide with Noxa. We also introduced the C-terminal
truncation present in gSTEPO-T1, as we had been simultaneously optimizing the gSTEPO sensor, and
found this truncation to be beneficial (Chapter 2). Although we did not extensively test the effects of
the GCaMP8 mutations in gSTEPO.a, we decided not to include them in gSTEPO.b, as they had not
initially improved the AF/Foas we had hoped. As we had had some difficulties expressing STEPtag.b
alone, we obtained a maltose-binding protein fusion with Mcl-1, termed MBP-STEPtag.b, with the
MBP tag present to increase the yield during purification.’®! Unlike STEPtag.a, where truncations were
made to the Bcl-x. sequence, no further engineering was performed to create STEPtag.b. We found
that gSTEPO.b was green fluorescent, although it showed a shift in the peak excitation wavelength to
that of the neutral chromophore at 396 nm (Figure 4.4), much like cpGFP-PDZ and gSTEPO-T1-hBim-
L4 (Chapter 3). When the anionic chromophore was excited at 485 nm, it showed an increase in
fluorescence when MBP-STEPtag.b was added, with a Kg of 38 = 9 nM and a AF/Fo of 5 % 2,
outperforming gSTEP1 in both affinity and signal increase (Figure 4.5). When STEPtag.a was added
to test the specificity of binding, it was found that there is still a measurable response, with a Kq of 500
+ 200 nM, and a AF/Fo of 1.3 + 0.4. Thus, the binding affinity of gSTEPO.b is not completely
orthogonal to STEPtag.a, but it is a full order of magnitude stronger with MBP-STEPtag.b than with

STEPtag.a, and shows a considerably larger signal increase.
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Figure 4.5 Fluorescence spectra and binding curves of gSTEPO.b. A, The measured green
excitation spectrum (emitting at 550 nm) and green emission spectrum (exciting at 485 nm) of
purified gSTEPO.b (75 nM). The (+) MBP-STEPtag.b curves have 2.5 uM of MBP-STEPtag.b
added. B, A set of representative binding curves, measuring emission at 515 nm when exciting at
485 nm. The dashed line indicates a fit of the Hill equation to the data (n = 0.6 for STEPtag.a, 0.8
for MBP-STEPtag.b). Error bars are the standard deviation of triplicate measurements.

While gSTEP.b was being tested, we verified that the Bim peptide would indeed bind to the
MBP-STEPtag.b construct, by performing binding curves with gSTEPO-T1-hBim, our best Bim-based
sensor at the time (Chapter 3). We found that there was indeed detectable binding, with a Kq of 90 £
40 nM and a AF/Fo of 1.25 + 0.05 (Figure 4.6). This is comparable to the binding with STEPtag.a,
with a Kq of 160 * 40 and a AF/Fo of 3.3 + 0.1, meaning that the Bim peptide in gSTEPO-T1-hBim
could not effectively distinguish between STEPtag.a and MBP-STEPtag.b, and so another binding

peptide would be needed if we wished to use both of those binding proteins in the same experiment.
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Figure 4.6 Fluorescence spectra and binding curve of gSTEPO-T1-hBim with MBP-

STEPtag.b. A, The measured green excitation spectrum (emitting at 550 nm) and green emission

spectrum (exciting at 485 nm) of purified gSTEPO-T1-hBim (75 nM). The (+) MBP-STEPtag.b

curves have 2.5 uM of MBP-STEPtag.b added. B, A representative binding curve, measuring

emission at 515 nm when exciting at 485 nm. The dashed line indicates a fit of the Hill equation to

the data (n = 1.4). Error bars are the standard deviation of triplicate measurements.
4.3.2 Increasing the Colour Palette of the STEP

With the overarching goal of multiplexing multiple STEPs, we chose to begin expanding the

colour palette with a red fluorescent protein, as the red fluorescent proteins have fluorescence spectra
that are distinct from those of GFP. As with the creation of gSTEPO, we began with the circularly
permuted fluorescent protein from a genetically encoded calcium ion sensor, in this case R-GEC01.%°
R-GECOL1 is based on a circularly permuted mApple,*” which was then optimized through directed
evolution, introducing 17 mutations relative to the initial mApple version of GCaMP. This
optimization process produced an effective sensor for the detection of calcium ion-mediated binding
between calmodulin and the M13 peptide. To make a red STEP, the binding interaction would instead

be between the Bim peptide and STEPtag, which would have a different binding surface against the

pore of the fluorescent protein. We hypothesized that some of the surface mutations in R-GECO1
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would be specific to the M13-calmodulin binding interaction, as the use of directed evolution tends to
lead to proteins that are very specifically optimized for the screening conditions. Thus, to begin with a
more general template for the red STEP, we reverted most of the R-GECO1 mutations back to their
mApple counterparts, keeping only the N-terminal residue modifications, S63V/E64S, as these
comprise the linkers next to the pore, and are therefore likely involved in the modulation of signal upon
binding, as well as the internal V228A mutation, which seems likely to be involved in core packing,

and thus could be generally beneficial to any sensor based on this scaffold (Figure S4.15).

To this cpRFP, we appended the human Bim peptide and the 4 amino acid linker found to be
effective in gSTEP1, assuming that the improvements made during the engineering of gSTEP would
be beneficial to the sensors of other colours. As with the original development of gSTEP, we began
with a unimolecular version of the sensor, with STEPtag.a directly fused to the C-terminus of the
circularly permuted RFP, creating uni-rSTEPO. This construct was used to verify that the sensor could
express, fold and mature properly, as the maturation of the red chromophore is less efficient process
than that of the green, with the possibility of incomplete maturation leading to the formation of a green
chromophore by-product.*® We found that uni-rSTEPO matured mostly to red chromophore, as shown
by an absorption spectrum with a visible light peak at 574 nm (Figure 4.7). The protein was also
fluorescent in the red portion of the spectrum, with an excitation peak at 574 nm, and an emission peak
at 592 nm. We also found that there was some green fluorescence visible when exciting at 485 nm,
indicating that some incomplete maturation was occurring, leading to the presence of green

chromophores in the mixture as well.
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Figure 4.7 Measured spectra of purified uni-rSTEPO. A, The measured red excitation spectrum
(emitting at 620 nm) and red emission spectrum (exciting at 540 nm) of uni-rSTEPO (3.7 uM). B,
The measured emission spectrum when exciting at 485 nm, to check for green fluorescence. Note
that the green and red fluorescence measurements were performed at different gains, and so are not
directly comparable in intensity, hence they have been normalized. C, The measured absorbance
spectra, with a small peak at 574 nm.

Having demonstrated that the unimolecular rSTEPO construct could mature and fluoresce, we
then tested the split construct, rSTEPO, with STEPtag.a removed. We found that rSTEPO did still
mature to a red fluorescent chromophore, albeit with qualitatively lower brightness compared to the

gSTEPs, requiring more than 75 nM of FP to obtain a measurable signal (Figure 4.8). Additionally, it
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did not show any significant change in fluorescence upon addition of STEPtag, up to a maximum tested

concentration of 10 uM STEPtag.a.
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Figure 4.8 Fluorescence spectra and binding curve of rSTEPOQ. A, The measured red excitation
spectrum (emitting at 620 nm) and red emission spectrum (exciting at 540 nm) of purified rSTEPO
(1.5 uM). B, A representative binding curve, measuring emission at 592 nm when exciting at 540
nm. The dashed line indicates a fit of the Hill equation to the data (n = 1). Error bars are the standard
deviation of triplicate measurements.

In an attempt to create a functional red sensor, we created a series of C-terminal truncations of
rSTEPQ, equivalent to the truncations of gSTEPO performed during its optimization. We hypothesized
that by increasing the size of the pore, fluorescence in the absence of STEPtag could be further
quenched, leading to a more detectable increase in fluorescence upon binding. Truncations from one
to five amino acids were tested, named rSTEPO-T1 to rSTEPO-T5, respectively. When testing these
truncation mutants, we found that they generally expressed and purified poorly, leading to impure
samples that were difficult to accurately quantify (Figure S4.5). In addition, none of the truncation
mutants showed an increase in fluorescence when STEPtag was added (Figure 4.9). We did discover
that the rSTEPO-T4 and rSTEPO-T5 mutants were effectively nonfluorescent, with less than 5% of the

rSTEPO signal for a similar amount of protein. We also found that the truncations seem to change the
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maturation kinetics of the protein, as the ratio of green and red fluorescence varies between different
mutants, with rSTEPO showing the least green fluorescence relative to the amount of red, rSTEPO-T2
showing the most signal overall, and rSTEPO-T3 showing a greater relative proportion of green signal.
As none of the mutants showed useful sensor activity, and they generally showed less complete
maturation, we concluded that none of the rSTEPO truncations were good candidates for further
development of a red STEP, and future efforts will likely be devoted to the improvement of rSTEPO

itself.
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Figure 4.9 Fluorescence of rSTEPO truncation mutants. A, The relative peak red fluorescence
emission (exciting at 540 nm) for purified rSTEPO truncation mutants. (+) STEPtag results are in
the presence of 26 uM STEPtag. The fluorescence was normalized as different concentrations of
fluorescent protein were used for the various mutants, in order to maximize the measured signal.
These measurements were not replicated, thus no error bars are reported. B, The relative green and
red emission spectra (exciting at 485 nm and 540 nm, respectively) for selected truncation mutants.
The fluorescence was normalized as different concentrations of fluorescent protein were used for
the various mutants, in order to maximize the measured signal. Each spectrum is normalized
separately, as the green and red signals were measured with different gains, and thus are not directly
comparable.
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As the red STEPs were not particularly effective, we turned to other potential colours of
fluorescent protein, namely cyan and yellow. Both of these colours of fluorescent protein have been
well studied, and once again, genetically encoded calcium ion sensors containing circular permutations
of the fluorescent proteins have been successfully created.®* To create a cyan STEP, we began with the
circularly permuted cyan fluorescent protein barrel used in CyCaMP1a,®* which is a single mutant of
the GCaMP3 barrel with the chromophore tyrosine mutated to a tryptophan residue, a mutation which
is known to blue-shift the green fluorescent protein chromophore.” As gSTEP1 is originally based on
GCaMP3, we therefore created our cyan sensor, cSTEPO, by creating the analogous mutation in
gSTEP1, Y202W. When expressed, we found that cSTEPO did in fact have a blue-shifted fluorescence
profile, relative to gSTEP1, with an excitation peak at 442 nm and an emission peak at 490 nm (Figure
4.10). But it also does not seem to change in fluorescence in the presence of STEPtag, with a AF/Fo of
0.1. By fitting a binding curve to the data, a Kq of 1.3 pM was obtained, yet the error on these values
is quite high, due to the small change in fluorescence, and so they are unlikely to represent a significant
change. Thus, much like rfSTEPO, cSTEPO will require further engineering to increase the AF/Fq and
Kq before it can be used as a sensor, to ensure that there is truly a measurable increase when STEPtag

is bound.
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Figure 4.10 Fluorescence spectra and binding curve of cSTEPO. A, The measured cyan
excitation spectrum (emitting at 490 nm) and cyan emission spectrum (exciting at 430 nm) of
purified cSTEPO (375 nM). B, The measured binding curve of cSTEPO (375 nM), measuring peak
emission (490 nm) when exciting at 430 nm. The dashed line indicates a fit of the Hill equation to
the data (n = 1.8). Error bars are the standard deviation of triplicate measurements.

For the yellow version of the STEP, we chose to use circularly permuted Venus as the
fluorescent protein. Although the yellow versions of the genetically encoded calcium ion sensors
similar to GCaMP, such as the pericams,?*! and YCaMP1a,® are based on EYFP, Venus is an improved
variant of EYFP, with increased brightness and faster maturation.** As Venus is one of the most
rapidly-maturing fluorescent proteins known, it is the fusion tag that would be used for rapid detection
of a protein in vivo, and so we felt that it would be a relevant scaffold for our yellow sensor. We
therefore introduced the required mutations to convert the green fluorescent protein in gSTEP1 into
Venus, creating ySTEPO. Conveniently, gSTEP1 already contains a lysine at the position
corresponding to 206 in Venus, a mutation which is expected to reduce aggregation, and has been
found to improve in vivo expression, in the variant known as mVenus.3* Thus, we created ySTEPO,

containing a circularly permuted mVenus, and found that it was a bright, functional yellow sensor,
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with an excitation peak at 512 nm and an emission peak at 524 nm, slightly red-shifted relative to
gSTEP1 (Figure 4.11). Unlike rSTEPO and cSTEPO, ySTEPO showed sufficient fluorescence to
measure binding curves at 75 nM of fluorescent protein, and there was an obvious increase in
fluorescence in the presence of STEPtag, with a measured Kqy of 280 + 80 nM, and a AF/Fo of 1.5 £
0.1. While this is both a higher Kq and a lower AF/Fo than gSTEP1, this is the first iteration of the

yellow sensor, and so we expect to be able to optimize it with additional rounds of mutagenesis and

design.
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Figure 4.11 Fluorescence spectra and binding curve of ySTEPQO. A, The measured yellow
excitation spectrum (emitting at 530 nm) and yellow emission spectrum (exciting at 490 nm) of
purified ySTEPO (75 nM). B, A representative binding curve of ySTEPO (75 nM), measuring peak
emission (526 nm) when exciting at 490 nm. The dashed line indicates a fit of the Hill equation to
the data (n = 1.6). Error bars are the standard deviation of triplicate measurements.
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4.4 Discussion
Our efforts to expand the variety of STEPs available by varying the binding partners and
fluorescent proteins used have had some success, but have also shown that the parts are not fully

modular, i.e. each time they are changed, the sensor will likely require optimization.

While most of the different binding pairs tested could function as sensors, they generally did
not show the expected affinities or specificities. For instance, the split-GCaMP3 pair has an expected
Kq in the sub-nanomolar range, based on the affinities of the M13 peptide and calmodulin in the
presence of calcium ions, yet we were unable to saturate the M13-cpGFP sensor with hundreds of nM
of calmodulin. Likewise, gSTEPO.b binds MBP-STEPtag.b with a Kq of 38 £ 9 nM, making it the
tightest binding sensor that we have tested, yet this Kgq is still an order of magnitude greater than the
expected value for the Noxa peptide binding to Mcl-1. These results are similar to those seen in
gSTEPO and gSTEP1, where the measured Kgy of the sensor is considerably greater than that of the
binding pair alone. It seems that the presence of the cpGFP surface has an effect on the binding of the
tags to the peptides, which could be mitigated by increasing the linker length between the peptide and

the cpGFP, as was shown with gSTEPO-T1 (Chapter 3).

Interestingly, the PDZ-based sensors show increased affinity relative to the literature values,
with Kgq values in the hundreds of nM, rather than the 8 UM measured previously. Dueber et al.'° state
that they used a peptide with the N-terminal glycine replaced by a tyrosine when measuring affinity,
to be able to more accurately measure the peptide concentration, which could have an effect on their
measured Kg. It could also be that in this case the presence of the fluorescent protein barrel is positively
affecting binding. This has been seen in the GCaMP family of sensors, which has calmodulin
interacting directly with the surface of the fluorescent protein.* Thus, the outer surface of cpGFP near

the pore represents another potential region for improvement for all the versions of the STEP, where
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affinity and specificity could be increased by adding residues that can directly interact with the binding

partner.

In particular, further improvements in specificity are desired, as the expected pair of orthogonal
binding partners, gSTEP0.a/STEPtag.a and gSTEPO0.b/STEPtag.b, do still show some cross-
interactions. Despite the fact that Chen et al.*® measured no detectable binding (ICso > 100 puM)
between Mcl-1 and Bad peptide, or Bcl-x. and Noxa peptide, the STEPs show off-target binding with
Kq values around 500 nM, and AF/Fo values around 1.4. While gSTEPO.b shows a distinguishable
signal in the presence of the appropriate binding partner, with a Kq an order of magnitude lower and a
AF/Fo more than double when adding MBP-STEPtag.b rather than STEPtag.a, any increase in signal
due to STEPtag.a will hinder analysis efforts in a multiplexing experiment. It is also possible that some
of the affinity is due to the presence of the maltose-binding protein fusion, as we have not yet had the
opportunity to test gSTEPO.b with just the STEPtag.b sequence. Should this be the case, it would
highlight the possibility of interactions between a fused POI and the STEP, meaning that STEPtag-
POI fusions may need to be calibrated on an individual basis. Also, given that the cross-interaction
with gSTEPO.b could be problematic, that of gSTEPO.a is even more of an issue, as the Ky with
gSTEPO.a is only just below half that with gSTEP0.b, and the AF/Fowas measured to be lower with
the “appropriate” binding partner. Thus, gSTEPO.a will have difficulty distinguishing the two tags at
all if they are both present in similar concentrations (Figure 4.4), and cannot be used for multiplexing

in its current state.

Thus, there are not currently two proven orthogonal binding partners to use with the STEP.
While the PDZ-based sensors do seem to function, they have not yet been tested for interactions with
STEPtag.a or STEPtag.b, and have higher Kqvalues than the current gSTEPs. The gSTEPO.a and
gSTEPO.b constructs currently show some cross-interactions, but as they are the first generation of

STEPs to use their respective peptides, it is likely that they could be improved through either rational
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design or directed evolution techniques, as was gSTEPO. Given that the Bad peptide-based gSTEPO.a
seems to have almost no selectivity for Bcl-x -based STEPtag.a, it could be that another peptide would
perform better in its place, for instance the synthetic peptides designed by Dutta et al.}? Some of these
peptides were tested in Chapter 3, and were not found to outperform the Bim peptide present in
gSTEPO-T1-hBim when comparing the Kq and AF/Fo, but they still functioned as sensors, and are
reported to bind to Bcl-x. with at least three orders of magnitude more affinity than Mcl-1. If this
specificity is maintained in the STEP scaffold, a trade-off of sensor efficacy for specificity could

potentially be made by using these peptides when multiplexing is required.

The other part of the sensor that was varied here is the circularly permuted fluorescent protein,
in order to change the colour of the STEP. For the colours tested, only ySTEPO, based on the mVenus
scaffold, maintained its ability to detect STEPtag.a. rSTEPO showed no increase at all, nor did any of
its truncation mutants, and neither did cSTEPO, despite it only being a single point mutation away from
the parent gSTEPL. A certain loss in AF/Fo was expected, based on similar efforts to create multiple
colours of calcium ion sensors based on GCaMP3,2* % which saw AF/Fo values drop to roughly 25%
of the green parent value for yellow and cyan sensors. For the red versions in that experiment, many
of the initial sensors failed to mature at all, generally requiring optimization of the linker regions and/or
directed evolution to obtain variants that showed a response to calcium ions. Thus, the next steps for
cSTEPO and rSTEPO will likely be randomization of the linker regions, using a high-throughput screen

similar to that used in Chapter 3 to identify variants with improvements in AF/Fo.

Another possibility for creating an improved cyan STEP would be to change the scaffold being
used. cSTEPO is based on CyCaMP1a (itself based on the original CFP), and required only a single
point mutation to generate from gSTEP1, hence why it was chosen as the initial cyan STEP. There are
improved variants of cyan fluorescent proteins, such as mTurquoise2,*? with increased quantum yields,

which could potentially become sensors with increased overall brightness. Much of the improvements
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in these proteins arises from stabilization of the seventh p-strand of the barrel,?* leading to improved
packing and a more planar chromophore, which contributes to an increase in quantum vyield. This
seventh B-strand happens to be the position of the circular permutation in cSTEPO, so it is possible that
the mutations will not show equivalent improvements to the STEP. On the other hand, if the appropriate
configuration of the strand is preferentially stabilized when STEPtag.a is bound, and destabilized when
it is unbound, this could provide a mechanism for a large increase in the AF/Fo, leading to a greatly

improved sensor.

In a similar fashion, a functional red STEP could potentially be generated using a different red
fluorescent protein as a scaffold, and we have already generated a version of the sensor based on
rCaMP1h, rather than R-GECOL, to see if it showed better results. Unfortunately, it did not express
well enough to measure a red fluorescence spectrum, and so we were not able to test its response to
STEPtag.a (Data not shown). Another consideration for rSTEPQ is identifying the cause of the lack of
change when STEPtag.a is added. Because red fluorescent proteins have sequences that are
considerably different from those of the cyan, green and yellow fluorescent proteins, the equivalent
STEP sequences are also quite different (Figure S4.16). Thus, if the surface of the barrel is involved in
modulating binding between the STEP and the STEPtag, as we hypothesize based on some of the
results seen with the different binding partners, the red STEP would likely have different interactions
being made, and the barrel may in fact be destabilizing the binding between STEPtag.a and the target
Bim peptide. Thus, it may be valuable to perform some fluorescence-independent test of binding, such
as surface-plasmon resonance, or isothermal titration calorimetry, to determine if rSTEPO binds to
STEPtag.a at all. If STEPtag.a does indeed bind, then the problem is one of fluorescence modulation,
and thus the planned linker modifications are likely to help. If STEPtag.a does not bind, then the

interaction surface would be a more effective target for improvement.
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Overall, while the STEP cannot yet be used in a multiplexed experiment to detect two proteins
at a time, and the replacement of binding partners and fluorescent proteins has shown that the resulting
STEP will not necessarily have the characteristics expected from the parts used, a number of new
scaffolds have been generated that can be used to develop new sensors. The gSTEPO.b/MBP-
STEPtag.b binding pair show the lowest Kq and highest AF/FO of any of the STEPs, even if gSTEP.a
does not show the orthogonal binding that was intended. Cyan and red versions of the STEP have been
created that at least express and form mature chromophore, providing a baseline that can be improved
through mutagenesis. For situations where a yellow fluorescent sensor would be preferred, ySTEPO
functions with similar effectiveness to the original gSTEPO, and the M13-cpGFP construct has opened
the door to creating conditional sensors, by demonstrating a change in fluorescence that only occurs

when both the binding protein (calmodulin) and an effector molecule (Ca®") are present.

4.5 Materials and Methods

4.5.1 Construct Preparation

GCaMP3 and mouse a-1-syntrophin PDZ domain sequences were a generous gift from Hernan
G. Garcia. M13-cpGFP and calmodulin sequences were generated by PCR amplification of the
appropriate regions of GCaMP3 using synthetic oligonucleotides (Eurofins) with additional
nucleotides added to insert His-tags and Ndel/BamHI restriction sites for cloning. cpGFP-PDZ, PDZ-
cpGFP and gSTEPOQ.b were generated in the same manner, using gSTEPO-T1 as a template. The Mcl-
1 (STEPtag.b) sequence was a generous gift from Samuel H. Gellman, and MBP-Mcl-1 (MBP-
STEPtag.b) was a generous gift from Amy E. Keating. gSTEPO.a, uni-rSTEPO and ySTEPO sequences
were all codon optimized for E. coli, synthesized and cloned into pET11a vectors by Genscript. rSTEPO
was generated by PCR amplification of the appropriate regions of uni-rSTEPO, and all truncations were
generated in the same way using rSTEPO as a template. cSTEPO was generated using splicing by

225 ;

overlap extension (SOE) mutagenesis,“~ in order to perform site-directed mutagenesis of the gSTEP1
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protein sequence. All sequences were subcloned into pET1la vectors, using Ndel and BamHI

restriction sites. All reagents used for subcloning were obtained from New England Biolabs.

4.5.2 Protein Expression and Purification for in vitro screening and characterization

All vectors were transformed into chemically competent E. coli BL21 (DE3) Gold (Agilent).
Expression was performed by culturing cells in Luria-Bertani (LB) broth, supplemented with 100
pg/mL ampicillin. Cells were grown at 37°C with shaking to an OD600 of 0.6-0.8, at which point
protein expression was induced by addition of 1 mM isopropyl f-D-1-thiogalactopyranoside (IPTG).
Cells were then incubated with shaking overnight at 16°C, harvested by centrifugation and lysed using
an EmulsiFlex-B15 cell disruptor (Avestin). Proteins were purified by immobilized metal affinity
chromatography using Profinity Nickel-charged IMAC resin (Bio-Rad), in a gravity flow column,
according to the manufacturer’s protocol. Buffer exchange into 20 mM sodium phosphate buffer
containing 50 mM NaCl (pH 7.4) and sample concentration was performed using Amicon Ultra-15
centrifugal filters with a 3K molecular weight cut-off (Millipore) for STEPtag.a and PDZtag, and

Microsep Advance centrifugal filters with a 10K molecular weight cut-off (Pall) for all other proteins.

4.5.3 Fluorescence Assays
PDZtag and Calmodulin were quantified using the Quick-Start Protein Assay Kit (Bio-Rad) to

perform the linearized Bradford Assay,??

while all other proteins were quantified by measuring
absorbance at 280 nm in a cuvette using a SpectraMax Plus®®* microplate spectrophotometer
(Molecular Devices). Extinction coefficients for the proteins were estimated using the ProtParam
online tool.??* All measurements were performed in 20 mM sodium phosphate buffer containing 50
mM NaCl (pH 7.4), at room temperature. Fluorescence spectra of all proteins were recorded on an
Infinite M1000 microplate reader (Tecan). Unless otherwise specified, all fluorescence measurements
were performed using 75 nM of fluorescent protein, and each sample well was prepared in triplicate.

To calculate the Kg, the fluorescence signal was used to fit the Hill equation, accounting for ligand
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depletion,” across the range of binding partner concentrations used. AF/Fo values for all the binding
curves were calculated using the Hill equation fit to determine Fmax and Fmin, Where Fmax is the

maximum signal of the fit, and Fmin is the minimum signal of the fit.
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4.6 Supplementary Information

4.6.1 Amino Acid Sequences

M13-cpGFP
MGSHHHHHHGMASMTGGQQOMGRDLYDDDDKDLATMVDSSRRKWNKTGHAVRAIGRLSSLENVYIKAD
KOKNGIKANFKIRHNIEDGGVQLAYHYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLE
FVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTL
KFICTTGKLPVPWPTLVTTLTYGVQCEFSRYPDHMKOQHDEFFKSAMPEGYIQERTIFFKDDGNYKTRAE
VKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNTR*

Calmodulin
MTRDQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGONPTEAELQDMINEVDADGDGTIDE
PEFLTMMARKMKDTDSEEEIREAFRVFDKDGNGYISAAELRHVMTNLGEKLTDEEVDEMIREADIDG
DGQVNYEEFVQOMMTAKHHHHHH *

PDZ-cpGFP

MHHHHHHGSGSGGVKESLVGSGSLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGD
GPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVV
PILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMK
QHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY *

cpGFP-PDZ
MLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQONTPIGDGPVLLPDNHYLSVQSKLSKDPN
EKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVVPILVELDGDVNGHKEFSVSGEGE
GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYIQERTIFFK
DDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYGSGSGGVKESLVGSGSHHHHHH*

PDZtag
MHHHHHHLQRRRVTVRKADAGGLGISIKGGRENKMPILISKIFKGLAADQTEALFVGDAILSVNGED
LSSATHDEAVQALKKTGKEVVLEVKYMKEVSPYFKSGSG*

gSTEPO.a

MHHHHHHNLWAAQRYGRELRRMSDEFVDSFKKGLENVY IKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQQONTPIGDGPVLLPDNHYLSTQONKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFFCTTGKLPVPWPTLVTTLTYGVQ
CFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGYYKTRAEVKFEGDTLVNRIVLKGIDFKEDGNI
LGHKLEYNTR*

gSTEPO.b
MHHHHHHPAELEVECATQLRRFGDKLNFROKLLLENVYIKADKQKNGIKANFKIRHNIEDGGVQLAY
HYQONTPIGDGPVLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVS
KGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQ
CEFSRYPDHMKQHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEY™*
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MBP-STEPtag.b
MGSSHHHHHHGSSMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAAT
GDGPDITFWAHDRFGGYAQSGLLAEITPDKAFQODKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKD
LLPNPPKTWEEIPALDKELKAKGKSALMENLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAG
AKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMT INGPWAWSNIDTSKVNYGVIVLPTEFKGQOP
SKPEFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATM
ENAQKGEIMPNIPOMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEENLY
FOGSDELYRQSLEIISRYLREQATGAKDTKPMGRSGATSRKALETLRRVGDGVOQRNHETAFQGMLRK
LDIKNEDDVKSLSRVMIHVEFSDGVTINWGRIVTLISFGAFVAKHLKTINQESCIEPLAESITDVLVRT
KRDWLVKQRGWDGFVEFFHVEDLEGG*

STEPtag.b
MGSHHHHHHHHGSDYDIPTTENLYFQGSEDELYRQSLEITISRYLREQATGAKDTKPMGRSGATSRKA
LETLRRVGDGVQRNHETAFQGMLRKLDIKNEDDVKSLSRVMIHVFSDGVINWGRIVTLISFGAFVAK
HLKTINQESCIEPLAESITDVLVRTKRDWLVKQRGWDGFVEFFHVEDLEGG*

uni-rSTEPO
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGIIHVNQDSSLODGVFIYKVKLRGTNEPSD
GPVMQOKKTMGWEATRREVIPMAAVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQSFEQVVNE
LFRDGVNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYG
NNAAAESRK*

rSTEPO
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMREFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGITHVNQDSSLODGVEIYKVKLRGTNEFPSD
GPVMQOKKTMGWEATR*

rSTEPO-T1
MHHHHEHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMREKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGITHVNQDSSLODGVEIYKVKLRGTNEFPSD
GPVMQKKTMGWEAT*

rISTEPO-T2
MHHHHEHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMREFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGITHVNQDSSLODGVEIYKVKLRGTNEFPSD
GPVMQKKTMGWEA*
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rSTEPO-T3
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGITHVNQDSSLODGVEIYKVKLRGTNEFPSD
GPVMQKKTMGWE *

rISTEPO-T4
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSEFPEGFRWERVMNEFEDGGIIHVNQDSSLODGVEIYKVKLRGTNEPSD
GPVMQKKTMGW*

rISTEPO-T5
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSERMYPEDGALKSEIKKRLKLKDGGHY
AAEVKTTYKAKKPVQLPGAYIVDIKLDIVSHNEDYTIVEQYERAEGRHSTGGMDELYKGGTGGSMVS
KGEENNMAIIKEFMREFKVHMEGSVNGHEFEIEGEGEGRPYEAFQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYIKHPADIPDYFKLSFPEGFRWERVMNFEDGGITHVNQDSSLODGVEIYKVKLRGTNEFPSD
GPVMQKKTMG*

ySTEPO
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRLENVYITADKOQKNGIKANFKIRHNIEDGGV
QLADHYQONTPIGDGPVLLPDNHYLSYQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGG
SMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKLICTTGKLPVPWPTLVTTLG
YGLOCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKE
DGNILGHKLEY*

cSTEPO
MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRLENVYIKADKQKNGIKANFKIRHNIEDGGV
QLAYHYQONTPIGDGPVLLPDNHYLSVOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGG
SMVSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLT
WGVQCEFSRYPDHMKQHDFFKSAMPEGYTIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKE
DGNILGHKLEY*
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4.6.2 Sample SDS-PAGE Gels

M13-cpGFP Calmodulin
(33.9 kDa) (17.8 kDa)
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Figure S4.1 Sample SDS-PAGE gels of purification steps of M13-cpGFP and Calmodulin.
Samples taken during protein purification were mixed 1:1 by volume with SDS-PAGE loading dye,
heated to 95°C for 5 minutes, then loaded into either 10% (M13-cpGFP) or 15% (Calmodulin)
acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein Marker, Broad Range
(NEB). Electrophoresis was performed at 120 volts until the dye front had migrated to the end of
the gel. Abbreviations are as follows: P — pellet, FT — flowthrough, EL — eluted (purified). Note
the low yield of calmodulin, leading to the inability to saturate M13-cpGFP.
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Figure S4.2 Sample SDS-PAGE gels of purified PDZ-based sensors. Samples were mixed 1:1
by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes, then loaded into 15%
acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein Marker, Broad Range
(NEB). Electrophoresis was performed at 120 volts until the dye front had migrated to the end of
the gel. Abbreviations are as follows: DS — desalted
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Figure S4.3 Sample SDS-PAGE gels of purified gSTEP.a and gSTEP.b sensors. Samples were
mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes, then loaded into
15% acrylamide SDS-PAGE gels. The ladder used is the P7702 Unstained Protein Marker, Broad
Range (NEB). Electrophoresis was performed at 120 volts until the dye front had migrated to the
end of the gel. Abbreviations are as follows: DS — desalted \
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Figure S4.4 Sample SDS-PAGE gels of purified cSTEPO and ySTEPO sensors. Samples were
mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes, then loaded into
15% acrylamide SDS-PAGE gels. The ladder used is the P7717 Unstained Protein Standard, Broad
Range (NEB). Electrophoresis was performed at 120 volts until the dye front had migrated to the
end of the gel. Abbreviations are as follows: DS — desalted
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Figure S4.5 Sample SDS-PAGE gels of purified rSTEPO and rSTEPO truncated sensors.
Samples were mixed 1:1 by volume with SDS-PAGE loading dye, heated to 95°C for 5 minutes,
then loaded into 15% acrylamide SDS-PAGE gels. The ladder used is the P7717 Unstained Protein
Standard, Broad Range (NEB). Electrophoresis was performed at 120 volts until the dye front had
migrated to the end of the gel. Abbreviations are as follows: DS — desalted. Note that red
fluorescent proteins undergo cleavage at the acylimine double bond of the chromophore when heat
denatured in preparation for SDS-PAGE." In rSTEPO, this cleavage should occur at position M202,
thereby producing fragments of 23 kDa and 9.5 kDa. The truncation mutants should have the same
23 kDa fragment, with the smaller fragment ranging from 9.3 kDa to 8.8 kDa.
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4.6.3 Raw Fluorescence Data
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Figure S4.6 M13-cpGFP fluorescence in the presence of calmodulin and BSA. Two biological
replicates are shown here. Fluorescence shown is the maximum emission at 550 nm when exciting
around 500 nm, with measurements performed in 20 mM sodium phosphate buffer containing 50
mM NaCl (pH 7.4). The (+) Ca2+ curves have 1 mM of CaCl, added, while the (=) Ca2+ curves
have 1 mM of EGTA added. Because the signal could not be saturated, no fit of the Hill equation
is included. Error bars are the standard deviation of duplicate measurements.
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Figure S4.7 Binding curves of M13-cpGFP. Excitation scans of 75 nM of biological replicates of
M13-cpGFP, mixed with varying concentrations of calmodulin, were performed in 20 mM sodium
phosphate buffer containing 50 mM NaCl, and 1 mM CaCl, (pH 7.4). Each experiment was
performed with a fresh purification of Calmodulin. The fluorescence signal is the emission at 550
nm, when exciting at 500 nm. As 600 nM was the maximum concentration of Calmodulin tested
and the signal was not saturated, a point at 10 000 nM of the same fluorescence was added (red
square), to allow a minimum value to be estimated for the parameters of the Hill equation. The
dashed lines are the results of a fit of the Hill equation to the values, and K4, AF/Fo and the value of
n calculated from the fit are reported for each curve. Error bars are the standard deviation of
duplicate measurements.
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Figure S4.8 Binding curves of PDZ-based sensors. Emission scans of 75 nM of purified cpGFP-
PDZ and PDZ-cpGFP, mixed with varying concentrations of PDZ-tag, were performed in 20 mM
sodium phosphate buffer containing 50 mM NaCl (pH 7.4). Both experiments were performed with
the same purification of PDZtag. The fluorescence signal is the emission at 515 nm, when exciting
at 485 nm. The dashed lines are the results of a fit of the Hill equation to the values, and Kg, AF/Fo
and the value of n calculated from the fit are reported for each curve. Error bars are the standard
deviation of triplicate measurements.
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Figure S4.9 Binding curves of gSTEPO.a and STEPtags. Emission scans of 75 nM of biological
replicates of gSTEPO.a, mixed with varying concentrations of STEPtag.a or STEPtag.b, were
performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). Each experiment
was performed with a fresh purification of the associated STEPtag. The fluorescence signal is the
emission at 515 nm, when exciting at 485 nm. The dashed lines are the results of a fit of the Hill
equation to the values, and Kgq, AF/Fo and the value of n calculated from the fit are reported for each
curve. Error bars are the standard deviation of triplicate measurements.
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Figure S4.10 Binding curves of gSTEPO.b and STEPtags. Emission scans of 75 nM of biological
replicates of gSTEPO.b, mixed with varying concentrations of MBP-STEPtag.b or STEPtag.a, were
performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). Each experiment
was performed with a fresh purification of the associated STEPtag. The fluorescence signal is the
emission at 515 nm, when exciting at 485 nm. The dashed lines are the results of a fit of the Hill
equation to the values, and Kgq, AF/Fo and the value of n calculated from the fit are reported for each
curve. Error bars are the standard deviation of triplicate measurements.

166



10000 -+ 16000

gSTEPO-T1-hBim | gSTEPO-T1-hBim .
=) ° o
=2 i - -
= 8000 ™ 12000 - (34
ry o ¢
9 6000 } ‘9
v 8000 -
[*]
$ 4000 { & _ggq-y? o -00-Y
[=]
2 4000 -
2000 7 K, (nM) n AF/F, Kq (nM n AF/F,
133 1.4 1.3 43.8 1.4 1.2
0 T LBLRRLLLYI T LELRRLLLI 1 0 T LELRRRLLLI T LELRRRLLLI 1
0 10 1000 0 10 1000
[MBP-STEPtag.b] (nM) [MBP-STEPtag.b] (nM)

Figure S4.11 Binding curves of gSTEPO-T1-hBim and MBP-STEPtag.b. Emission scans of 75
nM of biological replicates of gSTEPO-T1-hBim, mixed with varying concentrations of MBP-
STEPtag.b, were performed in 20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4).
Both experiments were performed with fresh purifications of MBP-STEPtag.b. The fluorescence
signal is the emission at 515 nm, when exciting at 485 nm. The dashed lines are the results of a fit
of the Hill equation to the values, and Kq, AF/Fo and the value of n calculated from the fit are
reported for each curve. Error bars are the standard deviation of triplicate measurements.
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Figure S4.12 Binding curves of rSTEPOQ. Emission scans of 350 nM (left) or 1475 nM (right) of
biological replicates of rSTEPO, mixed with varying concentrations of STEPtag, were performed in
20 mM sodium phosphate buffer containing 50 mM NaCl (pH 7.4). Each experiment was performed
with a fresh purification of STEPtag.a. The fluorescence signal is the emission at 592 nm, when
exciting at 540 nm. The dashed lines are the results of a fit of the Hill equation to the data, although
in this case the fit indicates no binding, and so no parameters are reported. Error bars are the
standard deviation of triplicate measurements.
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Figure S4.13 Binding curve of cSTEPO. Emission scans of 375 nM of purified cSTEPO, mixed
with varying concentrations of STEPtag.a, were performed in 20 mM sodium phosphate buffer
containing 50 mM NaCl (pH 7.4). The fluorescence signal is the emission at 490 nm, when exciting
at 430 nm. The dashed lines are the results of a fit of the Hill equation to the data, and Kq, AF/Fo
and the value of n calculated from the fit are reported. Error bars are the standard deviation of
triplicate measurements.
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Figure S4.14 Binding curve of ySTEPO. Emission scans of 75 nM of biological replicates of
ySTEPO, mixed with varying concentrations of STEPtag.a, were performed in 20 mM sodium
phosphate buffer containing 50 mM NaCl (pH 7.4). Each experiment was performed with a fresh
purification of STEPtag.a. The fluorescence signal is the emission at 530 nm, when exciting at
either 490 nm (left) or 512 nm (right). Note that the gain used differed between these two
experiments, so the fluorescence intensities are not directly comparable. The dashed lines are the
results of a fit of the Hill equation to the data, and Kq, AF/Fo and the value of n calculated from the
fit are reported. Error bars are the standard deviation of triplicate measurements.
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4.6.4 Supplementary Images

Figure S4.15 Model of RGECOL1 used to design rSTEPO. This figure shows the positions of the
mutations made to the RFP barrel during the evolution of RGECO1 (mutations made to the
calmodulin and M13 domains are not shown). Mutations that were kept in rSTEPO are coloured in
yellow, while those that were reverted to the corresponding mApple amino acids are coloured in
teal. Note that two other positions that are not visible in the crystal structure due to lack of electron
density were also mutated: M158L and N164D (based on the numbering relative to the mApple-
derived analogue of GCamP3). These positions are both on a loop at the top of the barrel, and were
reverted in rSTEPO. Figure based on the RGECOL1 crystal structure (PDB: 412Y)
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4.6.5 Multiple Sequence Alignment

CLUSTAL O(1.2.4) multiple sequence alignment

rSTEPO
ySTEPO
cSTEPO
gSTEP1

rSTEPO
ySTEPO
cSTEPO
gSTEP1

rSTEPO
ySTEPO
cSTEPO
gSTEP1

rSTEPO
ySTEPO
cSTEPO
gSTEP1

rSTEPO
ySTEPO
cSTEPO
gSTEP1

Figure S4.16 Multiple sequence alignment of the different colours of STEP. A multiple
sequence alignment was generated using Clustal Omega. Characters used to denote the degree of
conservation are: * positions that have a single fully conserved residue,
conservation between groups of strongly similar properties,

MHHHHHHDLRPEIWIAQELRRIGDEFNAYYARRHKIRPVVSER-MYPEDGALKSEIKKRL
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Chapter 5: Discussion and Perspectives

5.1 Summary

Fluorescent proteins are indispensable tools for studying biology at the molecular level.
Coupled with advances in microscopy techniques, their use as fusion tags now allows proteins to be
tracked at the single-molecule level,?32*® and they form the basis for a number of biosensors,® 236 237
measuring parameters including calcium ion levels,® 27 voltage across a membrane,® kinase
activity,® and protease activity.?*° Yet before any fluorescence can be detected, the proteins must first
mature to form the chromophore. This introduces a delay of tens of minutes between expression of a
fluorescent protein and the detection of fluorescence,® during which time no information can be
obtained about its localization or mobility. In order to avoid this problem, and allow detection of an
expressed protein within seconds after it has folded, we have developed a Sensor for Transiently
Expressed Proteins, or STEP, which is a two part biosensor. The first part consists of a circularly
permuted fluorescent protein tagged with a peptide, arranged such that the chromophore matures fully,
but is adjacent to a pore in the B-barrel structure, resulting in quenched, dim fluorescence. This part is
named XSTEP, where X is the colour of fluorescent protein used. The second part consists of a protein
tag, named STEPtag, which can be fused to a protein of interest. STEPtag binds specifically to the
peptide on the XSTEP, restoring bright fluorescence, resulting in a signal that can be visualised on the
timescale of binding, rather than maturation. This thesis presents the initial development and testing of
the STEP, using a circularly permuted green fluorescent protein with a Bim peptide as the gSTEP, and
a truncated Bcl-x. protein as the STEPtag. A series of rational improvements were introduced, mainly
based around the pore and the linker between the Bim peptide and the cpGFP, as these regions have
been shown to be important in the GCaMP family of calcium ion sensors upon which we based our
design for the STEP.%-82.8 These designs, coupled with the FACS-based screening of a combinatorial

saturation library, led us to our current best sensor, known as gSTEP1. We characterized the
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equilibrium binding of gSTEP1 to STEPtag, as well as the binding kinetics in vitro, confirming that
binding occurs on the order of seconds, with a Kq of 120 £ 30 nM, and showing an increase in
fluorescence (AF/Fo) of 3.4 + 0.5 times the baseline signal. We also demonstrated that the induction of
STEPtag expression in E. coli cells leads to an increase in the green fluorescence of gSTEP1, and that
this increase in fluorescence can be detected roughly 10 minutes before the fluorescence of induced
EGFP can be seen. Finally, we attempted to create orthogonal STEPs that could be used for
multiplexing, by changing both the binding pairs and colours of fluorescent protein used. In these
experiments, the binding pairs tested either did not perform as well as gSTEP1 and STEPtag, such as
the PDZ-based tags tested, or were not orthogonal, such as the gSTEPO.a/b sensors, based on different
peptides homologous to Bim, which both bound STEPtag.a/b tags. The different colours of the sensors
also require optimization, as the red and cyan versions showed effectively no binding, although the
yellow sensor, ySTEPO, performs reasonably. Thus, although we do not currently have multiple
orthogonal STEPs available, gSTEP1 is functional both in vitro and in cellulo, and scaffolds have been

prepared to begin optimizing the other colours and binding partners.

5.2 Future Directions

5.2.1 Improving the STEP by Rational Design and Directed Evolution

While gSTEP1 is functional, there is still room to improve it. A greater change in fluorescence
could be beneficial, as many biosensors show a AF/Foof 10 or more,3* 238241 and variants with different
affinity could also be useful to detect proteins at different concentrations in the cell, in particular higher
affinity sensors with a lower Kg, to ensure that even proteins of interest that are expressed at below
average concentrations can be detected.?®® 22 213 \While the detection of fluorophores at sub-
micromolar concentrations can be challenging, it is possible, for instance by using total internal

reflection fluorescence microscopy.?%
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In order to facilitate the rational design of the STEP, we have attempted to obtain crystal
structures of a number of constructs, including uni-gSTEPO, gSTEPO-T1, gSTEP1, ySTEPO, rSTEPO,
and a unimolecular version of gSTEP1 with STEPtag fused to its C-terminus. To date, none of these
constructs have yielded diffractable crystals, so attempts are ongoing. High-resolution structures have
proven invaluable in the understanding and engineering of improved fluorescent proteins and
GCaMPs. 11 22:42:50.84 |deally, crystal structures of the STEPs would be used to identify the interaction
surface between STEPtag and the barrel of the fluorescent protein, which could then be targeted for
the rational design of interactions that would increase affinity, for instance by introducing pairs of

hydrogen-bonding residues.

For rSTEP in particular, crystal structures could aid in understanding why no change in
fluorescence is seen, as it has been shown that RCaMP and R-GECO red fluorescent calcium ion
sensors have different orientations of the fluorescent protein and the bound peptide-protein complex,
leading to different residues interacting with the chromophore. If a similar case is seen with rSTEP, it
could be possible that binding is occurring, but that it does not influence any of the residues interacting
with the chromophore. An alternative explanation for not seeing a change when STEPtag is added
would simply be that no binding is occurring. To confirm whether binding occurs independently of a
fluorescent signal, we could use a biophysical method to detect protein-protein binding, such as
isothermal titration calorimetry (ITC),%* or surface plasmon resonance (SPR).?* If binding occurs,
then an experiment similar to the linker saturation library used to identify gSTEP1 could be used to
identify combinations of residues that would interact with the chromophore and change the

fluorescence.

If the crystal structures continue to be elusive, we can also attempt to improve the STEP
through directed evolution, initially by randomly mutating both gSTEP1 and STEPtag independently.

We have already shown that FACS can be used to detect bright mutants of gSTEP, and our flow
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cytometry results suggest that the pZA23/pBAD expression system should properly express both the
on state and off state of the sensor, allowing us to perform the two-step sort that was attempted with
the linker saturation library, to screen for mutants with an increase in AF/Fo. With this expression
system, the cloning step to remove STEPtag from the Duet vector will be unnecessary, so we will
simply begin by sorting the cells with baseline gSTEP expression from pZA23, to select the population
that has an unbound, baseline signal similar to that of the parent. The selected cells will then be returned
to growth media, transcription of STEPtag will be induced with arabinose, and the cells in the on state
will be sorted again, this time selecting for the brightest population of cells, as the sensor should be in
its bound, bright state. Unlike the previous attempt, this iteration of the two-step screen will test the on
state as part of the final sort, thereby confirming that any mutants picked for the plate-based testing
will be fluorescent. This should prevent the reoccurrence of what was seen with the negative population
in the original sort, where cells that we hoped would contain low-baseline mutants ended up simply
being nonfluorescent. Alternatively, if the FACS screen continues to have difficulty detecting mutants
with improved sensor activity, we could simply perform a positive sort to select bright mutants, and
apply our 96-well plate-based bacterial kinetic assay (Chapter 3) to identify mutants that rapidly
increase in fluorescence when STEPtag is added. In either case, a two-step screening method should
allow us to identify mutants that are not just bright in the bound state, but that also maintain their dim

off state, resulting in gSTEP1 mutants with improved AF/Fo.

Additionally, the same system could be used to screen for mutants of gSTEP1 or STEPtag with
improved Kg. As the level of induction of the Psap promoter can be modulated by the concentration of
arabinose added,'® the resulting concentration of STEPtag produced can be changed. By inducing
gSTEP1 as normal, and STEPtag with lower concentrations of arabinose, the FACS screen for
fluorescence can be made more stringent for tight-binding interactions, as cells where gSTEP1 is

saturated with STEPtag will be brighter than those where gSTEPL1 is only partially bound. Due to leaky
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expression from the pBAD vector, there is a lower limit to the concentration of STEPtag produced in
the cell, as even the fully repressed vector was found to produce roughly 60 molecules/cell, while the
fully induced vector produced roughly 20,000 molecules/cell.*>® By approximating the volume of an
E. coli cell to 1 pm?32t:2* this leads to an approximate concentration of STEPtag of 100 nM, even
when pBAD is fully repressed. Thus, this method will have a lower limit of Kq discrimination around
100 nM, where the cells both before and after induction of STEPtag will show similar levels of gSTEP1
fluorescence. This should still allow some improvement in Kqto be detected, and it could be possible
to further lower the baseline STEPtag expression by using a lower copy number plasmid, as it has
been found that the copy number of the plasmid affects the number of protein molecules produced in
the repressed state.??® We have therefore identified methods to further improve the STEP, by rational

design if crystal structures can be obtained, or by directed evolution if not.

In general, the process of developing the STEP has demonstrated the interconnectivity of the individual
structural components that make up the biosensor. This is most apparent in the modifications made to
the linker length and peptide sequence as described in Chapter 3, where the combination of the best
linker and binding partner led to a mutant with a chromophore environment that favoured the neutral
form of the chromophore, unlike what was observed in the two parents. This epistasis means that we
cannot treat a protein as a collection of independent, modular domains, and thus a more holistic
approach to design would be beneficial, where all aspects are considered simultaneously. Practically,
this may not be entirely feasible, due to the combinatorial increase in library size with each introduced
factor, but minimally it means that positions that were optimized in the context of one STEP scaffold
may need to be revisited as the structure of the biosensor changes. For instance, a linker that was
optimized in the context of a GFP-based sensor is unlikely to be ideal for the RFP-based version, and
vice-versa. On a positive note, the development of the STEP has also shown that lessons learned in the

development of the GECIs can be applied to other biosensors based on similar scaffolds. Aspects such
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as linker sequence and length that have been shown to affect fluorescence in prior biosensors also did
so inthe STEP, so targeting these same locations when developing new cpFP-based biosensors is likely

to bear fruit.

5.2.2 Applying the STEP: Transiently Expressed Proteins and Beyond

The overall goal of the STEP remains the detection of transiently expressed proteins. One of
the original targets for the project was tracking the establishment of the Bicoid gradient in
Drosophila,?* where Little et al. noticed that the maturation time of their fluorescent protein tags could
have an effect on their measured concentration gradient.!® This target remains one of the reasons why
higher affinity versions of the STEP are desired, as the Bicoid gradient ranges from roughly 55 nM to
0 nM in the nucleus, based on the position along the anterior-posterior axis.?* It is therefore unlikely
that much signal will be obtained from gSTEP1, with a Kq of 120 nM, if it is expressed alongside a
Bicoid-STEPtag fusion. Engineering a STEP with a Kq in the low nanomolar range is thus a challenge

that remains for this application.

Yet the Bicoid gradient is not the only example of a transient cellular process. Another potential
use of the STEP would be the real-time tracking of the vertebrate somitogenesis clock, an oscillatory
system that dictates the segmentation of the embryo as it grows.?*” In zebrafish, this oscillator has been
found to have a period of 25-30 minutes,?* 24° and the Herl and Her7 regulatory proteins involved
were found to degrade rapidly, on the 10-minute scale.?®® Thus, these proteins cannot be tracked in
real-time as GFP fusions, as some of the proteins will have degraded before the fusion tag has fully
matured, whereas the STEP will not be limited by this factor. In fact, any study interested in comparing
transcriptional and translational dynamics could potentially be an application for the STEP, such as the
correlation of mRNA to protein levels in the cell,® or characterization of promoter kinetics.®? As we
discussed in the Introduction (Section 1.1.4), the delay required for maturation can introduce errors

when determining protein concentration shortly after translation, thereby hiding information that can
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be important to modelling biological processes. By reducing this delay from the minute timescale to

the second timescale, the STEP can improve the temporal resolution of the data acquired.

Another potential use for the STEP would be to track the mixing of two cellular compartments.
If a population of gSTEP and STEPtag are separated by a membrane, membrane degradation could be
visualized by the increase in fluorescence as the two halves of the STEP mix. Tracking this increase in
signal could be simpler than following a fluorescent protein from one compartment to the other, as this
would be observed as a dilution of the concentration of fluorescent proteins, and thus a loss in signal.
The STEP could therefore be used for applications such visualizing extracellular vesicle trafficking
between different cells,®! or tracking the release of infectious bacteria into the cytoplasm of host

cells,??

where small compartments containing STEPtag could be visualized as they mix with the
cytoplasm of gSTEP-containing host cells. These are examples of applications suggested to us by
collaborators after hearing about the STEP, and we were excited to discover that the rapid binding
kinetics of the sensor can potentially solve other research problems, outside of our initial goal of

visualizing proteins immediately post-translation.

In each of these applications, it will be important to perform control experiments to verify
cellular localization of the STEP and STEPtag. As the binding pair used for molecular recognition in
gSTEP1 is the human Bim peptide and a truncated version of the human Bcl-xL protein, it is possible
that binding of sensor components to endogenous equivalents of Bim and Bcl-xL will occur when the
sensor is expressed in human cells. Although we have removed the membrane-binding domains from
these proteins (see Chapter 1.2) to reduce the likelihood that STEP expression will affect the cellular
apoptosis pathway, it will be important to verify that this is the case, and ensure that the STEP

components do not localize to the mitochondrial membranes as a result of off-target binding.
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5.3 Perspective on the STEP: Adding to the Toolbox of Fluorescent Protein-based Biosensors
The general concept of a fluorescent reporter that is separate from the protein of interest, of
which the STEP is an example, has been used to solve a number of problems in biological imaging,
and each system comes with advantages and disadvantages.?>* For example, in cases where the size of
the fluorescent protein label (=27 kDa) perturbs the activity or expression of the POI, peptide motifs
that bind to fluorophores have been used, either by direct labelling of the peptide with a small molecule
fluorophore, as in the FLASH labelling developed by the Tsien lab,?®* and the more recent FIARe
technique,?® or by binding the peptide with a fluorescently labelled protein, such as a nanobody,* or
the engineered covalently-binding Spycatcher protein.?*® The major disadvantage to these methods is
that the fluorophores are not genetically encodable, and thus must be synthesized and injected into the

organism of interest.

In order to maintain the genetically encoded fluorophore associated with fluorescent proteins
while using a small peptide tag, a number of split fluorescent proteins have been created, where one or
more of the B-strands of the FP barrel are used as a peptide tag, and the remainder of the fluorescent
protein is expressed separately. Examples of these systems include the split GFP system based on
superfolder GFP missing strands 10 and 11, which uses those missing strands as the peptide tag or
tags, "2 as well as the leave-one-out GFPs,2%% 261 where each possible construct missing a single
secondary structure element, including all of the B-strands and the a-helix, were tested for fluorescence
when the missing element was added, to varying degrees of success. The split-GFP constructs in
particular are widely used to detect protein-protein interactions and test the solubility of tagged
proteins, but they are not suitable for the detection of transiently expressed proteins, as it has been
found that the chromophore maturation process does not begin until after complementation of the

protein, leading to the same delay as if a GFP fusion was used.
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With that delay in mind, there are also tags that have been specifically developed to detect
protein translation. Gaussia luciferase has been used as a tag that generates a luminescent signal within
seconds of protein translation, however it requires the addition of exogenous coelenterazine as a
substrate,?®2 which poses additional challenges for use in live animal embryos. Furthermore, it exhibits
flash kinetics that rapidly decay, preventing continued tracking of the synthesized protein. The

SunTag®? and MoonTag?*

systems consist of peptide sequences that can be bound by fluorescent
protein-tagged antibodies. By binding up to 24 copies of the fluorescent protein tag, the nascent protein
can be detected by the concentration of fluorescent signal. As with the STEP, this system allows the
fluorescent protein to mature before the protein of interest is expressed, but it is a very large tag (1400
kDa once 24 antibody-GFP fusions have bound), which has the potential to interfere with activity and
mobility of the POI. Other protein expression sensors rely on the translocation of mature fluorescent
proteins to provide the signal. The dynamic protein synthesis translocation reporter (dPSTR) is one
such sensor,?® where a constitutively expressed fluorescent protein is attached to a synthetic SynZip
coiled-coil peptide,'°” and freely diffuses between the cytoplasm and the nucleus. Another construct
consisting of the cognate SynZip and nuclear localization signals is placed under the control of the
promoter driving the process of interest. Translation occurring from the promoter is detected by
concentration of the fluorescent protein signal in the nucleus. This is therefore an indirect method to
detect protein translation, as the protein of interest remains untagged, and so localization information
needs to be obtained by another method. Bothma et al.?®® realized that such a method could be used to
directly detect the POI in the specific case of studying transcription factors, which already localize to
the nucleus. They developed the LlamaTag system, where the transcription factor to be studied is fused
with a nanobody that binds GFP.?" EGFP expressed in advance can therefore be bound by the

transcription factor once it is expressed, and will be imported to the nucleus as part of its native activity,

allowing cells with active translation of the transcription factor to be detected by nuclear concentration
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of the fluorescent signal. This is an effective, direct system with rapid binding kinetics, but is limited

to proteins of interest that localize outside of the cytosol.

As was discussed in Chapter 2, the existing sensors most resembling the STEP are the
dimerization-dependent fluorescent proteins,?!” ?18 and the Flashbody.?!° Each of these systems consist
of a quenched, mature fluorescent protein, which increases in signal upon binding of a protein-based
tag, either a fluorescent protein without a chromophore, or a peptide antigen. Thus, the signal-to-noise
ratio and affinity are the main distinctions between these sensors. The dimerization-dependent
fluorescent proteins have excellent signal-to-noise ratios, with 12- to 60-fold changes in fluorescence
intensity, depending on the colour of sensor used, but were designed to have Kg values in the
micromolar range, and thus would not be suitable for detecting proteins at low concentrations. The
Flashbody has a lower Kq of 400 nM, with a AF/Fo of 3, which is comparable to gSTEP1, with its K4
of 120 = 30 nM and AF/Fq of 3.4 + 0.5. The kon of the Flashbody, interestingly, was measured to be 3.4
x 103Ms?, considerably slower than the 1.7 x 10° M*s™ measured for gSTEP1. Thus, the point where
the STEP currently shines is in its high affinity for STEPtag, allowing it to detect targets at a lower
concentration, as well as its rapid on-rate, allowing it to detect the target POl with as little delay as

possible.

Thus, a niche is available for the STEP to provide new insight and understanding into protein
expression in living cells. With the advent of CRISPR/Cas9 genome editing and the creation of a

synthetic bacterial genome,?®

the tools required to edit DNA sequences in living organisms are more
accessible than ever before. In order to wisely use these tools, our understanding of how the DNA
sequences dictate the transcriptional and translational patterns required to maintain a whole organism
needs to keep pace with them. By expanding the toolbox of biosensors, we hope that the STEP will

prove of some use in this goal, by providing spatial and temporal information about protein translation

at a timescale that standard fluorescent protein tags cannot reach.
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