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Abstract

Fluorescent protein biosensors have become an important tool for
neuroscience research. Highly optimized biosensors for Ca?* are widely used to
study neuronal activity in live animals. Underlying the impressive functionality of
these fluorescent probes has been a tremendous research and engineering effort
to understand their function and engineer new variants with improved performance.
While the potential for fluorescent biosensors to enable new directions in biological
research is clear, biosensors for other targets have not reached the same
widespread usage or impact. Underlying this is a combination of factors including
the difficulty of generating new and improved biosensors and the challenge of
identifying informative analytes to measure.

To address these issues, | have worked to accelerate biosensor design and
optimization using a high-throughput protein engineering approach. In an initial
demonstration, | show that hundreds of unique insertions of circularly permuted
GFP into maltose binding protein (MBP) can be simultaneously assayed for
brightness and dynamic range which resulted in the discovery of new high-dynamic-
range variants. Furthermore, to demonstrate the use of massively parallel assays
to optimize biosensors, | characterized linker mutations made to an existing
pyruvate biosensor. This effort produced a variant with double the dynamic range
compared to the starting sequence. In addition, the data generated from this assay
was used to train machine learning models to predict dynamic range from linker
sequence, providing valuable insights into the relative importance of different
biochemical features at each linker position. Taken together this study

demonstrates that massively parallel assays provide an efficient method to screen



diverse biosensor libraries for improved variants, while generating crucial
sequence-function data.

For studies of metabolism, flux through a pathway is often the parameter of
interest. However, flux being a rate is not amenable to measurement by fluorescent
biosensors which naturally report concentrations. Recent research suggests that
certain pathway intermediates exhibit concentrations that are intrinsically correlated
with flux. For glycolysis the intermediate fructose 1,6-bisphosphate (FBP) is
proposed to serve as a flux-signaling metabolite. Using the transcription factor
CggR, which allows bacteria to sense and respond to changes in flux, | constructed
a fluorescent biosensor for FBP. High-throughput assays were used to screen for
a suitable site in CggR to insert cpGFP, followed by characterizing linker libraries
to optimize dynamic range. The resulting FBP biosensor termed HYlight possess a
sensitive ratiometric signal that makes it well suited for use in live cells. The use of
HYlight for tracking changes in glycolytic flux with high spatiotemporal resolution
was demonstrated primarily in pancreatic beta cells due to unique aspects of
glycolytic metabolism in this cell type. The ubiquity and importance of glycolysis
combined with the flexibility of fluorescent biosensors suggests HYlight will be

broadly useful for studying glycolytic metabolism in many biological systems.



Chapter 1. Introduction

Scientific discovery is often stimulated by the development of tools that enable
new ways to observe and measure nature. Metabolism is of fundamental
importance to cellular physiology but remains difficult to study with high
spatiotemporal resolution in live tissues. Fluorescent protein biosensors enable
concentration measurements for specific analytes over time with single cell
resolution. These genetically encoded reagents function by combining a ligand-
binding domain (LBD) with a fluorescent protein (FP) such that ligand binding
results in altered fluorescence intensity (Fig. 1). The site of FP insertion into the
LBD and the linkers connecting the two domains are of critical importance for
generating functional coupling. Currently, the optimal combination for these
parameters cannot be predicted thus necessitating brute force screens for
functional sequences. Two key complementary technologies, massively parallel
assays and machine learning applied to protein engineering, show promise for
overcoming existing bottlenecks. The successful generation of fluorescent
biosensors for important metabolites will enable researchers to ask new questions

about the regulation of metabolism in live cells.



Figure 1. The structure of a prototypical single-FP biosensor (PDB: 30SQ) consisting of
cpGFP (green) inserted into a ligand-binding domain (blue) with linkers (orange) connecting
the two domains?2.

1.1 Fluorescent proteins and biosensors

Fluorescence

The inner workings of the cell are of fundamental interest to the field of biology.
However, it has historically been difficult to measure aspects of function without
disturbing cellular integrity. A long-standing solution to this problem has been to
probe the cell with light. In fact, the discovery of the cellular basis of life was aided
by the technological development of the optical microscope. The utility of light in
microscopy is derived from its ability to penetrate the cell with minimal disturbance
and be partially absorbed, which generates the contrast needed to visualize cellular
structures. The process of absorption results in a passing of energy from the photon

to the absorbing molecule. Generally, this energy is dissipated as heat, but for some



molecules, called fluorophores, this energy can be emitted as a lower energy
photon of light in a process called fluorescence. The brightness of a fluorophore is
determined by how well it absorbs lights, quantified as the extinction coefficient,
and how efficiently absorbed photons are converted to emitted photons, quantified
as the quantum yield. Fluorescence intensity, which is the product of fluorophore
concentration and brightness, can be quantified by measuring the number of

emitted photons.

Fluorescence microscopy

Fluorescent molecules alter the energy, and thus the wavelength, of light. This
feature presents an opportunity to interrogate the intracellular environment with
increased specificity. To image fluorescent molecules inside cells, microscopes
have been developed that illuminate the sample with a laser of the specific
wavelength required for excitation and then measure filtered light containing only
the specific wavelength of fluorescence emission. Fluorescent microscopes can
generate images with enhanced contrast owing to the low intrinsic fluorescence
exhibited by most cells. Significant research has been devoted to the chemical
synthesis of cell permeable fluorescent dyes that interact with intracellular
structures. These dyes can be used to “spy on cells” in the words of Roger Tsien?,
effectively sneaking into the cell and reporting back the hidden activities and
structures contained within the intracellular environment. While small molecule
dyes have found extensive use for fluorescence microscopy, biology has devised
its own methods for synthesizing fluorophores which exhibit a variety of unique

properties and advantages.



Discovery of a green fluorescent protein

Green fluorescent protein (GFP) has attracted significant research and
engineering effort because of its widespread utility in biological research*®. The
discovery of this protein in 1962 was prompted by the observable emission of green
light from the jellyfish Aequorea victoria®. Shimomura et al. isolated the pair of
proteins responsible for this phenomenon. They showed the chemiluminescent
enzyme aequorin oxidates coelenterazine emitting 470 nm light, which in turn
excites the fluorescent protein (FP) causing emission of green 508 nm light”:8. While
both proteins have applications as research tools, the requirement of aequorin, and
other chemiluminescent proteins (firefly luciferase), for coelenterazine/luciferin
limits their use in organisms that do not possess an endogenous source of the
substrate. The finding that transgenic E. coli and C. elegans expressing the GFP
protein from transgenic DNA exhibited fluorescence, indicated that no additional
post-transcriptional modifications or cofactors, besides oxygen, were necessary®.
This discovery suggested that GFP could possibly be utilized as a genetically

encoded fluorescent tag in any aerobic biological system.
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Figure 2. (A) The structure of GFP (PDB: 1EMA)*!°. Residues 145-148 (orange) produce
are proximal to the fluorophore (bright green). (B) The excitation spectrum for wildtype GFP
exhibits a major peak at 395 nm and a minor peak at 475 nm, while a single emission peak
is present at 510 nm*!, (C) The GFP fluorophore exists in an equilibrium between neutral
and anionic states which are responsible for excitation at 395 and 475 nm respectively.
Excited state proton transfer (ESPT) occurs with absorption of 395 nm light resulting in
emission from a deprotonated state.

GFP structure

The GFP structure consists of an 11-stranded beta-barrel (Fig. 2A). Running
through the center of the beta-barrel is an alpha-helix containing the
fluorophore!®2, The fluorophore is buried near the center of the cylinder which
serves to protect it from the surrounding solvent. The GFP amino acids 65-67,
which are Ser-Tyr-Gly, form the fluorophore through an intramolecular reaction that
proceeds after the protein is folded. First, the imidazolinone ring is formed by
nucleophilic attack of the amide of Gly67 on the carbonyl of residue 65 followed by
dehydration. Following cyclization, a dehydrogenation of residue Tyr66 results in

conjugation between the phenol and imidazolinone moieties**!4. Elucidation of the
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fluorophore chemical structure was crucial to early engineering efforts to adapt GFP

for specific uses.

GFP fluorescence spectrum

The wildtype GFP fluorophore exhibits a major excitation peak at 395 nm and a
minor peak at 475 nm (Fig. 2B). Because 375 nm UV light is considered cytotoxic,
initial efforts to engineer GFP were focused on improving excitation with 475 nm
light. The spectral properties of GFP can be altered by mutating the residues
comprising the fluorophore, or by mutating neighboring residues that define the
local chemical environment. The fluorophore residues Ser65 and Tyr66 can both
tolerate some mutations with interesting effects, while residue Gly67 is strictly
conserved in all known GFP mutants that retain fluorescence. An initial observation
that the relative intensity of the two peaks is sensitive to pH suggested that the dual
excitation wavelengths result from the protonation state of the fluorophore (Fig. 2C).
The equilibrium between neutral phenol and anionic phenolate would then
determine the relative intensity of the 395 and 475 nm peaks, respectively. The
mutation Ser65Thr results in a dramatic increase in the relative intensity of the 475
nm excitation peak. This mutation does not change the conjugated portion of the
fluorophore but does alter the side chain resulting in the loss of a key hydrogen
bond from Ser65 to Glu222. This change to the hydrogen bond network ultimately
prevents ionization of Glu222 which stabilizes the anionic phenolate leading to a
dramatic enhancement of 475 nm excitation'®>. The Ser65Thr mutation in
combination with a mutation that enhances folding efficiency (Phe64Leu) results in

significantly improved brightness and folding at 37° C. This variant commonly
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referred to as enhanced GFP (EGFP) became the standard for fluorescence

microscopy using widely available 488 nm lasers?®.

Excited State Proton Transfer

While the neutral state predominates in wildtype GFP (WtGFP), excitation by
395 nm light does not directly result in strong fluorescence emission but instead
drives the phenol to become more acidic. A transient third state in which the phenol
is deprotonated is then responsible for fluorescence emission. This process of
excited state proton transfer (ESPT) requires a proton acceptor to facilitate
conversion. In wtGFP the proton travels along a chain of hydrogen bonds from the
fluorophore to a water molecule, to the side chain hydroxyl of S205, finally
terminating in protonation of the Glu222 carboxylate. Mutation of Glu222 to Gly
prevents the final step in this pathway and disrupts ESPT. The Ser65Thr mutation
also reduces the efficiency of ESPT by shifting the Glu222 sidechain and disrupting
the hydrogen bonding pathway®®. Understanding the complexities of the chemical
states and processes underlying GFP fluorescence provide an avenue for

generating dynamic changes in fluorescence.

Red fluorescent proteins

Efforts to red-shift the GFP excitation and emission spectra by random
mutagenesis while initially successful in producing yellow fluorescent proteins
eventually produced diminishing returns. Scientists instead looked for naturally
occurring homologous proteins with desired spectral properties. Red fluorescent
proteins derived from mushroom coral (Discosoma sp.)'’ and bubble-tip anemone
(Entacmaea quadricolor)!®1® are spectrally separated from GFP with excitation and

emission maxima at greater than 560 and 580 nm respectively. The significant red-
12



shift is produced by an additional oxidation reaction in the peptide backbone
fluorophore residue GIn66 (Ser65 in GFP). RFPs have been iteratively mutated and
selected for improved maturation, brightness and monomericity resulting in a
unigue lineage like that for GFP?. The spectral compatibility of GFP and RFP
variants has been an important achievement for generating multiplexed

fluorescence measurements in single cells.

1.1.1 Fluorescent Proteins as Active Indicators

Sensitivity of GFP fluorescence to pH

While the initial applications of GFP consisted of tagging proteins of interest to
detect aspects of spatial distribution and abundance?, it was quickly discovered that
the intensity of emission could serve as an active indicator of cellular parameters.
In vitro assays of purified proteins revealed that many GFP variants were pH
sensitive. The sensitivity of fluorescence intensity at a given excitation wavelength
can be attributed to changes in the protonation equilibrium of the fluorophore phenol
moiety*®14. These sensitized GFP variants can then serve as intracellular reporters
to measure the pH of the cytoplasm or specific organelles through appropriate
targeting sequences?’. In this manner, a simple biochemical observation of GFP
was utilized to produce one of the first examples of a completely genetically

encoded fluorescent biological sensor, which we will refer to as a biosensor.

FRET

An additional motivation underlying the efforts to expand the spectral diversity
of fluorescent proteins was an interest in exploiting a phenomenon known as

Forster resonance energy transfer (FRET) to produce biosensors. FRET occurs
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when two fluorophores are in <100A proximity and the emission spectra of one
fluorophore (termed the donor) overlaps with the excitation spectra of the other
(termed the acceptor). In such a configuration, excitation of the acceptor can result
in energy transfer through space between the two fluorophores causing emission
from the donor. The efficiency of this effect depends on the distance and orientation
of the two fluorophores, providing a conceptually simple mechanism for generating
fluorescent changes in response to biochemical events?*%. For example, a simple
protease activity biosensor was generated by fusing a blue emitting fluorescent
protein (BFP) to EGFP separated by a protease sensitive linker?4. Initially, FRET
efficiency between the BFP donor and GFP acceptor will be high due to the forced
proximity, but following cleavage by the protease, FRET efficiency will decrease as
the FPs diffuse away from each other. A more generalizable design for dynamic
and reversible FRET biosensors consists of a donor and acceptor FP attached to
the termini of two interacting proteins. For example, calcium biosensors have been
constructed by attaching BFP to M13 and GFP to Calmodulin, which binds M13 in
a Ca?* dependent manner®. Alternatively, the donor and acceptor can be attached
to the N- and C-termini of a single protein that undergoes conformational changes
with ligand binding resulting in changes in the distance and orientation of the two

fluorophores.

Advantages and disadvantages of FRET

The major advantage of FRET biosensors is the inherently ratiometric readout.
Typically, the intensity for both the donor and acceptor are measured and used to
calculate a ratio parameter. The donor to acceptor ratio is independent of

confounding variables such as differences in protein concentration and movement
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artifacts that are often encountered when imaging samples. In addition, the
mechanism underlying FRET, changes in distance, is easy to conceptualize and
engineer onto existing proteins. While these properties make FRET-based
biosensors easier to design, image, and quantify, there are several limitations to
their use. By design, two emission channels are occupied by a single FRET
biosensor which limits opportunities for measuring multiple biosensors in parallel.
In addition, the passage of light through tissue is wavelength dependent with longer
wavelengths experiencing decreased scattering, which poses a challenge for
guantifying the two emission wavelengths at different tissue depths. Finally, even
for highly optimized biosensors, the maximal changes in FRET efficiency elicited

by a given biochemical stimulus are often relatively small.

1.1.2 Single Fluorescent Protein Biosensors

Discovery of GFP circular permutation

An increasingly common and useful biosensor design involves dynamic
modulation of the intensity derived from a single fluorescent protein. So called
single fluorescent protein biosensors (SFPBs) generally rely on a circularly
permuted FP (cpFP) in which the original N and C termini have been joined by a
flexible linker while new termini have been created by opening an internal site of
the protein. The tolerance of GFP to circular permutation stemmed from the
discovery that a mutant featuring the replacement of residue Tyr145 in CFP with a
hexapeptide surprisingly retained fluorescence?®. This finding suggested that
insertion of larger domains, or circular permutation with the new termini placed at
amino acid 145 might also be possible. Indeed, these two modifications were not

only tolerated, but of foundational importance for generating improved fluorescent
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biosensors. The Tyrl45 insertion site resides in a small bulge extruding from the
beta barrel that makes space for the fluorophore phenol (Fig. 2A)*°. By disrupting
the beta barrel at residue 145 the key residues surrounding the fluorophore that
determine the equilibrium between anionic phenolate and neutral phenol can be
replaced. Ideally, these new residues and their interactions with fluorophore will be
dynamically rearranged upon binding of Ca?* resulting in changes in the state of the
fluorophore and thus emission intensity. Indeed, insertion of Calmodulin between
amino acid 145 and 146 of EYFP produced a fusion protein with large changes in
488 nm fluorescence between the calcium-bound and apo states. This construct,
created in 1999 and referred to as Camgaroo, was the first engineered single

fluorescent protein biosensor®.

Single-FP biosensors for Ca?

In 2000, two papers released in quick succession provided the blueprint for what
remains the most used series of fluorescent biosensors. Instead of inserting a
binding domain directly into an FP, these new biosensors relied on the recently
developed circularly permuted GFP (cpGFP) in which the original termini are joined
by a short linker and new termini are created at amino acid 145. The two
biosensors, pericam?’ and GCaMP?, each consist of a circularly permuted FP (YFP
and GFP respectively), with M13 attached to the N-terminus and Calmodulin to the
C-terminus. The residues comprising the junction between the cpGFP termini and
Calmodulin/M13 are proximal to the fluorophore and through ligand-dependent
conformational changes can alter the local chemical environment resulting in
altered fluorescence intensity. Indeed, these two prototypical genetically encoded

calcium indicators (GECIs) exhibited relatively large fluorescence responses to
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Ca?" when compared to existing FRET biosensors. Additionally, from a theoretical
point of view, the single fluorescent protein biosensor design might yield vastly

enhanced signal to noise levels with further optimization.

Mechanistic insights into GCaMP function

In the 21 years since its initial publication, the GCaMP biosensor design has
been iteratively optimized. Among many properties, one consistent goal is to
maximize the relative change in the 488 nm excited fluorescence between the Ca+-
bound and apo states, referred to as dynamic range. The brightness of a
fluorophore is determined by the concentration, how well the fluorophore absorbs
light (the extinction coefficient), and how efficiently absorbed light is translated into
emitted light (quantum vyield). Therefore, the Ca?" dependent increases in
brightness for GCaMP biosensors must ultimately depend on some combination of
changes in concentration, extinction coefficient, or quantum vyield. For GCaMP6
which has been studied extensively, the major contribution lies in rapid changes to
the effective concentration of the fluorophore, in this case specifically the state of
the fluorophore which absorbs 488 nm light. Although for GCaMP biosensors the
major excitation occurs at 488 nm rather than 400 nm light, the fluorophore still
exists in an equilibrium between a neutral phenol and anionic phenolate. In the
unbound state, almost all the fluorophore is the protonated neutral form and thus
absorbs 405 nm light, but due to inefficient ESPT does not strongly fluoresce. Upon
binding Ca?*, a change in the fluorophore pKa results in a shift to about 50%
deprotonated fluorophore. The relative increase in abundance of the anionic state
causes the observed increase in fluorescence emission when excited by 488 nm

light. The change in pKa can be largely attributed to the displacement of the
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negatively charged Glu148 sidechain away from the fluorophore with binding which
alters the local electronic potential®®. Despite the demonstrated importance of the
negatively charged Glul48 in GCaMP2 and GCaMP6m, this residue is often
replaced with His, Asp or even nonpolar lle in other biosensor designs*. While
knowledge of the mechanism underlying fluorescence switching for existing
biosensors is important, the understanding has not yet translated to instructive rules

for designing new biosensors.

Quantification of single-FP biosensor signal

The rapid adoption of GCaMP in neuroscience research can be attributed to the
unique compatibility between its properties and the signal it measures. GCaMP is
excited by a single wavelength and its emission is measured at a single wavelength.
The relevant signal is the emission intensity, which is referred to as an
intensiometric readout. The intensity of emission is responsive to the Ca?
concentration, but like all intensiometric readouts also critically depends on the
concentration of fluorophore in each cell. The biological signal of interest being fast
spikes in Ca?* that occur with action potentials is roughly digital. Inference on Ca?*
transients thus require only that the relative change in fluorescence intensity within
single neurons be reliable recorded, while comparing the intensity between cells is
not of interest. As GCaMP has been the prototypical single-FP biosensors, its
design has often served as a template although this may not always be appropriate
for new analytes.

Fluorescent biosensors applied to cellular metabolism aim to capture an analog
signal, the change in analyte concentration. An alternative quantification strategy

relies on the dual excitation capacity of GFP. Excitation of the biosensor fluorophore
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at two wavelengths can be used to produce a ratio of measured intensity.
Importantly, the excitation ratio will not depend on biosensor concentration.
Ratiometric biosensors are well suited for comparison of metabolite concentration
between cells which is required to investigate aspects of cellular heterogeneity.
While ratiometric biosensors offer enhanced utility for metabolism, the specific
mechanisms which facilitate ESPT in cpFP-based biosensors remain largely
unexplored.

Fluorescence lifetime imaging (FLIM) presents another option for biosensor
imaging. Some biosensors exhibit ligand-dependent changes in the average time
between photon absorption and emission. Like an excitation ratio, lifetime is
independent of fluorophore concentration making it a useful readout for comparing
cells with different expression levels. Fluorescence lifetime can be quantified in live
cells but requires a specialized microscope setup which has limited its use as a
biosensor readout. In contrast to ratiometric readouts, fluorescence lifetime does
not depend on instrument settings, making it possible to calibrate biosensor signals
across instruments and derive absolute concentrations®!. Fluorescence lifetime is
proportional to quantum yield, indicating that biosensors that function by changes
in fluorophore pKa (notably excitation ratio biosensors, but also GCaMP where the
neutral state is non-fluorescent) will not exhibit robust lifetime changes.
Understanding the mechanism, whether changes in quantum yield or protonation
state, for existing biosensors is an important step to inform the design of new

biosensors with optimized readouts.
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1.2 Protein engineering

Biosensors represent an interesting and experimentally tractable test case for
several broadly important concepts in protein engineering. Specifically, biosensors
are allosteric proteins with complex functions dependent on at least two
conformational states that exhibit highly epistatic sequence-function landscapes.
To solve the problems associated with engineering these proteins, ideas from the

broader field of protein science and engineering will be of use.

Semi-rational design

Protein engineering as a discipline seeks to develop an understanding of the
sequence-function relationship to inform the design of new proteins with improved
properties. Historically the key technique of protein engineering has been the ability
to make mutations to the amino acid sequence of a protein and measure the
functional impact. Through careful selection of targeted residues and informative
substitutions, the physiochemical basis of protein function can be inferred. This
methodology can be adapted to engineer proteins by rationally introducing
mutations which are predicted to increase function. As demonstrated by the
examples regarding GFP and fluorescent biosensors outlined above, this
experimental paradigm has proven to be useful for understanding these proteins.
In practice however, the iterative improvements in fluorescent biosensor function
were not the result of rational design guided by the laws of physics and chemistry.
Instead, highly optimized fluorescent biosensors were discovered using a semi-
rational approach combining random mutagenesis of important residues with
assays for biosensor function. While semi-rational design has been successful in

finding improved sequences, this paradigm requires extensive screening incurring
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significant time and labor costs and has not necessarily resulted in general insights
into biosensor function. Engineering requires predictive models to guide design
efforts. The complexity of the protein sequence-function relationship necessitates
new experimental methods to elucidate such models. Recent developments in the
broader field of protein engineering offer potential solutions to accelerate the design

of improved biosensors.

Allostery

The function of single-FP biosensors is to couple ligand-binding with altered
fluorescence emission. This phenomenon can be considered an example of
allostery in which an effector (ligand-binding) results in a change of activity
(fluorescence) at a distal site. Allosteric regulation of protein function is of such
importance that the influential French biochemist Jacques Monod famously referred
to allostery as the “second secret of life”223, The dynamic aspects of cellular
physiology including regulation of metabolism and gene expression rely on
allosteric proteins to sense and respond to stimuli. While allostery has been studied
extensively across a wide array of proteins, the mechanism has long been debated.
Without a solid understanding of the principles underlying allostery, it will remain
difficult to design allosteric regulation into new proteins. Single-FP biosensors
present an attractive system for studying allostery due to their simple domain

composition and easily detectable output.

Domain arrangement

The initial challenge in constructing a single-FP biosensor is specifying the
domain arrangement, which amounts to identifying the site to insert cpGFP into the

LBD. A suitable insertion-site will result in the proper folding of both domains
21



yielding a bright protein still capable of binding the relevant ligand. Ideally, cpFP
insertion will also result in ligand dependent changes in fluorescence. In practice
however, allosteric coupling is often weak or entirely absent in the initial insertion-
variant but can often be generated through mutating the linker residues at the
interface of the two domains (refs). Similar findings are present in the broader
research on “protein switches”, for examples constructs in which ligand-binding of
one domain is coupled to enzymatic activity of a second domain®*. It is postulated
that sites in a protein structure differ in their latent allosteric capacity*®, which would
be expressed as differences in the likelihood an inserted domain will produce
allosteric coupling of functions. The latent allosteric capacity is likely dictated by
structural and dynamic properties but predicting the optimal insertion site to
generate a bright high-dynamic biosensor from these properties remains an open

problem.

Allosteric coupling and conformational change

A common heuristic for selecting an insertion-site of a FP, assuming the
structures are known, is to target regions of the LBD that exhibit conformational
changes between the ligand-bound and apo states. This assumption has been
thoroughly tested in an experimental effort to generate a single-FP biosensor out of
the well-studied maltose binding protein (MBP)2. Four different MBP sites with
different degrees of conformational change, quantified as the ADihedral between
binding states, were chosen for insertion of cpGFP. Hundreds of linker
combinations connecting the domains were tested for each site. The site (MBP-
317) that exhibits no conformational change upon binding maltose resulted in the

lowest mean dynamic range among the tested linker combinations. However, the
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site with only moderate conformational change (MBP-165) produced more high-
dynamic-range linker variants than the site with the largest ADihedral (MBP-175).
These results suggest that a minimal degree of ligand induced conformational
change is required to generate allosteric coupling. However, the magnitude of
conformational change, quantified by ADihedral, is not necessarily predictive of the
likelihood of allosteric coupling across linkers nor the magnitude of fluorescence
change for the top performing linkers. In theory allostery does not require a change
in protein conformation and can be generated instead solely through changes in
the amplitude and frequency of fluctuations around the mean conformational
state®. Because of the persistent bias towards exploiting structural factors when
designing biosensors, the influence of protein dynamics on biosensor function

remains largely unexplored.

Epistasis

The typical protein consists of hundreds of amino acids with only a handful of
residues that clearly and directly contribute to function. Amino acids that are distant
from the active site can have drastic effects on protein stability and conformational
dynamics, making it difficult to predict which residues will be the most informative
to mutate. This problem is especially evident for allosterically regulated proteins.
Allostery requires that conformational changes induced by ligand-binding be
transmitted through the protein to the active site. Many residues lying between the
allosteric binding-site and the active site are likely involved in mediating the switch
between states, however identifying these residues is difficult even in well-studied
proteins. To further complicate matters, the combined effect of two mutations

cannot be easily predicted from the effect of each single mutation. For example,
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two mutations that increase the stability of a protein when added individually might
drastically reduce stability when added in combination. This phenomenon known

as epistasis poses a significant challenge to the protein engineer.

Epistasis is evident in linker combinations

The linker amino acids connecting the FP and the LBD are critically important
to biosensor function. For semi-rational design, the linkers are often the residues
prioritized for saturation mutagenesis when searching for sequences with improved
dynamic range. In the case of MBP discussed above, hundreds of linker amino acid
sequences were tested at each insertion-site, the majority of which exhibit low
dynamic range. However, a few rare combinations exhibit dramatically increased
dynamic range. This observed infrequency of high function sequences is a
consistent feature present in many other similar screening efforts®-*, which
indicates significant epistasis between linker amino acids. In most cases, only the
top variants are sequenced due to cost and labor constraints preventing analysis of
the epistatic interactions between linkers. In addition to the linkers, insertion of
cpGFP into a ligand-binding domain creates a new interface between the two
domains. These interface residues are also critical for biosensor function but are
relatively difficult to identify without a solved structure. Furthermore, epistatic
interactions between linker and interface residues are probable and need to be

accounted for to identify optimized full-length biosensor sequences.

1.2.1 Massively parallel assays

To generate high function biosensors, it is clearly important to test combinations
of mutations. However, there is a fundamental mismatch between the throughput

of conventional protein assays and the scale of mutational space. For a relatively
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small protein consisting of 100 amino acids, the number of possible single
mutations alone (100 x 19 = 1,900) exceeds the limits of conventional protein
assays, while the number of double mutations (100 x 19 x 49 x 19 = 1,768,900) is
orders of magnitude too large. The primary factor limiting throughput of
conventional protein function assays is the requirement to test protein variants in
isolation. For example, linker mutagenesis screens are typically carried out using
medium-throughput assays with 96- or 386-well plates and each well containing a
single sequence variant. Isolating and characterizing single variants is resource and
labor intensive, which limits the scale of such assays to hundreds of variants.
Furthermore, determining the sequence of each tested variant is prohibitively

expensive for most laboratories.

Deep Mutational Scanning experimental design

While traditional biochemical assays strictly require physical separation of
variants, a new experimental paradigm has emerged that enables protein functional
assays to be performed on pooled sequences. These approaches collectively
referred to as deep mutational scanning (DMS) or massively parallel assays (MPAS)
rely on advances in reading and writing DNA to recast the measurement of protein
function into a sequencing problem*?. These methods operate by expressing many
sequences in a population of cells, typically with 1 sequence variant per cell, and
then applying a selection such that the relative abundance of the encoding DNA
sequence is determined by protein function. In early examples, the selection step
consisted of resisting the action of an antibiotic, hence the terminology. However,
selection can take other forms such as physical separation of cells based on GFP

brightness using a fluorescence activated cell sorter (FACS)***4. Following
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selection, the frequency of variants in the population of cells is determined by high-
throughput sequencing. Protein function can then be inferred from the