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ABSTRACT

Fluorescence-based investigations of living cells and biological phenomena have been

largely aided by the development of �uorescent proteins (FPs) to span a wide range of

di�erent colors and specialized photophysical properties. The most commonly used fam-

ilies of FPs are derived from Green Fluorescent Protein (GFP) and DsRed, which require

oxidative post-translational modi�cations to produce mature chromophores. This oxida-

tion step precludes their use in anaerobic conditions. Nevertheless, there are countless

oxygen-sensitive biological systems and mechanisms that have yet to be explored using

otherwise ubiquitous techniques such as �uorescence microscopy.

This dissertation aims to bridge this gap by evaluating and developing a set of ligand-

dependent reporters, Bilin-based Fluorescent Proteins (BBFPs), as oxygen-independent

�uorescent probes for applications in anaerobic bacterial systems such as the gut mi-

crobiome. Chapter I provides background on the importance of the gut microbiome and

how investigations of this medically relevant polymicrobial community can be aided by

�uorescence-based investigations. It also provides an overview of the development of both

oxygen-dependent and -independent FPs and the latters’ respective advantages and dis-

advantages in oxygen-free imaging.

BBFPs are adapted from eel and bacterial phytochromes and bind the tetrapyrroles

bilirubin (br) or biliverdin (bv) to �uoresce. These reporters are oxygen-independent due

to �uorescence resulting from ligand binding, and the �uorogenic nature of these ligands

enables an improved signal to noise ratio over other �uorescent dyes. Chapter II describes

the �rst implementation of BBFPs in anaerobic gut bacteria using the blue-green UnaG

xiv



and the far-red IFP2.0. These FPs are used to label the commensal gut bacteria Bacteroides

thetaiotaomicron (B. theta) in monoculture in the common GFP and Cy5 microscopy chan-

nels as well as used in mixed-species two-color imaging.

To broaden the utility of the UnaG FP, I set out to diversify the color palette of BBFPs

in Chapters III and IV. In Chapter III, high-throughput screening (HTS) has been em-

ployed to identify new �uorogenic ligands that could bind UnaG and �uoresce in di�erent

wavelengths outside of the native UnaG-br pair’s blue 488-nm channel. The new resulting

UnaG-ligand pair can be used in the common green 532-nm excitation channel and again,

could be used in anaerobic bacterial imaging and as an orthogonal label with IFP2.0-bv. As

UnaG is a more desirable than other BBFPs in terms of size and monomeric form, Chap-

ter IV describes e�orts to engineer a bv-binding UnaG variant for a red-shifted variant

that could be excited by blue or red �uorescence. These results provide insight into the br

binding pocket and provide a blueprint for future engineering e�orts in this BBFP.

Finally in Chapter V, future directions for oxygen-independent reporters are discussed

that range from adjustments to engineering ligand recognition in UnaG to alternative

ligand-dependent reporter systems that may also be implemented in anaerobic systems.

This dissertation collectively validates and expands the �uorescent toolbox for probing

anaerobic bacterial systems and extends �uorescence applications to previously inacces-

sible biological systems.
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CHAPTER I

Introduction

Part of the work presented in this chapter was published in

Current Opinions in Chemical Biology:

Chia, H.E., Marsh, E.N.G., and Biteen, J.S.

Extending �uorescence microscopy into anaerobic environments.

Current Opinions in Chemical Biology, 51, 98-104 (2019). DOI: 10.1016/j.cbpa.2019.05.008

This dissertation extends �uorescence microscopy into oxygen-sensitive polymicro-

bial communities, which prior to the work presented was largely inaccessible to common

�uorescence and microscopy investigations. In this chapter, I comment on the impor-

tance of understanding polymicrobial communities, particularly the medically and ther-

apeutically relevant gut microbiome. I introduce optical and �uorescence microscopy as

an important method for understanding polymicrobial interactions in live-cell environ-

ments. I describe the limitations of common �uorescence labeling methods in anaerobic

imaging as well as summarize past successful applications of oxygen-independent tools in

�uorescence microscopy. Finally, I present an overview of the thesis in developing ligand-

dependent �uorescent proteins.
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1.1 Polymicrobial communities and the gut microbiome

Microbes in nature are seldom found in single species, but rather exist in complex

networks of cohabitation with other species that include both symbiotic and competitive

interactions. Polymicrobial communities are collections of organisms including bacteria,

viruses, and fungi that live on biotic and abiotic surfaces; these diverse collections of or-

ganisms are typically suspended in self- or host-derived bio�lms that are largely com-

posed of hydrated polysaccharide matrices. Understanding the assembly and regulation

of polymicrobial communities continues to have profound impacts throughout human

society including in health (gut [1] and oral microbiomes [2]), in environmental ecology

(soil microbiomes [3]), and in industry (fossil fuel pipelines [4]).

The gut microbiome is one of the most studied polymicrobial communities due to its

importance to human health and disease: it comprises of trillions of bacteria colonizing

the intestinal lumen. This microbiome provides hosts vital pathogenic protection as well

as symbiotic release of nutrients by degrading host-indigestible material. Perturbations to

this crucial microbiome have already been linked to in�ammatory and metabolic issues

as well as respiratory, digestive, cardiovascular, and even neurological illnesses [5]. Ad-

vancing understanding of the gut microbiome, both host-microbe and microbe-microbe

interactions, can inform approaches to restore microbiome symbiosis and manage or pre-

vent disease [6].

Gut microbiota are established at birth and continually shifted throughout life, largely

through diet. The gut microbiome comprises multiple polymicrobial communities arranged

in distinct compartments along the gastrointestinal (GI) tract [7, 8]. Although the order

of �rst colonization of GI tract is unknown, microbial composition becomes more diverse

and abundant proceeding through the lower GI tract [9]. In adult humans, the colon is

largely dominated by bacteria from Bacteroidetes and Firmicutes phyla followed by those

from Actinobacteria, Verrucomicrobia, and Proteobacteria phyla; these diverse bacterial

species have a multitude of specialized function. For example, Bacteroides thetaiotaomi-
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cron (B. theta) and Bacteroides ovatus (B. ovatus), two extensively studied gut species, are

well established as generalists capable of degrading a wide variety of poly- and oligo-

saccharides. Others have specialized function in degrading only speci�c types of carbo-

hydrates and nutrient sources, such as Ruminococcus bromii (R. bromii) utilizing resistant

starches [10].

In addition to the functions of individual species, communication in physical and

chemical forms facilitate interactions and behaviors. Rather than build extracellular ma-

trices sca�olds, as occurs in many bio�lms, the gut microbiome is suspended in a mucus

layer produced by human epithelial cells. Through a chemical communication mechanism

called quorum sensing, which facilitates intra- and inter-species gene expression, gut bac-

teria coordinate colonization of mucosa [11]. In addition to bacterial crosstalk, quorum

sensing molecules produced by bacteria can even interact with host cells [12], which may

additionally explain the tight relationship between the gut microbiome and host health. A

mature gut microbiome has a plethora of interactions ranging from competitive behavior

for shared carbon sources [13] or spatial colonization to symbiotic behavior such as cross-

feeding [14]. These interactions can be characterized for co-occurrence and co-exclusion

patterns [15], which re�ects the distinct communities of bacteria that coexist within the

larger microbiome.

Despite the vast amount of research that has been performed on bacteria from the gut

microbiome, such research is typically limited in reconstructing a full picture of polymi-

crobial interactions. For example, investigations into intestinal microbial diversity has

largely been performed using epidemiological methods. Using 16s rRNA sequencing, ad-

vances in high-throughput sequencing enable detection of changes in intestinal microbial

composition to compare healthy states with diseased states [16, 17] or di�erent popula-

tions [18, 19]. While sequencing can identify key bacterial families or species associated

with diseased states, this methodology is also limited in determining how microbial com-

munities respond to stimuli in real time. On the other hand, in-depth biochemical and
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biophysical investigations have helped parse individual species’ gene expression pro�les

to di�erent stimuli [20] as well as downstream protein-protein interactions [21]. However,

these types of studies are typically limited to single-species contexts. Given the complexity

of microbial diversity and interactions within the gut microbiome as well as the potential

for medical innovation if this diversity is understood, we must push toward investigating

real-time polymicrobial interactions while maintaining live-cell conditions.

1.2 Optical and �uorescence microscopy

Optical and �uorescence microscopy are ideal techniques for understanding polymi-

crobial interactions with spatial and temporal resolution [22]. Simple light microscopes at

100x magni�cation can visualize cellular morphology and some subcellular compartments

in small prokaryotic bacteria (1 to 3 microns) as well as in eukaryotic organisms. Although

techniques such as electron microscopy can provide much higher subcellular resolution,

electron microscopy also requires �xed cells and is a destructive process [22]. In contrast,

light and �uorescence microscopy are non-invasive and are thus ideal for maintaining

live-cell conditions and observing samples over long periods of time [22].

In conventional light microscopy, an illuminating white light is absorbed or re�ected

by the sample and the remaining transmitted light creates a pattern (often known as

bright�eld imaging). The resulting image can distinguish the edge of the cell or speci-

men and the background; additional staining can increase contrast to observe large fea-

tures, though staining is not compatible with live-cell imaging. Phase-contrast imaging

improves upon simple illumination by using refraction and interference of light waves to

allow for live-cell imaging with high contrast (Fig. 1.1 A). Phase-contrast imaging is par-

ticularly useful for analyzing monolayers of bacteria as the resulting images will have a

sharp dark pattern against white backgrounds that enable analyses of cellular morphology

and cell-counting algorithms [23].

The resolution of optical light microscopy hinges on the magni�cation and the nu-
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Figure 1.1: Light microscopy used to image live B. theta. (A) Phase-contrast imaging re-

veals cell morphology while (B) �uorescence imaging provides speci�c labeling of an

outer-membrane protein. Scale bar: 1 `m.

merical aperture (NA) of an objective as well as on visible light itself. The NA describes

the ability of an objective to maximally gather incoming light:

#� = =B8=\ (1.1)

In equation 1.1 above, n is the refractive index of the medium between the coverslip and

the objective (e.g. air, water, or oil) and \ is one-half of the objective’s angular aperture.

Most high-magni�cation objectives have an NA of 0.6 - 1.5. Due to the light source in

optical light microscopy (400-700 nm), magni�cation is limited because of the di�raction

limit of light or the Rayleigh limit:

3 =
_

2#�
(1.2)

The illuminating light wavelength (_, nm) and NA combined present a physical limit in

distinguishing two points from one another. This limitation essentially describes the in-

ability of a broadly illuminated sample, such as in light microscopy, to resolve �ne subcel-

lular details [24]. Hypothetically, one could image a single particle in a light microscope,

but the particle would visualized, at best, as an approximately 200 nm di�raction-limited

point — a poorly resolved object. This point is known as the point spread function (PSF).

Now, if there are two single particles next to one another, the two PSFs could overlap if

the points are close enough in physical distance and be di�cult, if not impossible if they

are on top of one another, to resolve. For context, actual biological samples are comprised
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on countless particles that overlap with one another to create macromolecular structures

and complexes that are interesting to study. Since most biological samples have low ab-

sorbance and low contrast in the 400-700 nm range of visible light, optical microscopy is

mostly useful for large-scale live-cell visualizations of cell shapes or for observing spatial

patterning of polymicrobial and monolayer samples.

By labeling only subsets of cellular components like organelles or proteins, �uores-

cence microscopy improves upon resolution over basic light microscopy to uncover �ner

subcellular details (Fig. 1.1 B). In short, the phenomenon of �uorescence is characterized

by a �uorophore absorbing a photon (excitation) and subsequently releasing a photon at

a longer wavelength (emission) (Fig. 1.2 A). Upon excitation, the �uorophore molecule is

excited from ground state, (0, to a higher energy excited state, (1. Internal conversion, a

loss of energy through vibrational relaxation, brings the �uorophore, the chemical struc-

ture of the �uorescent molecule, to the lowest energy state of the excited (1 state. When

the system returns to ground state (0, a detectable lower energy, long wavelength photon

is emitted. The di�erence between the maximal excitation wavelength and the maximal

emission wavelength is the Stokes shift (Fig. 1.2 B). Each �uorophore has a distinct ex-

citation and emission spectra as well as Stokes shift [25]. On the other end of imaging,

mirrors inside the microscope direct �ltered excitation illumination to the sample as well

as �ltered emitted �uorescence toward a detection source (Fig. 1.2 C).

While much of �uorescence microscopy observes bulk �uorescence signal from la-

beled targets, it may also omit functional or structural information on anything that

is smaller than the di�raction limit of emitted light. In order to obtain information on

a single-molecule level, a combination of of high-sensitivity detection, image process-

ing of point emitters, and experimental considerations must be adjusted from standard

�uorescence microscopy. Advances in �uorescence imaging methodology have yielded

techniques for super-resolution on the single-molecule scale; these techniques include

Photoactivated Localization Microscopy (PALM), Single-Particle Tracking (SPT), and Stochastic
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Figure 1.2: General overview of �uorescence and epi�uorescence. (A) A simpli�ed

Jablonski diagram illustrates the phenomenon of �uorescence. An absorbed photon ex-

cites (exc) an electron from the singlet ground state ((0) to a singlet excited state ((1).

Emission (em) occurs after some loss of vibrational energy and relaxation back to (0. (B)
EGFP absorption spectrum (blue) and �uorescence emission spectrum (green). (C) A sim-

ple epi�uorescence microscope with excitation (exc) and emission (em) light paths as well

as �lters and mirrors. In our lab’s experimental setup, the excitation beam is directed from

the laser source to the sample and emitted light is directed to an Electron Multiplying

Charge-Coupled Device (EMCCD) camera.

Optical Reconstruction Microscopy (STORM) [22, 26]. These techniques all require some

form of experimental design such that only one molecule is detected at a time to avoid

overlapping PSFs for precise localization �tting. Super-resolution microscopy is particu-

larly powerful for uncovering heterogeneities that would otherwise be masked by bulk

�uorescence measurements, but these techniques cannot be applied to every biological

system unless compatible probes and su�ciently sensitive detection methods are avail-

able.

In investigations of the human gut microbiome, both conventional �uorescence mi-

croscopy and super-resolution techniques have been used to label species of interest [27],

to visualize bacterial colonization [28], and to characterize protein dynamics [21]. As most

bacteria from the gut microbiome are oxygen-sensitive, most imaging of gut bacteria are

performed on �xed cell samples or on dormant, growth arrested, cells. Fluorescence In

Situ Hybridization (FISH) is a popular strategy for targeted labeling of bacteria through

probes speci�c to 16s rRNA, though the technique is incompatible with live-cell imaging.

Using FISH, researchers have quanti�ed spatial patterning of gut bacteria in colonized
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mice to investigate di�erences in colonization density in di�erent parts of the intestines

as well as in response to changed diet [29,30]. These studies have uncovered distinct col-

onization patterns in the colon and polymicrobial organization on a species level. Since a

key function of most intestinal bacteria is sugar degradation, �uorescent labeling of car-

bohydrates is another emerging technology to label intestinal bacteria. One approach can

provide taxonomic speci�c labeling of Gram-negative and Gram-positive bacteria through

click chemistry directed at di�erent lipopolysaccharides presented on the cell surface [31].

Another approach provides single cell resolution of cells during uptake of �uorescently la-

beled sugars to uncover heterogeneous metabolic phenotypes [32]. Fluorescently labeled

polysaccharides can even be used to track a species colonization in a mouse intestine in

real time [33]. Our lab has also extensively used �uorescence microscopy for live-cell char-

acterization of protein complexes in B. theta. Using HaloTag technology [34] as well as the

Photoactivatable mCherry (PAmCherry) �uorescent reporter, proteins involved in starch

utilization were tracked by SPT to uncover heterogeneities in starch binding dynamics

and coordinated protein complex assembly [21, 27].

1.3 Fluorescent reporters

While applications of �uorescence microscopy to investigate biological phenomena

are countless, �uorescent proteins (FPs) are the gold standard for labeling species and pro-

teins. Through the extensive development of FPs with di�erent colors ranging from blue to

near-infrared radiation (IR) as well as interesting photophysical properties like photoac-

tivation [35, 36] and photoswitching [37, 38], FPs have enabled expansive applications of

�uorescence microscopy from multi-color imaging to super-resolution microscopy. FPs

are particularly advantageous over other labeling strategies because FPs can be geneti-

cally encoded, easily inserted into genetic material for expression or appended to another

protein’s termini.

The green �uorescent protein (GFP) is the most signi�cant and commonly utilized FP

8



and was the basis of the 2008 Nobel Prize in Chemistry. The protein was �rst isolated from

jelly�sh Aequorea victoria (avGFP) and through a single point mutation (S65T) yielded the

blue-green GFP variant that is commonly utilized in research laboratories [39]. In addi-

tion to its use in basic science research such as �uorescence labeling for microscopy or as

gene expression reporters, GFP and other FPs have been developed in biotechnology and

medicine for use as assay markers and biosensors. Variants of GFP with di�erent colors

and distinct excitation and emission maxima were engineered including blue �uorescent

protein (BFP) [40], cyan �uorescent protein (CFP) [41], and yellow �uorescent protein

(YFP) [42] (Fig. 1.3). These variants cover approximately 80 nm of the visible light spec-

trum with emission ranging from BFP (445 nm) to YFP (527 nm). Now, the BFP-YFP pair

remains a popular pair for Fluorescence Resonance Energy Transfer (FRET) experiments.

These variants retain the same V-barrel fold as the wild-type GFP, but the internal chro-

mophore is altered by lengthening c-conjugation through amino acid substitution, chang-

ing chromophore protonation state, increasing c-c stacking, or shifting the electrostatics

of the local environment. Other mutations have improved GFP by enhancing brightness

(EGFP) [43] and promoting monomeric forms through dimerization disruption.

DsRed is the other FP that has profoundly impacted biology and dramatically ex-

Figure 1.3: GFP and DsRed FP families. Popular �uorescent proteins used in research

and sensor applications are typically variants derived from GFP and DsRed. Figure adapted

from FPbase.org [44].
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panded the color palette of FPs, and is a red �uorescent protein (RFP) isolated from Dis-

cosoma coral [45]. The discovery and development of RFPs enables additional multi-color

�uorescence labeling and overall greater imaging capacity. RFPs are particularly advanta-

geous over blue-green FPs, including GFP, because red �uorescence is far away from the

blue intrinsic cellular background. RFPs have also been coupled with other FPs for mul-

ticolor imaging as well as additional spectral pairs for FRET. The original DsRed was im-

proved for live-cell imaging through protein engineering to change the natively tetrameric

protein into robust monomeric forms [46]. Monomeric DsRed was further evolved into

a wide range of colors named after various fruits such as mHoneydew, mOrange, and

mCherry [47] (Fig. 1.3). These engineering e�orts generated variants that cover a di�erent

range of the visible light spectrum than GFP variants with emission ranging from green

mHoneydew (562 nm) to yellow mTangerine (585 nm) and red mCherry (610 nm). The

mFruits similarly retain V-barrel structure as monomeric DsRed, which is homologous to

evolved GFP variants. Again, the mFruits have amino acid substitutions that extend the

c-conjugation of the chromophore as well as stabilize �uorescence lifetimes to improve

brightness. The mFruit variants also improve upon the wild-type DsRed in terms of faster

time to full chromophore maturation, reduced pH sensitivity, and tolerance for N-terminal

fusions [47].

In spite of the advances in making a rainbow of FP colors and their vast applications

to investigating biology, GFP and DsRed variants are not compatible with live-cell inves-

tigations in oxygen-free environments. GFP and DsRed proteins alike internally house a

chromophore that must undergo oxidative post-translational modi�cations before �uo-

rescing (a process also known as �uorescence maturation) (Fig. 1.4), which typically takes

place on a time scale of 15 to 25 minutes. For GFP, the chromophore is formed out of

three residues (Thr65, Tyr66, and Gly67) and three intramolecular reactions: (1) the amide

of Gly67 performs a nucleophilic attack on the carbonyl of Thr65 to form an imidazoline,

(2) a dehydration following cyclization, and (3) an oxidation to the CU-CV Tyr66 backbone
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Figure 1.4: GFP andDsRed�uorescencematuration. Fluorescent protein variants de-

rived from (A) GFP and (B) DsRed undergo internal intramolecular reactions and require

oxidative post-translational modi�cations for chromophore maturation. Figure adapted

from [48] and [49].

to complete conjugation between the formed imidazoline and the Tyr sidechain [48] (Fig.

1.4 A). DsRed and its variants similarly rely on key amino acid residues and intramolec-

ular reactions to form the �uorescent chromophore; while multiple explanations for how

DsRed reaches full maturation exist, past literature best supports a mechanistic scheme

involving a BFP-like intermediate [49]. Cyclization occurs through nucleophilic attack of

the Gly68 peptide bond on the amide sidechain of Gln66. Subsequent dehydration and

aerial oxidation reactions form a choromophore similar to GFP. However, an additional

dehydrogenation of the CU-N bond of Gln66 extends the c-conjugation to generate a
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strongly red-shifted chromophore [45, 49] (Fig. 1.4 B).

The oxidation steps precludes the use of popular GFP and DsRed variants to study

obligate anaerobes. To date, microscopy applications of these FPs in gut microbiome re-

search are performed on �xed (dead cell) samples that have been exposed to air. In our

lab, applications of the DsRed variant PAmCherry were performed on dormant cells that,

again, do not necessarily re�ect biological function in live cells. To take advantage of �u-

orescence enabled methods to investigate anaerobic live-cell populations, we must turn

toward other oxygen-independent �uorescent tools.

1.4 Oxygen-independent �uorescent tools

Developing robust �uorescent probes suited for anaerobic imaging would allow bi-

ological exploration of anaerobic systems and extend live-cell �uorescence imaging to

medically important organisms and microbial communities. While three distinct alterna-

tive strategies have been, or could be, employed to label oxygen-sensitive bacterial cells, I

will focus on two techniques that have been demonstrated extensively in the literature: (1)

oxygen-independent �uorescent proteins and (2) bioconjugation using self-labeling tags

(Fig. 1.5). In this section, I will also address advantages and disadvantages of each labeling

strategy for live-cell imaging as well as future e�orts that could make an approach more

robust and easier to employ. An ideal probe should balance brightness (for high contrast),

minimal biological disturbance (to not a�ect the interrogated system), and ease of imple-

mentation (such that the highest possible proportion of target molecules are labeled). A

more comprehensive overview of tools that can potentially be used for anaerobic imaging

can be found in my previously published review [50] and in the appendix (full table in Fig.

A.1.
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Figure 1.5: Summary of probes for anaerobic live-cell imaging. *Brightness and size rel-

ative to GFP. Figure adapted from [50].

1.4.1 Oxygen-independent �uorescent proteins

Flavin Mononucleotide (FMN)-based Fluorescent Proteins (FbFPs) were the �rst de-

scribed FP approach for anaerobic labeling of anaerobic bacteria. This class of FPs con-

tains the photoactive Light-Oxygen-Voltage (LOV) domain to produce blue �uorescence.

Native LOV proteins covalently bind the Flavin Mononucleotide (FMN) cofactor and are

found in bacterial and plant photosensors. While native LOV proteins are typically non-

�uorescent, FbFPs have been engineered to �uoresce [51]. FbFPs have already been used

in many biological conditions including as �uorescent markers for labeling anaerobic gut

bacteria [52] and hypoxically cultured mammalian cells [53] as well as gene expression

reporters for anaerobically cultured bacteria [54,55]. The development of FbFPs has been

summarized recently in the literature [56, 57].

FbFPs provide distinct advantages over GFP variants and other oxygen-independent
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FPs. FbFPs are smaller than GFP-like FPs (10–15 kDa versus 27 kDa), and may therefore be

less disruptive to cellular signalling or protein-protein interactions. Whereas GFP variants

may oligomerize, FbFPs like iLOV are monomeric [56,58], which further decreases the risk

that these tags will introduce artifacts into the biological system under investigation. An

advantage of FbFPs over other oxygen-independent FPs is that FMN and its precursor

molecule ribo�avin are essential molecules in metabolism and thus do not need to be

externally supplied in live-cell imaging.

Despite these advantages, the weak �uorescence signal of FbFPs has prevented wide

adoption of these tools. While engineering e�orts have made FbFPs brighter and more

photostable [59], the relatively weak �uorescence signal is di�cult to distinguish from the

intrinsic cellular auto-�uorescence background. Further directed evolution and protein

engineering targeted at the FMN-binding pocket may increase FbFP brightness and might

red-shift the excitation and emission peaks away from blue intrinsic �uorescence signal.

Bilin-based Fluorescent Proteins (BBFPs) are another class of FPs that can enable oxygen-

independent �uorescence labeling. Generally, BBFPs belong to a subset of proteins that

reversibly bind and transport fatty acids between intra- and extra-cellular membranes.

BBFPs, in particular, bind the poryphin-derived chromophores bilirubin (br) and biliverdin

(bv), which are breakdown products of heme metabolism, to �uoresce. Since these pro-

teins bind exogenously added br and bv, there is no oxygen requirement for �uorescence

production.

One natively �uorescent BBFP, UnaG, is isolated from Japanese unagi eels and only

becomes �uorescent when reconstituted with br [60,61]. UnaG binds br with high a�nity

and speci�city, and has similar excitation and emission wavelengths to GFP. UnaG has

previously been used to label mammalian HeLa cells [60] as well as developed into a

protein-protein interaction sensor [62] and a calmodulin sensor [63]. Similar to FbFPs,

UnaG is smaller in size (15 kDa) than oxygen-dependent FPs.

Infrared and far-red BBFPs have also been developed and are comparable in spectral
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characteristics to the far-red mKate FP family. The �rst BBFP, IFP1.4, was developed from

a bacterial phytochrome [64] and binds bv [65], though it su�ers from dim �uorescence

due to low quantum yield. The cellular brightness of IFP1.4 was improved by directed

evolution protein engineering to generate IFP2.0, which has been successfully utilized

for imaging neurons in Drosophila [66]. IFP2.0 was further improved upon for labeling

purposes by protein engineering to create a truly monomeric form in mIFP [67].

I demonstrated the �rst application of BBFPs in anaerobic bacterial systems and will

discuss their implementation in Chapter II of this dissertation. While I have demonstrated

a successful application of UnaG and IFP2.0, other factors may preclude implementation

of BBFPs at large. BBFPs are by nature restricted to the two bilin cofactors for usable

�uorescent colors, which may restrict multi-color imaging beyond two targets. Likewise,

bacterial cell walls are largely impermeable to many extracellular material and may limit

BBFP labeling to outer membrane targets if br or bv cannot di�use or be imported into

the cell.

1.4.2 Bioconjugation approaches using self-labeling proteins

Alternatives to genetically encoded FPs are genetically encoded "self-labeling" pro-

teins. Similar to FPs, a self-labeling protein tag can be appended to a target of interest.

However, self-labeling proteins are not intrinsically �uorescent and instead react with

ligands containing a �uorophore.

Self-labeling proteins combine the speci�city and ease of a genetically encoded tag

with the functional diversity of synthetic chemistry, as swapping the reactive ligand changes

the functionality of the tag. Large libraries of functionalized ligand substrates encompass-

ing a wide range of spectral properties for �uorescence microscopy, including enhanced

brightness and photo-activation, have been generated [68]. The orthogonal HaloTag, SNAP,

and CLIP tags can be used in conjunction for simultaneous multi-color �uorescence mi-

croscopy [69]. The use of �uorescent ligands is also advantageous as synthetic dyes are
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typically brighter and more photostable than FPs.

These self-labeling proteins do not require oxidation for ligand conjugation and �uo-

rescence. The HaloTag, derived from the bacterial halogenase, covalently binds molecules

containing a chloroalkane moiety [34]; HaloTag technology has previously been used in

anaerobic single-molecule tracking experiments in the gut microbe B. theta [21, 27]. Sim-

ilarly, fusing a target protein to dihydrofolate reductase (eDHFR) allows for labeling with

trimethoprim �uorophores [70]. The SNAP [71] and CLIP [72] tags, derived from the hu-

man DNA repair protein O
6
-alkylguanine-DNA alkyltransferase, are respectively reactive

toward O
6
-alkylguanine (AG) and O

2
-benzylcytosine (BC) substrates; multiple AG and BC

substrates with attached �uorescein (green), rhodamine (red), and Cy5 (far-red) �uores-

cent probes have been generated.

As with all �uorescent probes, self-labeling proteins require some degree of optimiza-

tion with regard to ligand choice and tag placement. Ligands can be easily introduced to

a biological sample by supplementing the growth medium, but non-speci�c ligand inter-

actions may occur if excess ligand is not removed since the unbound ligands themselves

may also be dimly �uorescent and result in increased background noise. The ligands are

not typically cell-permeable in bacterial systems and are limited to outer membrane la-

beling. Like traditional FPs, the self-labeling protein tags may be disruptive and require

strategic placement to minimize arti�cial interactions in in vitro and in vivo experiments.

1.5 Engineering and evolution of �uorescent proteins

From imaging to biosensor applications, FPs of all origins have been extensively en-

gineered to improve brightness, to enhance protein stability, and to generate spectrally

unique variants [73]. So many variants have been collectively created that resources such

as the site FPbase.org have been created to track the lineage and spectral properties of

200+ proteins [44]. Perhaps more so than other enzymes and proteins, FPs are particu-

larly attractive candidates for modi�cation as changes from introduced mutations can be
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readily and directly observed by detectable �uorescence.

The two preeminent approaches to engineering FPs are through directed evolution and

rational protein design. Directed evolution continues on a surge of interest and investment

from academic and industrial communities, especially due the recent 2018 Chemistry No-

bel Prize [74]. In short, this approach utilizes the natural process of evolution, in which

bene�cial mutations are accumulated slowly overtime through generations, and speeds up

this process in laboratory settings. This process involves iterative cycles of gene mutagen-

esis, expression, and screening. Mutagenesis can be applied to an entire protein as well as

con�ned to speci�c regions known to a�ect enzymatic activity or substrate binding. The

latter con�nement is more feasible when structural information is available and allow for

the selection of a set of residues that in the active site and/or are in direct contact with

a substrate. The power of directed evolution approaches comes from the total, and often

simultaneous, randomization of residues that may impart enhanced properties that may

not otherwise be predicted by mutating individual residues. However, this randomized

approach also necessitates the creation of thousands, if not tens of thousands to millions,

of variants that have no functional improvement, ablated activity, or even structurally un-

sound and unfolded mutants. As such, stringent screening and selection are imperative to

a successful directed evolution campaign.

On the other hand, rational design is a more deliberate process than directed evolution

in that it that relies heavily on structural information, sequence conservation, and known

mechanistic details for highly speci�c engineering opportunities [75]. This approach is

limited in the number of variants that can be generated relative to an entire protein, but

can be utilized for �ne tuning of desired properties and activity. Given the deep biochem-

ical knowledge that is required for a rational design approach, machine learning [76],

molecular dynamics [77], and other computational approaches are particularly well suited

for overcoming these barriers. The greatest challenge of rational design is that proteins

are complex macromolecules where putatively bene�cial mutations may not be actually
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realized when inserted into the protein.

The color palette and spectral properties of FPs have been diversi�ed largely through

directed evolution e�orts. As mentioned brie�y in Section 1.3, the earliest diversi�cation

of FPs occurred using the wild-type avGFP as the parent protein. The parent gene was

subjected to random mutagenesis and in an simple and elegant screening method, vari-

ants grown in bacterial colonies on agar could be screened visually for di�erent emission

colors [40, 41], resulting in BFP, CFP, and YFP to name a few (Fig. 1.3). A similar directed

evolution and visual screening approach was employed to rescue red �uorescence in the

DsRed-derived variants that eventually became mRFP1 [46], and again to evolve mRFP1

into the mFruit FPs ranging from yellow to red-orange emission [47]. Moreover, the pop-

ular PAmCherry was generated by applying random mutagenesis to regions of mCherry

that were spatially close to the chromophore and presumed determinants of the probe’s

color [35]; due to selection for photoactivation, a more specialized spectral property, �u-

orescence assisted cell sorting (FACS) was employed to select for the brightest clones

instead of a classic visual screening method.

Rational design on FPs has been most impactful in overcoming oligomerization. The

avGFP tends to dimerize natively and this oligomerization poses problems for labeling

proteins of interest for in vitro and in vivo studies as the �uorescent tag may interfere

with the biological phenomena that is being probed. To overcome this issue in GFP, key

hydrophobic surface residues are swapped to basic residues (Arg or Lys) to reduce or

even abolish the dimerization surface [78]. Likewise, the aforementioned mRFP1 vari-

ant was generated by creating surface mutations to break apart the natively tetrameric

DsRed parent protein, which led to better understanding and control of the dimerization

interface across the tetramer, tandem-dimer, and monomer forms of DsRed variants [46].

Collectively, these engineering e�orts to make robust FPs have resulted in not only their

common utilization throughout scienti�c research and applications, but also their abil-

ity to function as control or signal tags for FACS and other �uorescence-based directed
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evolution endeavors.

Ligand-dependent reporters have also been subjected to protein engineering e�orts to

improve on oligomerization and photophysical properties. Rational design was employed

to create the versatile HaloTag probe [34]: utilizing structural and mechanistic information

about the parent dehalogenase, the HaloTag is a variant in which the catalytic His272

residue is altered to Phe to help trap the intermediate and allow for covalent linkage to

ligands with corresponding chloroalkane linkers. Additional semi-rational mutagenesis

was used to improve the binding kinetics in the �nal HaloTag variant [34]. Similar directed

evolution approaches were taken to generate a faster reacting SNAP-tag [79] and to create

and distinguish the CLIP-tag from the parental SNAP-tag [72].

As mentioned previously in Section 1.4, bv-binding FPs are derived from DrBphP, a

parental bacteriophytochrome protein from Deinococcus radiodurans [65]. Using struc-

tural information about DrBphP, the protein was truncated to only its chromophore-

binding domain, which was a weakly �uorescent and dimeric variant named IFP1.0. IFP1.0

was subjected to mutagenesis at residues near the bv D pyrrole ring and visually screening

for variants that emitted �uorescence in the far-red to create IFP1.2 and IFP1.4 variants

that were brighter and red-shifted [65]. Further directed evolution was applied to im-

prove the brightness of IFP1.4 and generate a monomeric form in IFP2.0 [66], though we

and the original authors have since discovered that IFP2.0 still maintains some propen-

sity for dimerization and aggregation at high concentrations. This dimerization issue has

since been solved by utilizing sequence comparisons with other BphP proteins to iden-

tify residues that may promote monomeric forms in Nature; the identi�ed monomer was

subsequently evolved to restore bv-�uorescence into the mIFP variant [67].

The BBFP UnaG has not been evolved nearly as extensively as oxygen-dependent GFP-

and Ds-Red-like reporters nor its bv-binding counterparts. To our knowledge, the only

attempt of protein engineering on UnaG was in developing a br-inducible �uorescence

sensor of transporter-coupled activity; the work involved a random mutagenesis approach
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with a FACS screen to identify the brighter Val2Leu variant, eUnaG [80]. In Chapter IV,

we discuss preliminary work utilizing rational design and directed evolution to attempt

to swap UnaG recognition of br to bv to create a red-shifted variant.

1.6 High-throughput screening of small molecules

In Chapter III, I have employed a high-throughput screening approach (HTS) to iden-

tify new binding partners for UnaG and to create a new UnaG-ligand pair for �uorescence

microscopy. This section provides an overview of chemical genomics and HTS. Canoni-

cally, the �eld of chemical genomics describes the use of HTS of small molecules to study

biological systems, rather than through direct genetic perturbations [81]. This �eld en-

ables the elucidation of proteins that are directly responsible for speci�c cellular mor-

phologies and phenotypes. As such, chemical genomics has enabled countless drug dis-

covery endeavours including the development of novel drug sca�olds, deeper understand-

ings of drug-drug interactions, and identi�cation of new druggable protein targets [82].

Approaches in chemical genomics can be divided into forward and reverse chemi-

cal genetics studies (Fig. 1.6). Forward chemical genetics provides a phenotype-to-protein

perspective, in which small molecule screens are used to select for a di�erent cellular phe-

notype and the protein responsible for the desired phenotype is subsequently identi�ed.

The reverse approach provides a protein-to-phenotype perspective in that a known pro-

tein of interest is used as the bait in small molecule screens to discover protein-molecule

binding partners before further characterizing cellular level phenotypic changes.

When selecting chemical libraries to explore, one may choose to search vast chemical

structural space or choose a more focused search using molecules with similar structural

features. Libraries of compounds have been curated by academics and by pharmaceuti-

cal companies collectively interested in drug discovery applications. These libraries can

be broadly classi�ed into three categories: commercial, natural products, and diversity-

oriented synthesized (DOS) [81]. Commercial libraries are ones that can be purchased
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Figure 1.6: Comparison of chemical genetics approaches. Figure adapted from [81].

directly from pharmaceutical companies or other companies that specialize in curating

compound collections; one may specify the size and structural diversity of a collection but

may be limited by the high cost of commercial libraries. Natural product libraries are more

structurally diverse and complex than commercial libraries, which make natural product

libraries attractive collections for �nding biologically active molecules. However, natural

products are not always extracted as single isolated compounds and subsequent screening

in heterogeneous mixtures can make it di�cult to identify a bioactive compound. DOS

approaches bridge the gap between the other two approaches to generate compounds

covering chemical space that is not available in commercial compound libraries or in nat-

ural products [83]. Nevertheless, it remains di�cult to predict which types of structural

changes to compound sca�olds will result in a desired phenotypic e�ect. Thus, the selec-

tion of an appropriate chemical library is crucial for any successful assay.

As compounds are typically tested only once in most HTS primary screens, assay op-

timization and robust statistical analysis are required to con�dently identify active com-

pounds or "hits." For both biochemical and cell-based assays, a positive and a negative

control must be established for the entire assay and be supplied on each assay plate. The

signal obtained from both controls are utilized to establish the dynamic range that signal
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from tested compounds can be statistically evaluated. This distribution can be de�ned by

the / -factor:

/ = 1 − 3fB + 3f2
|`B − `2 |

(1.3)

where fB is the standard deviation of sample signal, f2 is the standard deviation of control

signal, `B is the mean of sample signal, and `2 is the mean of control signal. The / -factor

describes the quality of an overall assay for a speci�c HTS work�ow where an ideal assay

is one with a large dynamic range coupled with small data variability [84]. As such, the / -

factor is a superior measure of assay quality than more general the signal-to-background

ratio (S/B) that does not account for sample and background variability.

Additionally, a / ′-factor is used for evaluating overall assay quality. The / ′-factor

describes an assay using only the signal from controls:

/ ′ = 1 − 3f2+ + 3f2−
|`2+ − `2− |

(1.4)

Since the / ′-factor only utilizes the signal from positive (2+) and negative controls (2−),

it can be used to evaluate an entire assay during the optimization process [84]. A / ′ value

that is negative or close to zero indicates a small dynamic range between the positive and

negative control signal, resulting in low con�dence for "hits" with signal about the typical

3f2− threshold. For most HTS-drug discovery applications, assays are optimized for a / ′

value of 0.5 or greater.

Even so, such careful statistical consideration of HTS assays may overlook real hits or

obscure artifacts introduced during assay optimization [85]. For example, a robust assay

with a / ′ of 0.8 or higher may have low sensitivity, especially if the positive control used

produces an arbitrary signal unrelated to the biochemical or cellular assay. Likewise, an

assay with a / ′ below 0.5 may deliver high sensitivity that merely needs to be evaluated

with additional replicates, concentration-dependent, or counter screen formats. As with
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all screening campaigns, subsequent hits must be further characterized with more in-

depth analyses, ideally with a readout di�erent than the one used for the HTS assay. In

the work discussed in Chapter 3, we devise a HTS campaign to identify new ligands for

the BBFP with a low/ ′-factor that is complemented with replicates and counter-screening

measures to identify real hits.

1.7 Dissertation objectives

Understanding how di�erent species from the gut microbiome organize in relation to

carbohydrate accessibility or the order of colonization on a mucosal surface will not only

further knowledge on the symbiosis of this complex microbial community, but also may

lead to insights into developing treatments for treating dysbiosis in diseased states. Given

growing interest in studying live-cell behavior with spatial and temporal resolution, a

suite of robust oxygen-independent �uorescent probes are required. As such, the aims

of this dissertation are to evaluate, implement, and further develop BBFPs for labeling

anaerobic gut bacteria.

In Chapter II, I describe the implementation of BBFPs in anaerobic gut bacteria. The

green UnaG and the red IFP2.0 are used to label B. theta in monocultures in anaerobic

�uorescence imaging as well as to distinguish B. theta from R. bromii in mixed-species

imaging and from B. ovatus in multicolor imaging. These studies are the �rst demonstra-

tion of BBFP applications for labeling obligate anaerobic bacteria in oxygen-free imaging

conditions, highlighting the high potential for utilizing BBFPs for studying the gut micro-

biome.

In order to label multiple species in polymicrobial studies, a diverse palette of FP colors

that are compatible with oxygen-free environments need to be developed; as such, BBFPs

are ideal candidates for diversi�cation. In particular, UnaG is preferable over IFP2.0 for fur-

ther spectral shifting due to UnaG’s small monomeric form and because the native ligand

br is non-covalently bound. In Chapter III, I detail the use of high-throughput screening of
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small molecule libraries to identify new ligand-UnaG pairs useful for �uorescence outside

of the blue 488-nm excitation used by the native br-UnaG pair. After assessing hit com-

pounds based on �uorescence intensity and triaging results across di�erent �uorescence

channels, I have identi�ed a new ligand-UnaG pair that can be used in the green 532-nm

excitation channel. Like the native br-UnaG pair, this novel UnaG-benzothiazole ligand

pair can also be used to label Bacteroides strains in oxygen-free environments.

In Chapter IV, I elaborate on e�orts to introduce bv-binding in UnaG through directed

evolution and protein engineering. While the selective mutations made to UnaG do not

result in selective binding of bv over the native br ligand, I have gained insight into the

binding pocket and importance of key residues. I also discuss e�orts in creating robust

screens to select for red-shifted bv-binding UnaG variants. FACS-based screening was de-

termined best for screening variants with red �uorescence from violet 405-nm excitation

or red 640-nm excitation. After four rounds of selection, we identify a V100D mutation

that is highly selected for as well as an UnaG mutant with improved solubility. This work

provides the groundwork for creating a toolbox of distinct UnaG-ligand pairs and colors

that can be used for anaerobic �uorescence investigations.

Finally, in Chapter V, I summarize the applications and development of BBFPs for live-

cell anaerobic �uorescence microscopy. I provide recommendations for types of biological

problems in polymicrobial studies that can be accessed by BBFP implementation. The

work presented in this thesis broadly addresses the necessity for oxygen-independent

probes and how ligand-dependent FPs can ful�ll this gap.
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CHAPTER II

Bilin-based Fluorescent Proteins for Imaging Living

Obligate Anaerobes

The work presented in this chapter was previously published in

Current Research in Microbial Sciences.

Chia, H.E., Zuo, T., Koropatkin, N.M., Marsh, E.N.G., and Biteen, J.S.

Imaging living obligate anaerobic bacteria with bilin-binding �uorescent proteins.

Current Research in Microbial Sciences, 1, 1-6 (2020). DOI: 10.1016/j.crmicr.2020.04.001

2.1 Introduction

While Green Fluorescent Protein (GFP) and other genetically encodable �uorescent

proteins (FPs) are powerful and ubiquitous tools in biology, these GFP-like FPs are not

�uorescent in the absence of oxygen [48]. This oxygen dependence precludes their ability

to provide additional insight into anaerobic environments. Many anaerobic systems, like

the gut microbiome [86, 87] and soil microbiomes [3, 88], are medically and ecologically

important to study, yet remain underexplored because of a lack of appropriate �uorescent

probes. Thus, the development of oxygen-independent �uorescent reporters is essential

to discover and understand biological and biophysical processes in anaerobic systems.
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Previously, �uorescence microscopy studies of anaerobic systems have circumvented

the challenges of oxygen-free environments by investigating �xed cells. For example,

much of our understanding of the spatial organization of obligate anaerobes comes from

imaging of �xed, antibody-stained cells [20, 29] or cells that express FPs that are ex-

posed to oxygen during �xation [28]. Flavin Mononucleotide (FMN)-based Fluorescent

Proteins (FbFPs) are among the few tools that have been demonstrated to label live anaer-

obic bacteria [51]; however, FbFPs are con�ned to the blue spectral range, which over-

laps with intrinsic cellular �uorescence. Despite engineering [59, 89], FbFP variants also

remain dim compared to EGFP. We have previously labeled and studied live anaerobic

bacteria with several other probes, but each labeling approach comes with signi�cant

limitations [50]. In one approach, enzymes in the Starch Utilization System (Sus) [90]

of the prevalent gut bacterium Bacteroides thetaiotaomicron (B. theta) were tagged with

Photoactivatable mCherry (PAmCherry) [21]. PAmCherry is suitable for single-molecule

super-resolution and tracking experiments but this probe, like GFP, requires oxygen expo-

sure for �uorescence maturation, so measurements of Sus-PAmCherry fusions were done

in dormant B. theta. On the other hand, we achieved fully anaerobic live-cell imaging by

using the HaloTag system to label Sus proteins in single-particle tracking [27]. The bright

�uorescent dye ligands used in HaloTag systems provide high signal, but signi�cant wash-

ing is required to avoid increased background. These ligands are also largely impermeable

to bacterial cells and are restricted to outer membrane labeling without the aid of electro-

poration or osmotic shock [69]. These invasive washing and labeling processes prevent

in situ HaloTag labeling.

To achieve non-pertubative labeling for investigations of microbial communities, we

therefore seek other reporters [50]. Bilin-based Fluorescent Proteins (BBFPs) are particu-

larly attractive options for anaerobic live-cell imaging. BBFPs, such as the green UnaG [60]

and the far-red IFP2.0 [66], bind ligands to produce a �uorescent holoprotein rather than

relying on an oxidative reaction for chromophore maturation. The ligands bilirubin (br)
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and biliverdin (bv), bound by UnaG and IFP2.0, respectively, are �uorogenic molecules

that produce no background �uorescence even when supplied in excess [60, 66]. These

ligands are cell-permeable in bacteria [91], thus allowing labeling of both cytoplasmic

and extracellular targets. Both UnaG and IFP2.0 can be used in genetically tractable or-

ganisms and in most conventional microscopes. UnaG excitation and emission are within

the GFP range and UnaG was previously characterized to be approximately as bright as

GFP [60]. Although IFP2.0 is dimmer than UnaG or GFP, IFP2.0 emits in the far-red range

of visible light [66], at wavelengths that su�er from less intrinsic background �uorescence

in biological samples.

Here, we implement these two BBFPs, UnaG and IFP2.0, to �uorescently label living

B. theta cells in the cytoplasm and on the outer membrane. We demonstrate that unlike

GFP-labeled B. theta cells which only �uoresce in aerobic conditions, UnaG- and IFP2.0-

labeled cells �uoresce in live-cell, anaerobic imaging conditions. UnaG-labeled cells can

also be used to di�erentiate B. theta from another prevalent gut bacterium, Ruminococcus

bromii (R. bromii). Furthermore, UnaG-labeled Bacteroides ovatus (B. ovatus) can be dis-

tinguished from IFP2.0-labeled B. theta cells, indicating that BBFPs can also be used in

two-color imaging. Overall, we demonstrate the utility of BBFPs for non-invasive inves-

tigations of anaerobic microbial ecologies.

2.2 Materials and methods

2.2.1 Bacterial strains cloning and cell cultures

Oligonucleotides and plasmids used in cloning are described in Table 2.1 and 2.2, re-

spectively. DNA sequencing was used to con�rm assembled genes in plasmids.

B. theta andB. ovatuswere generated by counter-selectable allelic exchange in a thymi-

dine kinase deletion (Δ tdk) mutant and grown as previously described [86]. In summary,

B. theta and B. ovatus were �rst cultured in rich media containing tryptone-yeast extract-
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Table 2.1: Plasmids ordered and generated for BBFP evaluation.
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Table 2.2: Oligonucleotides used for BBFP evaluation.

29



glucose and incubated anaerobically at 37
◦
C in a Coy chamber. Cultures were subse-

quently back-diluted into minimal media with a carbohydrate source (0.05% w/v glucose

or maltose). Bilirubin (br, Sigma Aldrich) and biliverdin (bv, Sigma Aldrich) stocks were

created in DMSO and added to media as required; �nal concentrations in media were 25

`M and 2.5 `M for br and bv, respectively.

R. bromii was grown in specialized Ruminococcus (Rum) media (per 50 mL of 2× me-

dia): yeast extract (0.25g), NaHCO3 (0.4 g), L-cysteine (0.1 g), (NH4)2SO4 (0.09 g), K2HPO4

(0.045 g), KH2PO4 (0.045 g), NaCl (0.09 g), MgSO4 (0.004 g), CaCl2 (0.009 g), biotin (20

`g), cobalamine (20 `g), p-aminobenzoic acid (60 `g), folic acid (100 `g), pyridoxamine

(300 `g), thiamine (100 `g), ribo�avin (100 `g), D-pantothenoic acid hemicalcium salt (100

`g), nicotinamide (100 `g), and resazurin (50 `g). Rum media also contained (concentra-

tions per 50 mL of 2×media): hematin (30 `M), L-histidine (3 mM), acetic acid (63.7 mM),

propinoic acid (17.8 mM), isobutyric acid (5.75 mM), isovaleric acid (1.95 mM), and valeric

acid (1.95 mM). Rum media was diluted with an equal volume of a carbohydrate source

(0.05% w/v maltose or fructose and glycogen) to culture cells. Co-cultures were made by

growing R. bromii anaerobically at 37
◦
C overnight and adding B. theta the following day

for continued cell growth.

2.2.2 Growth curves

B. theta and B. ovatus cells were cultured in minimal media with an appropriate car-

bohydrate source and back-diluted 1:200 into 96-well clear bottom plates with media.

Each growth experiment condition were performed in triplicate. Plates were loaded into

a Biostack automated plate-handling device (Biotek Instruments). Absorbance at 600 nm

(Optical Density (OD)600) was measured in each well every 20 min by a Powerwave HT

absorbance reader (Biotek Instruments). Data were recorded using Gen5 software (BioTek

Instruments) and processed using Prism (GraphPad).
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2.2.3 Fluorescence microscopy

Cells were grown to early to mid-log phase and imaged. All imaging was performed

at room temperature and anaerobically on cells sealed between coverslips with epoxy

as previously described [92] unless otherwise noted for "+O2" samples in the �gure cap-

tions. For immunostaining, B. theta cells were incubated with custom rabbit polyclonal

SusF antibody (1:100 dilution; Cocalico Biologicals, Inc.) [21] for 30 min and washed with

phosphate-bu�ered saline (PBS) prior to incubation with AlexaFluor 594 secondary anti-

rabbit goat antibody (4 `g in 100 `L; ThermoFisher Scienti�c). Imaging was done in an

Olympus IX71 inverted epi�uorescence microscope with a 100 × 1.4 Numerical Aper-

ture (NA) wide-�eld oil-immersion objective. Samples were illuminated by a 488-nm laser

(Coherent Sapphire 488-50; 8-18 W/cm
2
), 561-nm laser (Coherent Sapphire 561-50; 120

W/cm
2
), or 640-nm laser (Coherent CUBE 640-40C; 80 W/cm

2
). Fluorescence emission

was �ltered with appropriate �lter sets and imaged on a 512 × 512 pixel Photometrics

Evolve Electron Multiplying Charge-Coupled Device (EMCCD) camera at 25 frames/s or

on a 512 × 512 pixel Andor iXon EMCCD camera at 100 frames/s. For consistency and

noise reduction, �nal �uorescence images were created by summing frames for a total of

400 ms total integration time. Recorded images and movies were analyzed using ImageJ;

all images presented are presented on the same color scale.

2.2.4 Flow cytometry

Flow cytometry was performed on unlabeled and labeled B. theta cells expressing GFP

or UnaG with varying concentrations of bilirubin. Cells were analyzed on an Attune NxT

Flow Cytometer in the BL1 channel. Data was processed using Attune NxT software.

2.2.5 Protein expression and puri�cation

Like others, we had di�culty expressing the original UnaG gene in high enough quan-

tities for successful puri�cation [80]. To improve solubility and protein expression, we or-
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dered UnaG that was codon-optimized for Escherichia coli (E. coli) expression in the vector

pMAL-c5x (GenScript) (Fig. 2.1). The transcribed protein was UnaG with maltose-binding-

protein (MBP) on the N-terminus and 6x-His on the C-terminus; the protein herein is re-

ferred to as UnaG. UnaG was expressed in E. coli (NEB-Express) with IPTG induction (0.4

mM �nal concentration). Cell pellets were lysed by sonication and after centrifugation,

the supernatant was collected and loaded onto a�nity columns.

UnaG was puri�ed by two rounds of a�nity chromatography using fast protein liquid

chromatography (Akta Systems): (1) MBP-trap (5 mL, GE Healthcare) and (2) His-trap (5

mL, GE Healthcare) (Fig. A.2). In the �rst amylose-based puri�cation, the protein loaded

onto the MBP-trap column was washed with 10 column equivalents of bu�er A-M (20 mM

Tris-HCl, 200 mM NaCl, 1 mM EDTA) and eluted using bu�er B-M (20 mM Tris-HCl, 200

mM NaCl, 1 mM EDTA, 10 mM maltose) until protein was no longer detected by UV signal.

These fractions were pooled and mixed with an equivalent volume of bu�er A-I (20 mM

Tris-HCl, 200 mM NaCl, 20 mM imidazole) and loaded onto a His-trap column equilibrated

with the same bu�er A-I. The column was washed with an 2 column volumes of bu�er

A-I and eluted using a gradient with bu�er B-I (20 mM Tris-HCl, 200 mM NaCl, 500 mM

imidazole). The �nal elution fractions were dialyzed in bu�er A-M to remove imidazole

(ThermoFisher Slide-A-Lyzer Dialysis Cassette G2, 10 kDa cuto�) and concentrated by

centrifugation (Sartorius Vivaspin 500, 30 kDa cuto�). For the holoprotein, UnaG was

incubated with 2-fold excess ligand (br or bv) and isolated by PD-10 desalting column (5

mL, GE Healthcare).

EGFP was obtained from Addgene (plasmid #54762) and expressed from the pBAD

vector in E. coli (BL21 DE3) with arabinose induction (0.005% �nal concentration). Cell

pellets were lysed by sonication and puri�ed by nickel column chromatography. Elution

fractions were dialyzed to remove imidazole and concentrated.

IFP2.0 was obtained from Addgene (plasmid #54785) and inserted into the pBAD vector

using Gibson Assembly cloning. IFP2.0 was expressed in E. coli (BL21 DE3) with arabinose
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Figure 2.1: Codon-optimized UnaG sequence: For protein expression and other fusion

proteins, we used a codon-optimized UnaG gene that was ordered from Genscript.

induction (0.005% �nal concentration). Cell pellets were lysed by sonication and puri�ed

by nickel column chromatography. IFP2.0 was incubated with 2-fold excess ligand (br or

bv) and excess ligand was removed by dialysis for 3 h.

2.2.6 Protein characterization

All proteins were prepared for measurements in the same bu�er: Tris-HCl (20 mM),

NaCl (200 mM), and EDTA (1 mM). UV-Vis absorbance measurements were performed

in 96-well clear bottom plates (Molecular Devices SpectraMax iD3 microplate reader).

Fluorescence measurements were carried out on an Agilent Varian Cary Eclipse Fluores-

cence Spectrophotometer. Plotted �uorescence excitation and emission spectra are aver-

aged plots from three technical replicates. Data was processed using MATLAB.
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Figure 2.2: GFP requires oxygen to produce �uorescence. B. theta cells expressing

GFP (a) �uoresce in aerobic conditions after 20 min of air exposure and (b) do not �uoresce

in anaerobic conditions. Scale bars: 2 `m.

2.3 Results and discussion

The use of GFP as a �uorescent tag is restricted to aerobic environments. Though

dormant B. theta cells labeled with GFP are �uorescent after exposure to oxygen in air

(Fig. 2.2a), maintaining the oxygen-free environments for continued cell growth of these

anaerobic aerobic cells results in no �uorescence from GFP-labeled B. theta cells (Fig. 2.2b).

On the contrary, BBFPs are oxygen-independent �uorescence reporters that bind to

a ligand to produce �uorescence [50, 60, 66]. UnaG �uoresces only after addition of br

(Fig. 2.3a). The puri�ed holoprotein of UnaG with bound br has maximal excitation and

emission that is only slightly red-shifted compared to GFP excitation and emission (Fig.

2.3b); UnaG can therefore be imaged with these common microscopy �lters. The br ligand

is not �uorescent in solution (Fig. 2.3c and d, Fig. 2.4); this �uorogenic ligand is therefore

suitable for supplementing in high concentrations in live-cell imaging without creating

background or requiring washing steps. B. theta cells expressing codon-optimized UnaG

in the cytoplasm and grown with br were �uorescent in both aerobic and anaerobic en-

vironments (Fig. 2.3c and d). The addition of excess br ligand does not a�ect the growth

kinetics of UnaG-labeled cells (Fig. 2.5), nor does 25 `M br a�ect B. theta cell morphology

(Fig. 2.6), thus we selected a br concentration of 25 `M to optimize �uorescent labeling

e�ciency while minimizing toxicity (Fig. 2.7).
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Figure 2.3: UnaG uses bilirubin to produce �uorescence. (a) The protein UnaG binds

br to become �uorescent. (b) Puri�ed protein with bound br is maximally excited at 495

nm and has maximal emission at 525 nm. B. theta cells expressing UnaG and grown with

br �uoresce upon 488-nm excitation in (c) aerobic and (d) anaerobic conditions. Scale bars:

2 `m. PDB ID: 4I3B.

Figure 2.4: (a,b) Chemical structures and (c,d) �uorescence excitation (light grey) and

�uorescence emission (dark grey) spectra for br and bv, respectively. Insets: �uorescence

spectra on a zoomed-in scale. Yellow arrow in (b) indicates the additional double bond

that extends bv conjugation relative to br.
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Figure 2.5: Growth measured by absorbance (600 nm) for cells grown on minimal media

containing (a) 5 mg/mL maltose, (b) an additional 0.001% DMSO, (c–f) di�erent concentra-

tions of br, or (g–h) di�erent concentrations of bv. B. ovatus (Bo) and B. theta (Bt) growth is

not a�ected by supplementing br or bv in media. None of the strains show defects when

grown in media supplemented with br or bv, though a small growth lag is detected for

B. theta expressing IFP2.0 and SusE-IFP2.0.
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Figure 2.6: The (a) histogram and (b) scatter plot compiled data for all cell types: (c)

unlabeled wild-type B. theta (wt), (d) UnaG-labeled, (e) GFP-labeled, and UnaG-labeled

with increasing br concentrations at (f) 2.5 nM, (g) 2.5 `M, (h) 25 `M, and (i) 100 `M. The

�uorescence intensity of B. theta expressing UnaG increases with br concentration. High

br concentration (100 `M) also led to signi�cant changes in cell size; main text experiments

are performed using 25 `M br.
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Figure 2.7: Phase-contrast and �uorescence images of UnaG-labeled B. theta cells grown

in a range of br concentrations and excited by 488-nm illumination. The �uorescence

intensity depends on br concentration. Scale bar: 2 `m.

We implemented IFP2.0 as a second oxygen-independent �uorescence reporter inB. theta.

Like UnaG, IFP2.0 �uoresces only upon addition of its ligand, bv (Fig. 2.8a), which di�ers

from br in the extent of their conjugated c-systems. The puri�ed holoprotein is maximally

excited and emissive in the near-IR range of light (Fig. 2.8b, red line), which is the laser

wavelength used to excite conventional red dyes like Cy5 and AlexaFluor 633. Like br,

the bv ligand has the bene�t of being �uorogenic (Fig. 2.8c and d, Fig. 2.4). B. theta cells

expressing IFP2.0 grown with bv were �uorescent in both aerobic and anaerobic environ-

ments (Fig. 2.8c and d), and in fact, we observed that IFP2.0-labeled cells photobleached

quickly in aerobic conditions (seconds timescale), whereas IFP2.0-labeled cells did not

bleach appreciably on the timescale of anaerobically sealed samples (Fig. 2.8c and d, Fig.

2.9). The bleaching of IFP2.0-labeled B. theta cells in oxygen-exposed conditions may be

related to the low photostability of far-red BBFPs [67].

The labeled B. theta strains in Fig. 2.3 and Fig. 2.8 constitutively express UnaG or IFP2.0

in the cytoplasm. We also investigated BBFP labeling in fusions to Sus outer-membrane
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Figure 2.8: IFP2.0 uses biliverdin to produce �uorescence. (a) The protein IFP2.0

binds bv to become �uorescent. (b) Puri�ed protein with bound bv is maximally excited

at 690 nm and has maximal emission at 710 nm (burgundy curve. Puri�ed IFP2.0 incubated

with bv has reduced emission when excited at 635 nm (red curve). B. theta cells expressing

IFP2.0 and grown with bv �uoresce upon 635-nm excitation in (c) aerobic and (d) anaerobic

conditions. Scale bars: 2 `m. PDB ID: 4CQH.

proteins on the B. theta surface. We created two B. theta strains expressing SusG-UnaG

and SusE-IFP2.0, respectively, at the native promoter; we have previously demonstrated

that fusions of these proteins to HaloTag and PAmCherry do not disrupt protein func-

tion or outer-membrane localization [21]. The expression level of the outer membrane

fusion proteins was more than 40-fold lower than UnaG or IFP2.0 in cytoplasm expressed

FP strains [28]. Fluorescence signal was only weakly detected in the SusG-UnaG strain,

possibly because the low copy number of the fusion protein was not enough to overcome

signal from the intrinsic background �uorescence at this wavelength (Fig. 2.10). On the

contrary, though IFP2.0 is dimmer than UnaG [66], the intrinsic background �uorescence

is reduced at longer wavelengths and SusE-IFP2.0 can still be visualized despite the rela-

tively low copy number (Fig. 2.10).

To demonstrate the utility of UnaG and IFP2.0 for microscopy of live, anaerobic polymi-

crobial communities, we imaged these BBFPs in mixed culture. Like B. theta, R. bromii

is another prevalent bacterial species in the human gut microbiome; cross-feeding be-

tween these two species is important in establishing a healthy microbial community [10].
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Figure 2.9: Fluorescence intensity of IFP2.0-labeled B. theta cells in bv under constant

illumination by a 80 mW/cm
2

635-nm laser. Each curve plots the �uorescence intensity

of a single cell normalized to cell area for anaerobic conditions (red curves) and aerobic

conditions (grey curves). Five representative cells are plotted per condition; the anaerobic

conditions led to slightly brighter and more photostable �uorescence.

Figure 2.10:To investigate BBFP extracellular labeling, IFP2.0 and UnaG were fused to the

outer membrane proteins SusE and SusG, respectively. (a) B. theta cells expressing SusG-

UnaG grown with br (yellow arrows) were dim. (b) B. theta cells expressing SusE-IFP2.0

�uoresce upon 635-nm excitation when grown with bv. Scale bars: 2 `m.
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R. bromii is not genetically tractable and cannot be �uorescently labeled with genetically

encoded tools such as FPs. In phase-contrast mixed cultures of B. theta and R. bromii,

dividing B. theta cells are di�cult to distinguish from the relatively small and circular

R. bromii (Fig. 2.11a). However, when mixed cultures of B. theta expressing UnaG and

R. bromii were grown with br, the �uorescent B. theta cells (green) were distinguishable

from the non-�uorescent R. bromii cells (Fig. 2.11a).

Furthermore, two-color imaging can be attained using UnaG and IFP2.0 as a label-

ing pair. We determined that B. theta cells expressing UnaG are �uorescent in the 488-

nm channel but not the 635-nm channel whether grown in br or bv. Conversely, B. theta

cells expressing IFP2.0 are �uorescent in the 635-nm channel but not the 488-nm channel

whether grown in br or bv (Fig. 2.12). This protein speci�city was further veri�ed in vitro

for puri�ed UnaG and IFP2.0 protein incubated with excess br or bv (Fig. 2.13). Again,

the protein spectrum is independent of the bound ligand. Puri�ed UnaG had a similar

�uorescence spectrum when incubated with excess br or bv, albeit with a two-fold re-

duction in emission e�ciency in bv. Surprisingly, though IFP2.0-labeled cells grown in br

were �uorescent (Fig. 2.12), we did not measure any �uorescence for puri�ed IFP2.0 incu-

bated with excess br excited at 635 nm; we attributed these di�erences to the fact that the

single-molecule microscope used in these imaging experiments is more sensitive than a

�uorescence spectrophotometer [22].

Based on this ability to distinguish UnaG from IFP2.0 regardless of the ligand iden-

tity, we imaged a mixed culture of UnaG-labeled B. ovatus and IFP2.0 labeled B. theta cells

grown in both br and bv, and di�erentiated between the two cell strains based on imag-

ing in separate color channels (Fig. 2.11b). Immuno�uorescence staining of B. theta using

polyclonal antibodies against SusF, a B. theta-speci�c protein, was imaged in a third chan-

nel to independently identify the B. theta cells.

To our knowledge, this work demonstrates the �rst example of BBFPs to live-cell imag-

ing of obligate anaerobic bacteria. The blue-green UnaG and the red IFP2.0 can �uoresce in
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Figure 2.11: BBFPs can be used in mixed culture imaging and multi-color imag-
ing. (a) B. theta expressing UnaG (green) is distinguished from unlabeled R. bromii when

grown in mixed culture with br. Scale bar: 2 `m. (b) When grown in media containing

br and bv, B. ovatus expressing UnaG is di�erentiated from B. theta expressing IFP2.0 in

separate color channels using 488-nm (green) and 635-nm (red) excitation, respectively.

Immuno�uorescence staining imaged at 561 nm independently identi�ed B. theta cells.

Scale bar: 2 `m.
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Figure 2.12:To evaluate ligand and excitation speci�city, B. theta strains expressing UnaG

or IFP2.0 were grown in br or bv and excited by 488-nm or 635-nm illumination. B. theta
cells expressing UnaG are �uorescent in the 488-nm channel but not the 635-nm channel

whether grown in br or bv and conversely, B. theta cells expressing IFP2.0 are �uorescent

in the 635-nm channel but not the 488-nm channel whether grown in br or bv. Scale bars:

2 `m.
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Figure 2.13: (a–d) UV-Vis absorbance spectra and (e–h) �uorescence emission spectra of

UnaG and IFP2.0 incubated with excess br or bv. The �uorescence excitation wavelength

is indicated with an arrow. (a,e) UnaG with br, (b,f) UnaG with bv, (c,g) IFP2.0 with br,

and (d,h) IFP2.0 with bv.
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both aerobic and anaerobic conditions and the wavelength used for �uorescence depends

on the protein rather than the ligand bound. Both UnaG and IFP2.0 can �uorescently label

B. theta in monocultures. In co-cultures, B. theta labeled with UnaG can be distinguished

from unlabeled R. bromii. Finally, UnaG and IFP2.0 labeled cells could be distinguished

from one another in two-color imaging.

Among the options for oxygen-independent �uorescent reporters [50], BBFPs are an

attractive option for further optimization. Flavin Mononucleotide (FMN)-based FPs work

in live-cell imaging because the FMN cofactor is readily accessible, but these reporters are

con�ned to the blue spectral region and are weakly �uorescent [57]. HaloTag [34] and

other self-labeling tags like SNAP [71] and CLIP [72] speci�cally bind bright �uorescent

dyes but require a wash step to eliminate excess ligand; this treatment may not be com-

patible with continuous live-cell imaging and may disrupt microbial communities. Recent

developments have yielded �uorogenic dyes for HaloTag [93] and SNAP-tag [94–96] that

circumvent the need for washing and increase applications in single-molecule imaging.

However, these ligands may still su�er from the low cell permeability in bacteria that

limits their utility in labeling cytoplasmic targets. In our past experiments using HaloTag

technology, we have not successfully labeled bacterial proteins in anaerobes other than

targets expressed on the outer membrane [27]. It may also be feasible to implement other

ligand-dependent reporter systems such as Y-FAST [97], antibody-based �uorogen anc-

tivating proteins [98], and engineered �uorogen-dependent proteins [99–101] in anaer-

obic bacteria using cell-permeable �uorogenic ligands to provide the same advantages

of oxygen-independent labeling as BBFPs. Previously, BBFPs have been demonstrated in

live-cell mammalian systems [66,67]. In these applications, as in the current paper, br and

bv may be endogenously released by heme degradation and interconverted in cells by

endogenous oxidoreductases.

IFP2.0 has already been engineered to be a bright and monomeric FP variant from phy-

tochrome protein family [66, 67]. Here, we have shown that IFP2.0 is an appropriate red
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label for live-cell imaging in anaerobic bacteria. Future developments in the IFP family of

FPs will further improve this application. For instance, IFP2.0 dimerizes at high concen-

trations and was recently further modi�ed to produce mIFP, a monomeric red BBFP [67];

IFP2.0 aggregation may explain the distinct puncta we observed in the B. theta strains with

highly expressed IFP2.0 (Fig. 2.8d). Overall, these red-shifted FPs are highly desirable for

in vivo imaging with applications in deep tissue imaging and thick bio�lms.

While UnaG has been recently demonstrated as a useful tool for single-molecule imag-

ing as a dark-to-green photoswitchable FP [102], this FP has yet to be as extensively op-

timized as IFP2.0, and it is possible that UnaG can be diversi�ed to a palette of di�erent

�uorescent colors. Others engineered UnaG to create a brighter and more stable variant

containing a single V2L mutation [80]. While no one has attempted to do so, it is possible

that UnaG can be diversi�ed to a palette of di�erent �uorescent colors. Since UnaG binds

br non-covalently using a hydrophobic pocket, we initially postulated that the protein

could accommodate di�erent �uorogenic small molecules as a ligand. We hypothesized

that UnaG could bind bv as an alternative ligand and that extended c-conjugation of bv

would red-shift UnaG holoprotein excitation and emission. Others have noted that UnaG

does not �uoresce using bv [60]. Similarly, we did not observe any red �uorescence when

UnaG was bound to bv instead of br. However, we observed some �uorescence in the orig-

inal 495/525 nm range, albeit with a diminished intensity (Fig. 2.12 and 2.13). These results

suggest that there may be some spontaneous or endogenous interconversion between br

and bv. Likewise, both the BBFP binding pocket and the ligand itself are important factors

in determining �uorescence intensity and color.

2.4 Conclusions

We have demonstrated that BBFPs UnaG and IFP2.0 are well-suited probes for anaer-

obic live-cell imaging. Unlike GFP, both UnaG and IFP2.0 can �uorescently label obli-

gate anaerobic bacteria regardless of oxygen exposure. Furthermore, �uorescence was
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detectable without perturbing the sample in a washing step. These proteins can be used

to label strains in mixed bacterial cultures and can be used for two-color imaging as com-

plementary probes, using common GFP and Cy5 �lter cubes. We therefore foresee the use

of BBFPs as labels for imaging more complex, polymicrobial communities and in general

for studying living bacterial systems that require oxygen-free environments.

47



CHAPTER III

A New Green Ligand-Dependent Fluorescent Reporter

for Anaerobic Imaging

The work presented has been submitted for publication as:

Chia, H.E., Koebke, K.J., Koropatkin, N.M., Marsh, E.N.G., and Biteen, J.S.

A new green ligand-dependent �uorescent reporter for anaerobic imaging.

3.1 Introduction

Fluorescence imaging has become the gold standard for visualizing biological phe-

nomena in living and �xed cells. Advances in �uorescence microscopy have yielded tech-

niques such as multicolor imaging, single-molecule tracking, and super-resolution mi-

croscopy [22, 26]; all of these advances were aided by the development of diverse small-

molecule dyes and �uorescent proteins (FPs) [103]. In particular, FPs are among the most

commonly used tools to label proteins and cells of interest and have been engineered to

�uoresce over a wide range of wavelengths for use in imaging [73,104]. However, popular

FPs derived from GFP and DsRed require an oxidative post-translational modi�cation to

�uoresce [48, 49]. This requirement precludes the use of common FPs to probe oxygen-

sensitive samples such as the medically relevant polymicrobial communities in the gut
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microbiome [50].

On the other hand, ligand-dependent FPs are promising tools that have already been

demonstrated in obligate bacterial anaerobes [27,105]. Unlike GFP or DsRed-derived FPs,

ligand-dependent FPs confer oxygen-independent labeling because �uorescence depends

only on the molecular structure of the �uorophore and, if the ligand is �uorogenic [106],

upon the ligand binding to the protein.

Several approaches have addressed the limitations of GFP-like FPs for labeling anaer-

obic bacteria. These approaches include the Flavin Mononucleotide (FMN)-based Fluo-

rescent Proteins (FbFPs) or �avin-binding Light-Oxygen-Voltage (LOV) FPs [51, 56, 107],

which are constrained to blue emission by the molecular structure of FMN [108], and co-

valent self-labeling systems like HaloTag [34], which rely on organic dye ligands [68,109]

that are not always cell-permeable in prokaryotes and which require multiple washing

steps that may not be compatible with continuous imaging of live-cell samples. Both

FbFPs [55, 89] and HaloTag [21, 27, 92] have been used to label anaerobic bacteria with

varying degrees of implementation ease due to the aforementioned limitations. Another

ligand-dependent reporter, Y-FAST [97] and its derivatives [110], utilize synthetically tai-

lored �uorogenic ligands for bright �uorescence without the need for washing before

imaging, but have not yet been demonstrated in anaerobic bacterial systems.

Bilin-based Fluorescent Proteins (BBFPs) reconcile the advantages of FbFPs and self-

labeling tags for oxygen-independent �uorescent labeling. BBFPs bind bilirubin (br) and

biliverdin (bv), which are �uorogenic ligands derived form the heme degradation path-

way, and can be used to label intra- and extra-cellular targets [105]. BBFPs include the

green UnaG [60] and the far-red IFP2.0 [66], and we recently demonstrated these probes

in Bacteroides thetaiotaomicron (B. theta) and Bacteroides ovatus (B. ovatus), including in

anaerobic live-cell mixed-species imaging [105]. The advantages of UnaG include its small

size (15.6 kDa compared to GFP-like FPs at 27 kDa), a monomeric structure that is not

prone to oligomerization, and much higher brightness compared to FbFPs. UnaG-br was
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also recently demonstrated as a dark-to-green photo-switchable FP for super-resolution

imaging [102, 111], which further extend its versitility as an imaging tool. Despite these

advantages, the attainable BBFPs colors are limited by their ligands: UnaG with br is green

and IFP2.0/mIFP/smURFP with bv is red [67, 112].

Utilizing the plasticity of the UnaG binding pocket, we identi�ed new �uorogenic lig-

ands via high-throughput screening (HTS) of a library of small molecules. This screen ul-

timately yielded a novel UnaG-ligand pair. Although the ligand is nominally �uorescent

under 532-nm excitation, binding UnaG results in a 10 nm shift, resulting in an emission

peak at 581 nm, and a 2.5-fold increase in �uorescence intensity. We demonstrated the

novel pair’s implementation in anaerobic imaging in the common green 532-nm �uores-

cence channel using UnaG-labeled B. theta and E. coli. this pair is also useful for two-color

mixed-culture imaging, which we demonstrated in a mixture of UnaG-labeled B. ovatus

and IFP2.0-labeled B. theta. Overall, this work expands the toolbox of ligand-dependent FP

imaging agents that can be used for non-invasive �uorescence investigations of anaerobic

microbial systems.

3.2 Materials and methods

3.2.1 Protein Expression

MBP-UnaG was prepared as previously reported in Section 2.2 or [105] and stored

at 4
◦
C in Bu�er A, consisting of �ltered 20 mM Tris-HCl (pH 7.2), 200 mM NaCl, and 1

mM EDTA. MBP-UnaG is referred to as UnaG throughout the in vitro HTS and spectral

characterization experiments.

3.2.2 HTS Assay Protocol

For primary assays, black, low-volume, non-coated 384-well plates (Greiner Bio-One,

Ref. 784900) were prepared by dispensing 10 `L of Bu�er A using a Multidrop Combi
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Reagent Dispenser (Thermo Scienti�c). Compounds weree added into sample wells us-

ing a Sciclone liquid handler with a pin tool (50 nL of 2 mM stock in DMSO, 5 `M �nal

concentration); an equivalent volume of DMSO was added to control wells. UnaG protein

was subsequently dispensed into plates (10 `L of 1 mM stock, 500 nM �nal concentration).

Negative controls were bu�er-only wells and protein-only wells. Bilirubin (br) was added

to positive control wells (2 `L, 5 `M �nal). Plates were covered with aluminum foil to

prevent light exposure and incubated by shaking on the Multidrop dispenser (10 min, 500

rpm). Plates were centrifuged (1 min, 1000 rpm) before measurements.

For con�rmation assays, compounds were dispensed with a Mosquito picker (50 nL

of 2 mM stock in DMSO, 5 `M �nal; TTP Labtech); plates were prepared with Bu�er A

and UnaG protein as was done for the primary assays above. For secondary assays, plates

were prepared similar to con�rmation assays with the exception of adding 10 `L Bu�er

A instead of UnaG protein.

Fluorescence intensity was detected using a PHERAstar plate reader (BMG Labtech)

using three optics modules centered at excitation/emissiion wavelengths of 485/520 nm,

540/570 nm, and 580/610 nm, respectively.

3.2.3 Compound Libraries

All compounds screened were stored at the University of Michigan Center for Chem-

ical Genomics. For the primary screen, 7,680 compounds from the ChemDiv 100K library

were used.

3.2.4 Assay Performance and Data Analyses

Data collected in the 485/520 nm and the 540/570 nm channels were analyzed using

MScreen [113]; data collected in the 580/610 channel was analyzed manually using Mi-

crosoft Excel.

In primary assays, compounds incubated with protein that displayed �uorescence in-
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tensity greater than ≥ 3 standard deviations (SD) away from the mean of the negative

controls were considered as initial hits. Compounds that �uoresced in the 540/570 nm

optics module but not in the 485/520 nm module were considered primary hits; the same

analysis was used to identify preliminary hits that �uoresced in the 580/610 nm module

but not the 485/520.

In con�rmation and secondary assays, preliminary hits were evaluated in triplicate.

Compounds incubated with protein that exhibited an increase in �uorescence intensity

greater than ≥ 3 SD from the mean of the negative controls were considered hits in the

con�rmation assays. However, these compounds were excluded from the �nal hit list if

the compound-only plates in secondary screening also produced �uorescence intensity

greater than ≥ 3 SD from the mean of the negative controls. Compounds that were hits

in primary and con�rmation assays but not in secondary assays were considered con-

�rmed hits and ordered from MolPort (Table 3.1). These con�rmed hits were analyzed in

concentration-dependent curves in duplicate.

3.2.5 Spectral Characterization and Titrations

UnaG and compounds were all prepared for measurements in Bu�er A. UV-visible ab-

sorbance measurements were performed in 96-well clear bottom plates using the Molec-

Table 3.1: Con�rmed Hits from HTS Assay.

ID in this study Hit in HTS channel MolPort ID Catalog No. Supplier
2 540/570 MolPort-035-896-678 4090-1986 ChemDiv, Inc.

3 580/610 MolPort-001-836-754 1959-0257 ChemDiv, Inc.

4 580/610 MolPort-047-118-081 0898-0008 ChemDiv, Inc.

5 540/570 MolPort-000-564-975 AG-690/12510375 Specs

6 580/610 MolPort-000-445-083 AG-690/12890124 Specs

7 580/610 MolPort-001-931-262 AG-690/10379022 Specs

8 540/570 MolPort-000-717-433 STK874239 Vitas-M Laboratory, Ltd.

9 540/570 MolPort-001-965-798 STK831400 Vitas-M Laboratory, Ltd.

10 580/610 MolPort-001-848-862 STK094419 Vitas-M Laboratory, Ltd.

11 580/610 MolPort-001-004-902 STK039750 Vitas-M Laboratory, Ltd.

12 540/570 MolPort-000-225-490 STK396289 Vitas-M Laboratory, Ltd.

13 580/610 MolPort-001-931-334 STK372609 Vitas-M Laboratory, Ltd.

14 540/570 MolPort-001-935-437 STK084537 Vitas-M Laboratory, Ltd.

15 540/570 MolPort-002-116-650 STK094803 Vitas-M Laboratory, Ltd.

16 580/610 MolPort-001-951-131 STK893803 Vitas-M Laboratory, Ltd.
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ular Devices SpectraMax iD3 microplate reader in a black-walled quartz cuvette (Hellma,

1 cm pathlength) using a Hewlett Packard 8453 UV-vis spectrophotometer. Molecular ex-

tinction coe�cient (Y) was calculated using the Beer-Lambert law. Plotted UV-vis spectra

are background corrected using bu�er blanks and processed using MATLAB.

Fluorescence measurements were carried out on an Agilent Varian Cary Eclipse Flu-

orescence Spectrophotometer. Plotted �uorescence excitation and emission spectra are

averaged plots from three technical replicates.

Fluorescence titrations were performed by taking �uorescence emission spectra at

495-nm excitation of UnaG bound with br, followed by parallel additions of competing

ligand to a br-only sample and competing ligand to the UnaG-br complex. After each

addition of competing ligand, the sample was allowed to equilibrate for 10 min before

�uorescence measurements [61]. The compound-only spectra were used for background

subtraction for competing ligand-UnaG-br readings. Assuming a 1:1 displacement of br

by the competing ligand, the concentration of free competing ligand was calculated to use

for �tting. Data was �t using Prism (GraphPad) using a single-site binding model with a

linear baseline correction:

. = � + ( [!] + �<0G [!]
 3 (0??) + [!]

(3.1)

Where . is the signal of the UnaG-br complex, and [!] is the concentration of the com-

peting ligand,� and ( are the intercept and slope of the baseline, �<0G is the �uorescence

in the absence of !, and  3 (0??) is the apparent dissociation constant of !.  3 (0??) was

corrected to the true  3 for ! using the known  3 for br.

3.2.6 Cell Cultures

The B. ovatus and B. theta strains used in this study have been previously described

[105]. B. ovatus and B. theta strains were intially started in rich media containing tryptone-

yeast extract-glucose and incubated anaerobically at 37
◦
C in a Coy chamber. Cultures
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were subsequently back-diluted into minimal media with 0.05% w/v maltose as a carbo-

hydrate source.

E. coli (NEBExpress, New England Biolabs) were transformed with puc19 or pMAL_c5x_UnaG

plasmids using standard high-e�ciency transformation protocols and plated on LB/Agar

plates with ampicillin (amp, �nal 100 `g/mL). Colonies were picked into liquid LB cultures

with amp to grow overnight at 37
◦
C on a shaker. cultures weree subsequently back-diluted

1:200 into LB with amp to grow on a shaker at 37
◦
C.

3.2.7 Growth Curves

B. theta cells were cultured with minimal media with 0.05% w/v maltose and back-

diluted 1:200 into 96-well clear bottom plates with media and respective compounds.

Each growth experiment condition was performed in triplicate. Plates were loaded into

a Biostak automated plate-handling device (BioTek Instruments). Absorbance at 600 nm

(OD600) was measured in each well every 20 minutes by a Powerwave HT absorbance

reader (BioTek Instruments). Data was recorded using Gen5 software (BioTek Instruments)

and processed using Prism (GraphPad).

3.2.8 Fluorescence Microscopy

E. coli were grown to OD600 0.4 and induced with 0.4 mM IPTG to grow for 3 hours

before imaging. B. ovatus and B. theta cells were grown to early to mid-long phase and

imaged. For labeling with 2 and 4, cells were incubated with a �nal ligand concentration

of 2.5 `M for 2.5-3 hours before washing or directly used for imaging. For IFP2.0-labeled

cells, bv was directly supplemented into the overnight culture (2.5 `M �nal concentration).

All imaging was performed at room temperature and anaerobically on cells sealed

between coverslips with epoxy as previously described by our lab [27]. Imaging was per-

formed in an Olympus IX71 inverted epi�uorescence microscope with a 100× 1.4 N.A.

wide-�eld oil-immersion objective. Samples were illuminated by 532-nm laser (Crysta-
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Laser CL-532-025-O; 2 mM/cm
2
) or with a 640-nm laser (Coherent CUBE 640-40C; 80

W/cm
2
). Fluorescence emission was �ltered with appropriate �lter sets and imaged on a

512 × 512 Andor iXon EMCCD camera at 100 frames/s. For consistency and noise reduc-

tion, all phase-contrast and �uorescence images were created by summing frames for a

total of 400 ms integration time. Recorded images were analyzed using ImageJ; all images

presented on the same color scale.

3.3 Results

Using a high-throughput and small molecule approach, we devised a screening method

to identify new �uorogenic ligands that could bind UnaG and to create new UnaG-ligand

pairs that were red-shifted relative to the original UnaG-br complex (GFP channels, 488

nm excitation). The HTS strategy is depicted in Figure 3.1. In the primary screening step,

7680 compounds were loaded into individual wells in 384-well plates containing UnaG

protein and were illuminated at three excitation wavelengths (485 nm, 540 nm, and 580

nm) for �uorescence endpoint reading at 520 nm, 570 nm, and 610 nm, respectively (Fig.

3.1a). For each �uorescence channel , compounds were considered hits if their �uorescence

signal was greater than 3 SD above the negative control included on each plate (Fig. 3.1b

and Fig. 3.2).

As this screening methodology was a non-standard HTS protocol,/ ′ scores [84] could

not be calculated for the entire primary assay given that a positive control could only

be established for the 485/520 nm optics module using UnaG-br. While UnaG-br signal

could be read in the 540/570 nm module, the dynamic range established made it di�cult

to calculate robust / ′ scores; furthermore, no positive control could be established on

each plate for 580/610 nm, which again made it unfeasible to calculate / ′ scores. The

/ ′ score for the primary assay 485/520 nm channel was low (0.27), re�ecting signi�cant

variability in the signal magnitude in positive control wells. However, very little variability

was observed between negative controls in each channel (Fig. 3.2), which allowed us to
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Figure 3.1: Screening methodology for identifying new, red-shifted ligand-UnaG
pairs. (a) Schematic of primary HTS assay. Compounds were incubated with UnaG pro-

tein in a 384-well black-walled plates before �uorescence intensity endpoint reads using

three optics modules; columns 1 and 2 were reserved for negative controls and columns

23 and 24 for positive controls of UnaG and br for the 485/520 nm module. (b) 485/520 nm

primary screen. Each dot represents the activity result of a well containing a text com-

pound (black), negative control of bu�er or protein only (blue), and positive control of

UnaG and br (red). In each module, wells that returned signal above the 3 × SD threshold

cuto� (yellow dashed line) were considered hits. (c) Work�ow logic used to cull hit lists

from three optics modules.
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Figure 3.2: Scatterplots of the entire primary HTS. Fluorescence endpoint readings

were taken at (a) 485-nm excitation, 520-nm emission (485/520 nm), (b) 540-nm excitation,

570-nm emission (540/570 nm), and (c) 580-nm excitation, 610-nm emission (580/610 nm).

Each dot plotted represents the percent response of a well containing a test compound

(black), negative control of bu�er or protein only (blue), or positive control of UnaG with

bilirubin (red); the positive control exhibited no signal in the 580/610 nm module and is

thus omitted in the plot in (c). Preliminary hits were selected based on signal above the 3

× SD threshold cuto� (yellow dashed line).
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draw a low activity cut o� for identifying primary hits.

To identify compounds that bind UnaG and �uoresce at longer wavelengths, the work-

�ow required counter-selection at each screening step (Fig. 3.1c). In the primary screen,

UnaG-ligand pairs that showed �uorescence in either the 540/570 nm or 580/610 mod-

ules but not in the 485/520 nm module were considered preliminary hits (Table 3.2, 539

compounds with 7.01% hit rate). These preliminary hits were evaluated in triplicate in

con�rmation screens with UnaG. Secondary screens with compounds alone were plated

in triplicate and measured in parallel; this counter-screening was necessary to select for

compounds with �uorescence that is enhanced by UnaG rather than compounds with high

intrinsic �uorescence. A concentration-dependent screen con�rmed that the detected �u-

orescence signal was due to ligands binding UnaG rather than non-speci�c �uorescence

emission (Fig. 3.3). In total, we identi�ed �fteen promising compounds for imaging: seven

of which are �uorescent in the 540/570 nm channel and eight of which are �uorescent

in the 580/610 nm channel. Interestingly, the structures of the selected compounds, while

highly c-conjugated, are not structurally similar to popular commercial organic dyes such

as the AlexaFluor dyes (Fig. 3.4).

We subsequently tested the 15 candidates (referred to by boldface numbers 1 – 15

Table 3.2: Summary of HTS campaign.

Screen Type Readout # Compounds
Tested
(Wavelength)

# Selected
Compounds

% Hit
Rate

1 Primary Fluorescence

endpoint

7680 539 7.01

2a

2b

Con�rmation

Secondary

Fluorescence

endpoint

242 (540/570)

297 (580/610)

15 2.78

3 Concentration

dependence

Fluorescence

endpoint

7 (540/570)

8 (580/610)

10 66.67

4 Validation Fluorescence

spectrum;

UV-vis

spectrum;

 3

10 2 20.00
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Figure 3.3: Concentration-dependent curves of compounds obtained through HTS. (a-o)

2-16 in increasing concentration were added to wells with a �xed UnaG concentration

(500 nM).
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Figure 3.4: Structures of the native UnaG ligand br and the compounds obtained through

HTS (2-16).

by analysis of the compounds alone as well as when incubated in excess with UnaG us-

ing UV-vis absorbance and �uorescence emission (Fig. 3.5 and 3.6). Furthermore, adding

compounds in the media (2.5 `M) did not a�ect the growth kinetics of B. theta (Fig. 3.7),

indicating that these compounds were non-toxic and could be supplemented to media to

label growing cells.

Of the 15 con�rmed hit compounds, 2 and 4 were most promising for further investi-

gation due to observed red-shifted emission and �uorescence enhancement upon binding

UnaG (Fig. 3.8). Spectral properties of the UnaG-2 and UnaG-4 pairs are reported in Ta-

ble 3.3. Both compounds are benzothiazoles with moieties that extend the c-conjugation

of the molecules (Fig. 3.8d and g) and are similar in size and planarity to the original br
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Figure 3.5: (a-d) UV-vis absorbance spectra and (e-l) �uorescence emission spectra of

compounds obtained through HTS. UV-vis spectra were collected in DMSO at concentra-

tion of 100 `M. Fluorescence emission of compounds in bu�er were recorded from (e-h)

540-nm excitation and (i-l) 580-nm excitation at concentration of 1 `M.

ligand (Fig. 3.8a). Surprisingly, binding of 2 and 4 to UnaG does not signi�cantly shift

the UV-vis absorbance maximum, whereas binding of br to UnaG shifts the absorbance

maximum from 437 nm to 495 nm (Fig. 3.8b, e, h). Incubating 2 with UnaG red shifts the

maximal emission by 10 nm (from 571 to 581 nm) under excitation at 532 nm and gives
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Figure 3.6: (a-d) UV-vis absorbance spectra and (e-l) �uorescence emission spectra of

compounds obtained through HTS incubated with UnaG. UV-vis spectra were collected

in bu�er at concentration of 20 `M. Fluorescence emission of UnaG-ligands in bu�er were

recorded from (e-h) 540-nm excitation and (i-l) 580-nm excitation at concentration of 2 `M

for ligands and 100 nM for UnaG.

rise to a 2.5-fold �uorescence intensity enhancement (Fig. 3.8f). Likewise, incubation of

4 with UnaG red shifts the emission maximum by 13 nm (from 582 to 595 nm) under ex-

citation at 532 nm and produces a 3-fold �uorescence intensity enhancement (Fig. 3.8i).

Through 532 nm is not the peak �uorescence excitation wavelength for either UnaG-2 or

62



Figure 3.7: Growth measured by absorbance (600 nm) for cells grown in minimal me-

dia (MM) containing 5 mg/mL maltose (m) and supplemented with 2.5 `M compounds

selected from the ligand-screening process. (a) Wild-type B. theta and (b) B. theta cells ex-

pressing UnaG are una�ected by the presence of 2 and 4, with the exception of B. theta -

UnaG, which exhibited a slight rapid growth phase in the presence of 2. The addition of

compounds 2 - 16 as well as 0.005% DMSO does not a�ect the growth of (c) Wt. B. theta,

(d) B. theta - UnaG, or (e) media-only conditions. (f) Strain legend for panels c-e.

UnaG-4, this excitation wavelength produces detectable �uorescence emission (Fig. 3.9).

We evaluated the a�nity and speci�city of 2 and 4 binding to UnaG with respect to
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Figure 3.8: Spectral properties of UnaG-2 and UnaG-4. (a,d,g) Compound structures,

(b,e,h) UV-vis absorbance spectra, and (c,f,i) �uorescence emission spectra of compounds

only and compounds bound to UnaG. (a-c) UnaG and its original binding partner br, (d-f)

UnaG and compound 2, and (g-i) UnaG and compound 4. Fluorescence emission spectra

were taken at (c) 495-nm excitation and (f,i) 535-nm excitation.

Table 3.3: Properties of con�rmed hit compounds and compounds bound to UnaG.

Hit in HTS channel _4G2 (nm)* _4< (nm) Y (M-1 cm-1)**
2 alone 540/570 455 571 45606

UnaG-2 463 581 49119

4 alone 580/610 409 582 50918

UnaG-4 580 595 63808

*Maximal excitation wavelength was determined through �uorescence excitation scan at

535 nm.

**Extinction coe�cient measured at peak absorbance wavelength in Tris-HCl bu�er (pH

7.4).
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Figure 3.9: Fluorescence excitation (exc) and emission (em) spectra of (a) 2, (b) UnaG

incubated with 2, (c) 4, and (d) UnaG incubated with 4. The �uorescence excitation wave-

length, _4G2 , is indicated with an arrow. (a) 2 and (b) UnaG-2 were measured at 5 `M in

bu�er; (c) 4 and (d) UnaG-4 were measured at 15 `M in bu�er.

Table 3.4:  3 (0??) and true  3 from �uorescence competition titrations for 2 and 4.

Compound  3 (0??) nM  3 (nM)
2 13 ± 4 3

4 38 ± 8 10

the native br ligand in competitive �uorescence titrations (Fig. 3.10 and Table 3.4). The

 3s for compounds 2 and 4 were determined by following the decrease in �uorescence

as the compounds were titrated against a �xed concentration of UnaG and br (50 nM of

protein and ligand for compound 2 and 25 nM of protein and ligand for compound 4).

The titration curves (Fig. 3.10) were �tted to a simple binding isotherm, which provided
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Figure 3.10: Competition titrations of (a) 2 and (b) 4 against UnaG-br. Increasing

amounts of 2 and 4 were added to UnaG-br (50 nM and 25 nM for each titration, respec-

tively) and the decreasing �uorescence emission intensity of the UnaG-br complex was

recorded (495-nm excitation). A parallel set of titrations was performed using br and com-

pounds 2 and 4 only for background subtractions. Insets: �ts on a zoomed-in scale. Data

shown are the mean of three technical replicates.

an apparent  3 ( 3 (0??)) for 2 and 4 in the presence of a �xed concentration of br. For a

competitive binding model, the relationship between  3,2 and  3 (0??) is given by equation

3.2:

 3 (0?? =  3,2 (1 +
!1A,5 A44

 3,1A
) (3.2)

Where  3 (0??) is the experimentally determined dissociation constant and  3,2 is the true

disassociation constant for the titrated competitor ligand;  3,1A is the disassociation con-
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stant for br binding to UnaG, which was measured as 3 nM and !1A,5 A44 is the free concen-

tration of br in solution.

To determine the free concentration of br (!1A,5 A44 ), we calculated the concentration of

the UnaG-br complex (�!1A ) from the known, total UnaG concentration (�C ) and total br

concentration (!C ) using the following standard relationships:

E + Lbr −−−⇀↽−−− ELbr (3.3)

 3,1A =
(� 5 A44) (!1A,5 A44)

�!1A
(3.4)

 3,1A =
(�C − �!1A ) (!C − �!1A )

�!1A
(3.5)

�!1A =

�C + !C +  3,1A ±
√
�2C − 2�C!C + 2�C 3,1A + !2C +  2

3,1A
+ 2!C 3,1A

2
(3.6)

Equation 3.6 was solved to �nd the equilibrium concentration of the UnaG-br complex

and hence the free concentration of br. This value was used in equation 3.2 to correct the

apparent  3 to calculate the true  3 . We determined true  3 values of 3 nM and 10 nM

for UnaG-2 and UnaG-4, respectively, indicating suitably high-a�nity binding of the new

ligands to the protein in the same binding pocket utilized by br (Fig. 3.10). An additional

direct �uorescence titration of 2 and 4 in the presence of BSA did not show any enhanced

�uorescence signal (Fig. 3.11). These results demonstrate that the red-shifted and brighter

�uorescence emission of UnaG-2 and UnaG-4 are directly due to the ligand binding UnaG

rather than to any other non-speci�c protein intercalation.

We implemented these new ligand pairs for anaerobic imaging of commensal gut

bacteria. While the UnaG-4 �uorescence was not bright enough to be detected in cel-

lular imaging (Fig. 3.12), UnaG-2 �uorescence was detected in B. theta, both for cytosolic
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Figure 3.11: Titration of BSA with (a) 2 and (b) 4; �uorescence emission spectra were

taken at 535-nm excitation and the peak emission intensities (580 nm and 596 nm) were

plotted. BSA concentrations were (a) 5 `M and (b) 15 `M.

expression and for membrane-expression of UnaG (UnaG+2 and SusG-UnaG+2, respec-

tively, in Fig. 3.13a). This �uorescence was observed under 532-nm excitation, a common

green channel in microscope systems. In the absence of UnaG, 2 did not appreciably label

wild-type (wt) B. theta cells, indicating that it can be supplemented into live-cell imaging

conditions without additional washing steps. In the SusG-UnaG B. theta strain, the addi-

tional accessibility of an outer membrane bound UnaG increased the �uorescence signal

of labeled cells.

We also demonstrated UnaG-2 labeling of E. coli in anaerobic imaging conditions.

UnaG-2 labeled E. coli is signi�cantly brighter than the puc19 control that did not express

UnaG and washing UnaG-2 labeled E. coli after labeling does not impact �uorescence sig-
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Figure 3.12: (Left) phase-contrast and (right) �uorescence images of wild-type (wt)

B. theta and B. theta cells expressing UnaG or SusG-UnaG and grown to mid-log phase

before incubation with 4. Cells were illuminated with 532-nm excitation. The addition of

4 did not yield any �uorescence signal from UnaG-labeled cells. Scale bar: 2 `m.

nal (Fig. 3.13b). These imaging conditions indicate that while 2 itself is subtly �uorescent,

the �uorescence intensity enhancement upon binding UnaG is su�cient such that 2 can

be used similarly to a �uorogenic ligand such as br. This e�ective �uorogenicity enables

imaging of bacterial systems without requiring additional washing steps that are required

of other labeling schemes such as immunostaining or HaloTag approaches.

Just as the bluer UnaG-br and the redder BBFP IFP2.0-bv can be used as two-color

imaging FP pairs [105], UnaG-2 and IFP2.0-bv can also label di�erent species in mixed
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Figure 3.13: Phase-contrast and �uorescence imaging of (a) B. theta and (b) E. coli
expressing UnaG. (a) B. theta expressing UnaG in the cytosol (UnaG) or on the outer

membrane (SusG-UnaG) and incubated with 2 was compared to wild-type (wt) B. theta
with 2. (b) E. coli cells expressing UnaG and incubated with 2 were imaged without wash-

ing (nw) or after 2 washes (2w), and they were compared to the puc19 control, which

did not express UnaG. Cells were imaged with 532-nm illumination. Scale bars: 2 `m; all

�uorescence images are on the same brightness scale.

anaerobic bacterial cultures. We imaged a mixed culture of UnaG-labeled B. ovatus and

IFP2.0-labeled B. theta cells grown in bv and incubated with 2; the di�erent species can

be di�erentiated as they �uoresce in di�erent color channels (532-nm excitation and 635-

nm excitation, respectively) (Fig. 3.14). Separately, we found that including 2 or bv in the

labeling media provided exclusive labeling of UnaG and IFP2.0, respectively (Fig. 3.15),

demonstrating the speci�city of each ligand-dependent FP for each color channel.
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Figure 3.14: Phase-contrast and�uorescence imaging of amixed culture ofB. ova-
tus and B. theta expressing di�erent BBFPs. B. ovatus expressing UnaG and labeled

with 2 (green, 532-nm excitation) is distinguished from B. theta expressing IFP2.0 and

labeled with bv (red, 635-nm excitation) in separate color channels. Scale bar: 2 `m.

3.4 Discussion

Here, we developed a new UnaG-ligand pair that is suitable for anaerobic �uorescence

microscopy and to probe oxygen-sensitive bacterial systems. Using HTS, we identi�ed 15

new ligands that UnaG can utilize as �uorescent binding partners (Fig. 3.1) and found one

ligand (2) that was particularly useful for �uorescence imaging. UnaG binds 2 with high

a�nity ( 3 3 nM, Fig. 3.10) resulting in a 10-nm red shift of the peak �uorescence emission

wavelength (to 581 nm) as well as a 2.5-fold �uorescence intensity enhancement over the
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Figure 3.15: Phase-contrast and �uorescence images of B. ovatus (Bo) expressing UnaG

and B. theta (Bt) expressing IFP2.0. When 2 is supplemented into media for labeling or

when cells are grown in bv, UnaG-labeled B. ovatus can be distinguished from IFP2.0-

labeled B. theta in separate color channels using 532-nm and 635-nm excitation, respec-

tively. Scale bar: 2 `m.

signal produced by 2 alone (Fig. 3.8).

Due to the nature of the compound library chosen for HTS, the con�rmed hits found

through our screening work�ow are structurally diverse (Fig. 3.4) yet dissimilar to clas-

sic families of organic �uorescent dyes like the xanthenes (�uorescein, rhodamine) and

coumarins. Unsurprisingly, almost all the hit compounds were extensively conjugated het-

erocyclic molecules, although most did not �uoresce signi�cantly to carry on in spectral

characterization during validation steps. We hypothesize that the high concentrations of

compounds utilized in HTS contributed to the discrepancy: �uorescence was detected in

HTS but not detected during the validation experiments at the lower concentrations that

were closer to experimental conditions suitable for imaging. Of note, the two best hits 2

and 4, are derivatives of benzothiazole, which is a common heterocycle in medicinal chem-

istry and in studies of bioactive molecules [114], but not a common structural feature in

popular commercial �uorescent dyes. To our knowledge, this work describes the �rst ap-

plication of a benzothiazole-based ligand in bacterial imaging and in oxygen-independent
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microscopy.

Like the previously characterized BBFP pairs [105], UnaG-br and IFP2.0-bv, UnaG-2

is a ligand-dependent FP reporter for imaging obligate anaerobic bacteria (Fig. 3.13). Im-

portantly, UnaG-2 diversi�es the colors of the available UnaG-ligand pairs by adding a

probe that �uoresces in the green 532-nm excitation channel, commonly used for Cy3

and Red Fluorescent Protein (RFP) imaging. In imaging B. theta, we observed UnaG-2 �u-

orescence for both cytoplasmic and outer-membrane labeling conditions, though the lat-

ter positioning increases the accessibility to yield brighter cells. Relative to UnaG-br, the

red-shifted UnaG-2 �uorescence will enable better signal-to-background measurements

as intrinsic cellular background decreases with increasing excitation wavelength. Anaer-

obic bacterial systems with high cellular background in the blue region are not suitable

for labeling by the UnaG-br pair but could potentially be probed by the red-shifted UnaG-

2 labeling system. Likewise, UnaG-2 can be coupled with IFP2.0-bv as complementary

labeling pairs in two-color �uorescence microscopy using the 532-nm and 635-nm exci-

tation channels, respectively (Fig. 3.14). As we have also demonstrated demonstrated the

utility of UnaG-2 in E. coli in anaerobic conditions (Fig. 3.13b), we envision that studies

of oxygen-sensitive mechanisms in this more common laboratory microbe will be further

accessible via �uorescence-based investigations.

Since the UnaG-2 labeling system utilizes the wild-type UnaG protein, this system

cannot be coupled with the native UnaG-br pair (blue, 488-nm excitation) for two-color

imaging. However, our HTS methodology and hits reveal that the UnaG binding pocket is

not exclusive to the original br ligand and can indeed bind other potentially �uorogenic

molecules. Additional HTS screening may discover further molecules that bind UnaG and

�uoresce in other microscopy channels, further diversifying UnaG into a wide palette of

�uorescent colors. For more extensive multi-color setups, protein engineering will also be

required to create exclusive pairs of UnaG variants-ligands such that each UnaG variant

can recognize only one ligand.
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3.5 Conclusions

We discovered and characterized a new ligand that the ligand-dependent FP UnaG can

utilize for anaerobic live-cell �uorescence microscopy. Like the native blue-green UnaG-

br pair, the �uorescence of the new green UnaG-2 pair produces red-shifted and intensity

enhanced �uorescence that is detectable without a wash step. The UnaG-2 pair was used

in conjunction with the red IFP2.0-bv pair as complementary probes to label strains in

mixed bacterial cultures with two-color imaging. This work adds another color to the

ligand-dependent �uorescent reporter toolbox for imaging and other �uorescence-based

analyses that can be used to probe oxygen-sensitive biological systems.
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CHAPTER IV

Designing a Red-Shifted Fluorescent Reporter Using

Directed Evolution and Rational Design

4.1 Introduction

As previously discussed, Bilin-based Fluorescent Proteins (BBFPs) are ideal tools for

probing anaerobic microbial systems. In addition to their oxygen-independent �uores-

cence, BBFPs bind �uorogenic ligands that are non-toxic to bacteria and do not increase

background signal during imaging. Of the BBFPs that have been reported, the bilirubin

(br)-binding �uorescent protein (FP) UnaG [60] is particularly promising to further de-

velop as a probe.

As demonstrated in Chapter III, the binding pocket of UnaG permits the binding of a

wide range of ligands and extends the possibility of utilizing new �uorogenic molecules

for imaging in more color channels. UnaG is also a more attractive probe than biliverdin

(bv)-binding FPs such as IFP2.0 [66], mIFP [67], Sandercyanin [115], and smURFP [112];

UnaG is small and natively monomeric [61], unlike most bv-FPs that are di- or tetrameric

and/or prone to oligomerization.

However, bv-binding BBFPs hold advantages over UnaG due to their far-red to near-

Infrared Radiation (IR) �uorescence. Far-red emission is desirable over the blue-green

emission exhibited by the original UnaG-br pair because red excitation and emission is
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spectrally far away from intrinsic cellular background �uorescence. Molecularly, bv and

br di�er only by a double bond, but this double bond confers elongated c-conjugation for

red-shifted �uorescence and a more planar structure. This additional double bond gives

rise to two absorbance peaks that can be utilized by the far-red BBFPs that can absorb

and emit red light or by the Sandercyanin FP that can absorb blue light and emits red

light. Ideally, a red BBFP would have both bv recognition as well as the small monomeric

form of UnaG to enable maximal �exibility and implementation in bacterial systems with

minimal biological perturbation.

In this Chapter, I discuss e�orts to engineer a red-shifted UnaG by altering the UnaG

binding pocket to switch ligand recognition from br to bv. Based on the crystal structure

of the protein, I chose to mutate residues in the UnaG binding pocket that appeared to

interact with the hydrogen bonding network or with br itself. Given the challenge of al-

tering ligand recognition through a small number of selected rational design mutations,

I also employed a randomized directed evolution approach to generate red-shifted UnaG

variants with bv recognition that could �uoresce upon blue or red excitation. From our

two-pronged protein engineering approach, the preliminary work discussed in this Chap-

ter provides additional insight into the UnaG binding pocket.

4.2 Materials and methods

4.2.1 Cloning and Library Construction

Oligonucleotides and plasmids used in cloning are described in Table 4.1 and 4.2, re-

spectively. PCR products and plasmids were puri�ed using commercially available kits

(Qiagen and Zymo Research). Plasmids were assembled using commercial HiFi Gibson

gene assembly kits (New England Biolabs). DNA sequencing (Euro�ns) was used to con-

�rm assembled genes in plasmids. Sequences were aligned using CLC Sequence Viewer

(Qiagen).
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Table 4.1: Oligonucleotides used in this study.

Name Sequence Use

UnaG-SDM-

V2L_f

GGGCATTTCACATATGATGTTGGAAAAGTT

CGTTGGTAC

Install V2L into UnaG

UnaG-SDM-

V2L_r

GTACCAACGAACTTTTCCAACATCATATGT

GAAATGCCC

Install V2L into UnaG

UnaG-SDM-

M51C_f

CAGCCAGAAAGATGGTGACAAGTGCACCGT

GAAAATTGAAAATGGTC

Install M51C into

UnaG

UnaG-SDM-

M51C_r

GACCATTTTCAATTTTCACGGTGCACTTGT

CACCATCTTTCTGGCTG

Install M51C into

UnaG

UnaG-SDM-

M51K_f

CCAGAAAGATGGTGACAAGAAGACCGTGAA

AATTGAAAATG

Install M51K into

UnaG

UnaG-SDM-

M51K_r

CATTTTCAATTTTCACGGTCTTCTTGTCAC

CATCTTTCTGG

Install M51K into

UnaG

UnaG-SDM-

N57A_f

TGACAAGATGACCGTGAAAATTGAAGCTGG

TCCGCCGACC

Install N57A into

UnaG

UnaG-SDM-

N57A_r

GGTCGGCGGACCAGCTTCAATTTTCACGGT

CATCTTGTCA

Install N57A into

UnaG

UnaG-SDM-

N57H_f

CAAGATGACCGTGAAAATTGAACATGGTCC

GCCGA

Install N57H into

UnaG

UnaG-SDM-

N57H_r

TCGGCGGACCATGTTCAATTTTCACGGTCA

TCTTG

Install N57H into

UnaG

UnaG-SDM-

D81H_f

CGATGAATTTCCGAGCCACCGTCGTAAAGG

TGT

Install D81H into

UnaG

UnaG-SDM-

D81H_r

ACACCTTTACGACGGTGGCTCGGAAATTCA

TCG

Install D81H into

UnaG

UnaG-SDM-

R112K_f

CGGCAAAGAAACCACCTACGTGAAGGAAAT

CAAAGATGGTAAACTGG

Install R112K into

UnaG
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Continuation of Table 4.1

UnaG-SDM-

R112K_r

CCAGTTTACCATCTTTGATTTCCTTCACGT

AGGTGGTTTCTTTGCCG

Install R112K into

UnaG

UnaG-SDM-

R112W_f

GGCAAAGAAACCACCTACGTGTGGGAAATC

AAAGATGGTAAACTG

Install R112W into

UnaG

UnaG-SDM-

R112W_r

CAGTTTACCATCTTTGATTTCCCACACGTA

GGTGGTTTCTTTGCC

Install R112W into

UnaG

UnaG-SDM-

R132K_f

TGGGCGACGTGGTTGCAGTTAAGAGCTATC

GTCGTGCG

Install R132K into

UnaG

UnaG-SDM-

R132K_r

CGCACGACGATAGCTCTTAACTGCAACCAC

GTCGCCCA

Install R132K into

UnaG

UnaG-SDM-

R132W_f

GGCGACGTGGTTGCAGTTTGGAGCTATCGT

CGTG

Install R132W into

UnaG

UnaG-SDM-

R132W_r

CACGACGATAGCTCCAAACTGCAACCACGT

CGCC

Install R132W into

UnaG

pMAL-c5x-

seq_f

GGTCGTCAGACTGTCGATGAAG For sequencing

pMAL-c5x

pMAL-c5x-

seq_r

TGTCCTACTCAGGAGAGCGTTCAC For sequencing

pMAL-c5x

pRSFDuet_

UnaG_f

ACCATCATCACCACAGCCAGATGGTGGAAA

AGTTCGTTGG

Install UnaG into

pRSFDuet-1 (MCS #1)

pRSFDuet_

UnaG_r

TTAAGCATTATGCGGCCGCACTATTCGGTC

GCACGACG

Install UnaG into

pRSFDuet-1 (MCS #1)

pRSFDuet_

EGFP_f

GTATAAGAAGGAGATATACAATGGTGAGCA

AGGGCGAG

Install EGFP into

pRSFDuet-1 (MCS #2)

pRSFDuet_

EGFP_r

CAGCGGTTTCTTTACCAGACTTACTTGTAC

AGCTCGTCCATG

Install EGFP into

pRSFDuet-1 (MCS #2)
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Continuation of Table 4.1

pRSFDuet-

mcs1_f

TGCGGCCGCATAATGCTTAAG For amplifying

pRSFDuet-1 from

MCS #1 for Gibson

Assembly

pRSFDuet-

mcs1_r

CTGGCTGTGGTGATGATGGT For amplifying

pRSFDuet-1 from

MCS #1 for Gibson

Assembly

pRSFDuet_

mtUnaG_f

ACCATCATCACCACAGCCAGATG Used in error-prone

PCR to generate UnaG

variant library; UnaG

into pRSFDuet-1

(MCS #1)

pRSFDuet_

mtUnaG_f

TTAAGCATTATGCGGCCGCACTA Used in error-prone

PCR to generate UnaG

variant library; UnaG

into pRSFDuet-1

(MCS #1)

ACYCDuet

Up1_f

GGATCTCGACGCTCTCCCT For sequencing

pRSFDuet-1 MCS #1

DuetDOWN1_r GATTATGCGGCCGTGTACAA For sequencing

pRSFDuet-1 MCS #1

DuetUP2_f TTGTACACGGCCGCATAATC For sequencing

pRSFDuet-1 MCS #2

DuetDOWN2_r GCTAGTTATTGCTCAGCGG For sequencing

pRSFDuet-1 MCS #2
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Table 4.2: Plasmids ordered and generated for this study.

Plasmid Description Resistance Reference
pMAL-c5x_UnaG For general cloning and protein

expression; results in the production of

codon-optimized UnaG with a maltose-

binding-protein (MBP) tag on the N-

terminus and a 6x-His tag on the C-

terminus

Amp Genscript [105]

pMAL-c5x-TEV-UnaG For general protein expression; installs

a TEV protease cleavage site between

the Factor Xa and UnaG protein

Amp

pMAL-c5x-TEV-

UnaG_V2L

Produces MBP-UnaG V2L variant Amp

pMAL-c5x-TEV-

UnaG_V2L/M51C

Produces MBP-UnaG V2L/M51C variant Amp

pMAL-c5x-TEV-

UnaG_M51C

Produces MBP-UnaG M51C variant Amp

pMAL-c5x-TEV-

UnaG_M51K

Produces MBP-UnaG M51K variant Amp

pMAL-c5x-TEV-

UnaG_N57A

Produces MBP-UnaG N57A variant Amp

pMAL-c5x-TEV-

UnaG_N57H

Produces MBP-UnaG N57H variant Amp

pMAL-c5x-TEV-

UnaG_D81H

Produces MBP-UnaG D81H variant Amp

pMAL-c5x-TEV-

UnaG_R112K

Produces MBP-UnaG R112K variant Amp

pMAL-c5x-TEV-

UnaG_R112W

Produces MBP-UnaG R112W variant Amp

pMAL-c5x-TEV-

UnaG_R132K

Produces MBP-UnaG R132K variant Amp

pMAL-c5x-TEV-

UnaG_R132W

Produces MBP-UnaG R132W variant Amp

pBAD_EGFP For general cloning; resulting EGFP

protein used for FACS control

Amp Addgene #54762

pRSFDuet-1 For general cloning and FACS control Kan Novagen /

EMD Millipore

pRSFDuet-1

_UnaG_EGFP

For directed evolution using FACS;

results in expression of UnaG with a 6x-

His tag on the N-terminus and EGFP

with an S-tag on the C-terminus;

generated by Gibson Assembly (UnaG

inserted between BamHII and HindIII

sites in MCS #1 and EGFP inserted

between NdeI and XhoI sites in MCS

#2)

Kan
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Single and double mutants were generated through site-directed mutagenesis (SDM)

using the commercial QuikChange SDM kit (Agilent). All single mutation variants were

built into a pMAL-c5x-TEV_UnaG plasmid modi�ed from one I have previously described

[105], which contains an E. coli codon-optimized form of the UnaG gene. A TEV protease

cleavage site was inserted in-frame between the Factor Xa protease site and the UnaG

gene to cleave the maltose-binding-protein (MBP) tag from UnaG if desired. Clones were

transformed into chemically competent XL10-gold E. coli cells (Agilent) for plasmid stor-

age.

All constructs used for directed evolution were built onto a pRSFDuet-1 vector (No-

vagen, EMD Millipore). First, EGFP was inserted into the second multiple cloning site

(MCS) in pRSFDuet-1 and con�rmed by sequencing. Error Prone Polymerase Chain Re-

action (ep-PCR) was then used to introduce mutations to the parent UnaG gene. The fol-

lowing protocol was adapted from previous literature [116] and added to the reaction

mixture sequentially (per 100 `L for 1× concentration): Tris-HCl (pH 8.3, 10 mM), KCl (50

mM), MgCl2 (7 mM), dCTP (1 mM), dTTP (1mM), dATP (0.2 mM), dGTP (0.2 mM), forward

primer (2 `M), reverse primer (2 `M), DNA template (20 pg), MnCl2 (0.5 mM), and Taq

polymerase (0.05 Units, New England Biolabs). The PCR conditions were 95
◦
C 3 min, 12

cycles of 95
◦
C 30 sec / 60

◦
C 30 sec / 72

◦
C 3 min, and �nished with 72

◦
C extension for 5

min. The resulting insert was puri�ed before insertion into the �rst MCS in the sequence

con�rmed pRSFDuet_EGFP plasmid. The assembly reaction was transformed into electro-

competent MegaX DH10B E. coli cells (Invitrogen). A small volume of transformed cells

was plated onto LB/Agar plates (50 `g/mL kanamycin) to calculate transformation e�-

ciency; the rest of the transformed cells were used to inoculate fresh LB media (50 `g/mL

kanamycin) and grown overnight to harvest the plasmid library.
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4.2.2 Colony-based Screening for UnaG Variants

pMAL-c5x_UnaG plasmid was transformed into chemically competent BL21 DE3 E.

coli cells (New England Biolabs). Standard LB/Agar plates were prepared with ampicillin

(100 `g/mL) and IPTG (100 mM) and varying amounts of br were spread over the plate

surface (10-40 `L of 100 `M stock). M9/Agar plates were prepared by autoclaving a 95 mL

base of M9 salts (20× 1 liter stock: 33.9 g Na2HPO4, 15 g KH2PO4, 2.5 g NaCl, 5 g NH4Cl)

with agar (0.75 g for soft plates or 0.3 g for extra-soft plates), followed by addition of 0.2

mL 1 M MgSO4, 20 `L 1 M CaCl2, 0.8 mL 20% glucose, 50 `L 1% thiamine, and IPTG (�nal

concentration 100-400 mM). Once dried, br was spread over the plate surface (10-40 `L

of 100 `M stock). Cells were streaked over the plates in the classic three streak dilution

method to isolate single colonies. Following overnight growth at 37
◦
C, colonies on plates

were visualized in a BioRad ChemiDoc Imager using AlexaFluor488 excitation and �lters.

4.2.3 Lysate-based Screening for UnaG Variants

pMAL-c5x-TEV_UnaG plasmid was transformed into chemically competent NEB-Express

E. coli cells (New England Biolabs) using standard transformation protocols. For minimal

media conditions, a colony was picked into standard M9 media (2% glucose as carbon

source) and grown in a shaker at 20
◦
C for 24 hours. For LB media conditions, a colony

was picked into LB media to grow overnight at 37
◦
C and subsequently backdiluted 1:200

into fresh LB media; these cells were induced when OD600 reached 0.4 with IPTG (0.4 mM

�nal concentration) to grow at 37
◦
C for another 3 hours before lysing. To normalize cell

quantity, cultures from both M9 and LB conditions were diluted to the same OD600 before

lysing.

Lysozyme (50 mg/mL, Sigma Aldrich) and DNase (200 mg/mL, Sigma Aldrich) were

prepared in PBS and added to a bu�er consisting of 20 mM Tris-HCl (pH 7.2) and 200

mM NaCl. Tween-20 (Sigma Aldrich) and TritonX-100 (Sigma Aldrich) were added to lysis

bu�er or to B-PER bacterial extraction reagent (ThermoFisher) as indicated. Cultures were
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mixed in equal volume with lysis bu�er and incubated at room temperature for 15 min.

Half of this suspension was visualized directly in a UV-light box and the other half was

subjected to an additional incubation at 50
◦
C for 5 min before visualization. Br (20 `M

�nal concentration) was added to tubes before visualization.

4.2.4 FACS Screening for Red-Shifted UnaG Variants

Plasmid libraries were transformed into chemically competent NEB-Express E. coli

cells (New England Biolabs). Following recovery, the transformed cells were used to inoc-

ulate fresh LB media (50 `g/mL kanamycin) and grown overnight. The overnight culture

was used to inoculate 20 mL of rich autoinduction media (per liter: 6 g Na2HPO4, 3 g

KH2PO4, 20 g tryptone, 5 g yeast extract, 5 g NaCl, 10 mL 60% v/v glycerol, 5 mL 10% w/v

glucose, 8% w/v lactose; 50 `g/mL kanamycin) and grown at 25
◦
C for 48 hrs.

Fluorescence Assisted Cell Sorting (FACS) was performed on live cells expressing mu-

tant UnaG and EGFP to collect red-shifted UnaG variants. Cells were diluted and washed

in 1× PBS to 8 × 10
6

– 2.4 × 10
7

cells/mL, incubated with bv (1 `M) for 30 min on ice,

followed by DAPI stain (10 `g/mL) for another 30 min on ice. Cells were washed twice

with ice-cold PBS to remove excess ligand and stain. Cells with no bv incubation as well as

cells transformed with empty pRSFDuet-1 vector were prepared with the same protocol

as negative controls. Only cells excited with red-shifted �uorescence in the Brilliant Vi-

olet 605 (405-nm excitation, �lter 617/30 nm) or the APC-Cy5.5 (640-nm excitation, �lter

720/60 nm) channels were collected. Collected cells were grown up in fresh LB media (50

`g/mL kanamycin) to repeat more rounds of mutagenesis and cell sorting.

As the collected cells from FACS sorting was heterogeneous, variants were isolated as

single colonies by plating dilutions of the overnight sorted culture onto LB/Agar plates

(50 `g/mL kanamycin). These colonies were picked into LB media (50 `g/mL kanamycin)

in 24-well plate format to use for saving glycerol freezer stocks and for sequencing.
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4.2.5 Protein Expression and Puri�cation

All UnaG variants, MBP-UnaG mutants and individual variants from FACS-based sort-

ing, were expressed in NEB-Express E. coli cells (New England Biolabs) with IPTG induc-

tion (0.4 mM �nal concentration) upon OD600 0.4-0.6 and harvested after 3.5 hrs outgrowth

at 37
◦
C. Cell pellets were lysed by sonication or micro�udizer and after centrifugation, the

collected supernatant was collected and loaded onto Ni-NTA resin (New England Biolabs).

Protein was puri�ed by gravity �ow using a step gradient of imidazole (base bu�er: 20 mM

Tris-HCl, 200 mM NaCl): 10 mM imidazole (also used for equilibrating supernatant and

resin), 25 mM, 100 mM, 200 mM, and 500 mM. Fractions were analyzed for size and purity

by SDS-PAGE (4-20% acrylamide, BioRad). Final elution fractions were passively concen-

trated (10 kDa cuto�, Sartorius Vivapore) or by centrifugation (10 kDa cuto�, Millipore-

Sigma Amicon). Concentrated protein was bu�er exchanged into imidazole free bu�er

and the �nal concentration was assessed by A280 measurements.

4.2.6 Spectral Characterization

Br (100 mM, Sigma Aldrich) and bv (1 mM, Sigma Aldrich) stocks were dissolved in

DMSO. All compounds and proteins were prepared for measurement in the same bu�er:

20 mM Tris-HCl (pH 7.2), 200 mM NaCl, and 1 mM EDTA.

UV-vis absorbance measurements were performed in 96-well clear bottom plates us-

ing the Molecular Devices SpectraMax iD3 microplate reader or in a black-walled quartz

cuvette (Hellma, 1 cm pathlength) using a Hewlett Packard 8453 UV-Visible spectropho-

tometer. Plotted UV-vis spectra are background corrected using bu�er blanks and pro-

cessed using MATLAB.

Fluorescence measurements were carried out on an Agilent Varian Cary Eclipse Flu-

orescence Spectrophotometer. Plotted �uorescence excitation and emission spectra are

averaged plots from three technical replicates and processed using MATLAB.
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4.3 Results

4.3.1 Rational design of a red-shifted bv-binding UnaG

As bv only di�ers from br by a single double bond (Fig. 4.1a), I hypothesized that ratio-

nal design of a bv-binding UnaG variant would rely upon altering the hydrogen bonding

network within the original binding pocket (Fig. 4.1b). Utilizing structural information, I

chose to selectively mutate residues that are involved in direct hydrogen bonding with

br or involved in coordinating water molecules that help rigidify the �uorogenic ligand

within the hydrophobic protein core. For example, Asn57 is positioned at the midpoint of

the br molecule between the two planar dipyrrole sections and has extensive hydrogen

bond interactions with the endoo-vinyl pyrrinone as well as the C-ring propionate; the

N57A point mutation abolishes all of these hydrogen bond interactions [60] and opens up

the binding pocket.

The mutations I chose to introduce were ones that would alter the sterics of the binding

pocket to accommodate the entirely planar bv ligand (N57A, M51C, R112K, R132K), alter

the electrostatics of the binding pocket (M51K, N57H, D81H), or a�ect potentialc-stacking

between residues and the ligand (R112W, R132W). I also chose to include the previously

published single V2L mutation from eUnaG [80], a variant that was evolved for increased

br-induced �uorescence, to investigate the e�ects of this mutation on br and bv binding;

although Val2 does not appear to directly interact with br in the crystal structure, the V2L

mutation may be stabilizing other interactions within the binding pocket.

I expressed, puri�ed, and characterized all single mutants bound with br and bv by

UV-vis absorbance (Fig. 4.2) and �uorescence emission (Fig. 4.3). The M51K and R132K

single mutants did not express well and could not be puri�ed, indicating that these residue

changes introduced structural instability to the protein. Most variants did not enhance the

primary br absorbance peak at 495 nm over Wt-br with the exception of the M51C variant

(Fig. 4.2b-c). In addition to enhanced absorbance, the M51C-br pair was also slightly more
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Figure 4.1: (a) Structures of br and bv. Red arrow indicates the additional double bond in

bv. (b) Detailed view of the UnaG binding pocket with residues critical for br binding and

interaction. Water (cyan molecules) and hydrogen bonds (dashed cyan lines) are critical

for coordinating and stabilizing the br ligand (green). PDB: 4I3B.

�uorescent upon excitation at 495 nm than Wt-br (Fig. 4.3a-b). Surprisingly, D81H-br was

also slightly more �uorescent than Wt-br with 495-nm excitation (Fig. 4.3a and e) despite

having lower absorbance at the corresponding peak (Fig. 4.2b and d). The rest of the in-

troduced mutations lowered the �uorescence emission intensity when bound with br and

excited at 495 nm.

Similarly, most variants did not enhance the two primary bv absorbance peaks at 345

nm (blue) and 650 nm (red) over Wt-bv, with the exceptions of M51C and N57A (Fig.
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Figure 4.2: UV-vis absorbance spectra of (a) br (orange) and bv (green) ligands (50 `M),

(b) Wt UnaG with br and bv, and (c-i) single mutant variants with br and bv. (b-i) All

protein and ligand concentrations were measured at 30 `M.

4.2b, c, and e). For M51C-bv and N57A-bv, both the dominant blue absorbance peak and

secondary red absorbance peak were broader relative to the bv ligand alone (Fig. 4.2a).

When compared to other mutants that had no discernible absorbance when incubated

with bv, the broader peaks observed with M51C-bv and N57A-bv indicates these two mu-

tations confer some bv-binding capacity. However, neither mutation was able to confer

bv-induced �uorescence signal at any excitation wavelength (Fig. 4.4).

As the M51C variant complexed with br appeared to impart the greatest absorbance

enhancement and �uorescence emission increase, I installed the M51C mutation onto the

eUnaG variant containing V2L. I observed that the absorbance of the V2L/M51C double
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Figure 4.3: Fluorescence emission spectra of (a) Wt and (b-h) single mutant variants

bound with br (orange) or bv (green) and excited at 495 nm. All protein and ligand con-

centrations were measured at 30 `M.
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Figure 4.4: Fluorescence emission spectra of (a) Wt UnaG, (b) M51C, and (c) N57A bound

with bv at excitation at 405 nm (blue), 495 (yellow) and 635 or 650 nm (red).

mutant bound with br had higher absorbance at 495 nm than Wt-br but lower than V2L-

br (Fig. 4.5a). Contrary to published literature, I observed that the V2L-br pair had the

same �uorescence emission intensity as the native Wt-br pair at 495-nm excitation (Fig.

4.5b-c). Furthermore, the addition of M51C to V2L decreased the �uorescence intensity
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from the V2L single mutant (Fig. 4.5d). A summary of designed rational mutants’ spectral

characterization with respect to each residue’s structural placement within the protein is

detailed in Figure 4.6.

Figure 4.5: (a) UV-vis absorbance and �uorescence emission spectra of (b) Wt UnaG, (c)

V2L, and (d) V2L/M51C bound with br. Protein and ligand were incubated in equimolar

amounts at (a) 30 `M and (b-d) 9 nM.
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Figure 4.6: Summary of single UnaG variants and the e�ects of each mutation on br or

bv binding. All comparisons are relative to Wt UnaG. PDB: 4I3B.

4.3.2 Directed evolution of a red-shifted bv-binding UnaG

Given the di�culty of predicting bene�cial mutations through a rational design ap-

proach, I turned toward a random mutagenesis and directed evolution approach to create

a red-shifted bv-binding UnaG variant. Similar to eUnaG [80], mIFP [67], and other FP

evolution approaches described in literature [41, 42, 47], I sought to use �uorescence to

evaluate mutants in a high-throughput manner. Using Wt UnaG and br, I tried to estab-

lish a screening format using bacterial colonies (Fig. 4.7a) as it would be simple to visual-

ize thousands of colonies on LB/Agar plates. Despite altering the concentrations of ligand

added to plates, varying agar thickness, and switching to agar made of minimal media, I

were not able to detect blue-green �uorescence from colonies expressing UnaG. I hypoth-
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esize that this lack of �uorescence is due to the inaccessibility of the br ligand to cells in

the plate format. Since a bacterial colony is a bio�lm, the br ligand incorporated into the

agar may have only been accessible to the bottom layer of cells in direct contact with the

agar and the signal from this thin layer of cells would be masked by other layers of cells

that did not have any br. Another possibility is that the blue-green signal expected from

cells with UnaG-br may be too blue or dim to be detectable in an colony-agar format.

I also attempted to establish a lysate-based screening method. Using E. coli cells that

expressed UnaG, I lysed cells grown from liquid culture in a variety of conditions with de-

tergents (Tween-20, TritonX-100), with enzymes to facilitate cellular lysis (DNase, lysozyme),

and in commercial lysis bu�ers before incubating the lysates with br (Fig. 4.7b). While I

could not discern any blue-green �uorescence from lysed cells grown in nutrient rich LB

media, I could detect �uorescence in lysed cells grown in M9 minimal media. I also tried

to take advantage of UnaG’s high thermal stability (Tm = 60
◦
C [80]) by incubating lysates

in a heat block to further precipitate other cellular debris before visualization. Unfortu-

nately, this additional step did not improve �uorescence read-out. I ultimately decided not

to pursue this lysate-based approach due to its low-throughput and resource intensive na-

ture.

I turned toward �uorescence assisted cell sorting (FACS) to accomplish sensitive �u-

orescence detection with high-throughput screening of our mutant UnaG libraries. I de-

vised a construct with dual expression of UnaG variants and EGFP, with the latter serving

as an internal control for cells that expressed protein (Fig. 4.8a). Each UnaG variant li-

brary was constructed using ep-PCR to introduce mutations to the parent gene and the

dual expression construct was transformed into E. coli cells for FACS sorting (Fig. 4.8b).

I performed four successive rounds of selection for UnaG variants that appeared to

bind bv and exhibit red �uorescence upon blue 405-nm excitation in the Brilliant Violet

605 (BV605) channel or red 640-nm excitation in the APC-Cy5.5 channel (Fig. 4.9). Each

successive round of selection was more stringent in gating for red-shifted �uorescence; I
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Figure 4.7: (a) Colony-agar and (b) lysate-based screening to detect �uorescence in E. coli
cells expressing UnaG protein and incubated with br ligand. Cells were visualized under

(a) 488-nm excitation using Alexa488 �lters or (b) under UV light.
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Figure 4.8: (a) Construct used for FACS-based evolution for red-shifted bv-binding UnaG.

(b) Schematic of FACS-based evolution strategy.

observed somewhat enhanced �uorescence in each round per channel, though this "tail" of

greater �uorescence signal tapered o� in round 4. Due to our constructed dual expression

system, it is possible that I inadvertently selected for mutants that could be more easily

expressed by cells throughout all four libraries as EGFP functioned as a control for cells

that generally expressed protein rather than as a direct readout for amount of mutant

UnaG expressed. Likewise, the dropo� in signal in the fourth library may have been due

to incomplete expression of protein by cells and may need repeating.

Sequencing after four rounds of sorting indicated that the most enriched mutation was

V100D (Fig. 4.10). This mutation appeared in a handful of round 2 mutants, was present

in the majority of round 3 mutants, and was found in nearly all round 4 mutants. Clones

from library 4 that did not possess the V100D mutation instead posessed V100D, the only

other possible mutation to an acidic residue. While mutations were scattered throughout

nearly all of the protein sequence, the residues identi�ed as critical for br binding in Wt
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Figure 4.9: FACS analysis of bv-binding UnaG mutant library in E. coli sorted by red

�uorescence emission using 405-nm excitation (BV605) or 640-nm excitation (APC-Cy5.5).

Orange gate was used to collect cells with the most intense, red-shifted �uorescence.

UnaG (Asn57, Thr61, Glu77, Ser80, Asp81, Arg112) [60] remained nearly untouched when

selecting for bv binding, indicating that these residues may remain as conserved positions

for binding bilin ligands.

I attempted to characterize a handful randomly selected mutants from round 4. Most

of these proteins were di�cult to purify in despite troubleshooting to improve protein

expression, to more thoroughly lyse cell pellets, and to maximize binding of protein to

Ni-NTA resin. One mutant, L4-Cy3 (named after library 4 - APC-Cy5.5 mutant #3), stood

out as a particularly easy variant to work with as the protein could be puri�ed in large and

pure quantities (yield 23 mg protein/L) and was extremely soluble in high concentrations.

Like other clones in library 4, the L4-Cy3 variant possessed the V100D mutation as well

as a handful of other mutations (Fig. 4.11a). Upon spectral characterization, I found that

L4-Cy3 did not appear to bind not �uoresce with bv (Fig. 4.11c and e), but still bound br

with the characteristic 48 nm absorbance shift that is also observed in Wt-br (Fig. 4.11b).

However, the mutations in L4-Cy3 appear to destabilize br-induced �uorescence as suc-
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Figure 4.10: Sequence alignment of mutations in bv-binding UnaG variants after four

rounds of library generation and selection.
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cessive scans using 495-nm excitation resulted in decrease in �uorescence intensity (Fig.

4.11d).

Figure 4.11: (a) Sequence alignment of Wt UnaG and L4-Cy3 variant. Mutated residues

are highlighted in pink. (b-c) UV-vis absorbance and (d-e) �uorescence emission spectra of

L4-Cy3 variant bound with (b,d) br or (c,e) bv. (d) Fluorescence emission was taken after

incubating L4-Cy3 protein and br for 5 min and recording spectra at 45-sec intervals.
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4.4 Discussion and future work

Designing a bv-binding UnaG variant would combine two advantages of BBFPs over

other ligand-dependent FPs: the small monomeric UnaG protein and bv-induced far-red

�uorescence. The wild-type UnaG exists as a monomer in both apo-and holo-protein

forms [60,61], which allows for introduction of the tag into systems without fear of biolog-

ical perturbation. On the other hand, the bv ligand provides a far-red �uorescence signal

that is spectrally separated from the blue intrinsic �uorescence region. This red �uores-

cence not only allows for multi-color imaging when using BBFPs [105], but also opens

up the possibility of probing multi-layer cellular samples like bio�lms or tissues [66, 67].

The existence of red-emitting bv-binding FPs that can be excited by blue light (Sander-

cyanin [115]) or red light (IFP2.0 [66], mIFP [67], smURFP [112]) provides additional spec-

tral �exibility in choosing tags for �uorescence-based applications.

UnaG has proven to be a versatile probe for biosensors and for advanced super-resolution

imaging techniques. Applications of UnaG as a biosensor include uPPI, a split protein ap-

proach utilizing UnaG as a protein-protein interaction reporter [62], BReleaCa, an UnaG-

calmodulin chimeric protein that detects Ca
2+

[63], and most recently GOD-POD-UnaG,

a multi-protein construct that measures unconjugated br in clinical serum samples [117].

Beyond typical bulk �uorescence imaging uses, UnaG-br and the eUnaG variant-br have

been established as green-to-dark photoswitching FPs for super-resolution imaging [102,

111].

Most of these approaches rely on the non-covalent UnaG-br interaction, allowing for

binding or displacement of the br ligand to function as detectable �uorescence signal.

However, bv-binding FPs, with the exception of Sandercyanin, covalently bind one of the

bv pyrrole rings via a cysteine residue in the binding pocket. This covalent linkage lim-

its these FPs from biosensor applications using similar ligand displacement techniques

to UnaG-br. Furthermore, the oligomeric forms of many bv-binding FPs introduce addi-

tional complexity in utilizing bv-induced �uorescence for stricter stoichiometric measure-
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ments in biosensor applications. A bv-binding FP engineered from cyanobacteriochromes

with a similar size and monomeric form to UnaG has been recently described, but this

miRFP670nano protein also requires covalent binding of bv [118], again rendering it un-

helpful for any application reliant on ligand association or displacement. Based on avail-

able crystal structures of bv-binding FPs, it does not appear that a covalent thioether

bond is required for inducible �uorescence, but rather to anchor the ligand in the binding

pocket.

While I was unsuccessful in engineering a �uorescent bv-binding UnaG variant through

our rational design and directed evolution approaches, I have gained insight into the br-

binding pocket. Only two rationally designed mutants, M51C and N57A, appeared to bind

and broaden bv absorbance peaks (Fig. 4.2c and e), though neither variant is capable of

bv-induced �uorescence (Fig. 4.4). N57A was a previously described mutant that has no

br-induced �uorescence because the Asn57 residue is critical in stabilizing the planar con-

formation of the endo-vinyl dipyrrinone (rings A and B). I hypothesize that the N57A

mutation may open up the ligand binding pocket to accomodate the entirely planar bv

molecule, though structural investigations are required to con�rm how the N57A muta-

tion interacts with the bv ligand.

Previous molecular dynamics simulations performed on the eUnaG variant indicates

that the V2L mtuation stabilizes a loop near the cavity entrance and pushes Met51 toward

br [80]. Based on these simulations, I hypothesize that the M51C mutation alone may

have promoted favorable contacts with the ligand to further stabilize br-induced �uores-

cence, similar to the single V2L mutation. However, the e�ects of these mutations were

not additive as the V2L/M51C double mutant did not have enhanced green �uorescence

when bound to br (Fig. 4.5). The M51K mutation that introduced a sterically similar but

charged residue instead resulted in poor expression and presumably structural instability,

suggesting that the Met51 residue is more important than previously thought in position-

ing ligands and stabilizing �uorescence. Given that the M51C mutant was among the best
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of the designed variants at binding bv and enhancing absorbance, yet did not �uoresce

when binding bv, suggests that this residue may act as a gatekeeper for accommodating

the planar bv liigand and additional mutations are thus required to stabilize bv-induced

�uorescence.

The preeminent mutation that arose after four rounds of FACS-based evolution was

V100D. However, the bene�t of this mutation is not obvious based on the crystal struc-

ture of Wt UnaG, as the original Val100 residue points outward and away from the binding

pocket. It is possible that V100D may alter the positioning of the neighboring Tyr99 and

Gln101 residues that interact with the second solvent shell, and these alterations would

need to be probed with deeper structural characterization. Nevertheless, this mutation

would not have persisted through four rounds of screening without conferring some ben-

e�t to the mutant UnaG-bv pair selection process. Additional characterization of a point

mutation variant is required to con�rm its bene�t for bv binding.

As even the high-throughput and high-sensitivity method of FACS did not yield a red-

emitting and bv-binding UnaG variant, future work would likely require a redesign of the

construct used for FACS-based evolution. Since our construct resulted in dual expression

of mutant UnaG and EGFP, the EGFP expression functioned as a control for cells express-

ing protein overall, but not for normalized protein expression of UnaG. As a result, it is

possible that our screening inadvertently selected for variants that could be expressed

more readily by E. coli or was more generally permissible for cells that were able to take

in more bv to �uoresce. This construct design may also explain why I did not see the

main density of cells sorted gradually shift to be more �uorescent in each analyzed round

(Fig. 4.9). Likewise, I may have not performed enough rounds of selection to notably shift

UnaG recognition to exclusively recognize bv.

Even so, the most promising L4-Cy3 variant that possesses enhanced solubility may

prove to be useful as a building block in a symmetry-based protein cage assembly project

being conducted by another member of the Marsh lab (Fig. A.3). A future iteration of this
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FACS-based evolution approach should instead construct the mutant UnaG and EGFP pro-

teins in tandem such that EGFP becomes a direct readout for protein expressed per cell.

Overall, an established directed evolution approach for engineering ligand recognition

into UnaG could be generalizable and be utilized to make UnaG variants that can exclu-

sively recognize new ligand, such as the ones detailed in Chapter III.

4.5 Conclusions

In our attempts to engineer a red-shifted bv-binding UnaG variant, I have identi�ed

residues that may confer the most bene�t for switching ligand recognition from br to

bv: M51C, N57A, and V100D. These residues appear to help the protein accommodate

the more planar bv molecule and have enhanced bv binding over the Wt UnaG protein,

though additional mutations are required to restore bv-induced �uorescence. This work

lays a foundation for engineering non-native ligand recognition into UnaG and be further

used to expand the colorful toolbox of oxygen-independent �uorescent tools.
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CHAPTER V

Conclusions

5.1 Introduction

Fluorescent proteins (FPs) remain the gold standard tools for probing biological sys-

tems and there exists the need for new tools for probing oxygen-sensitive or anaerobic en-

vironments. As I have discussed throughout this dissertation, the ligand-dependent family

of Bilin-based Fluorescent Proteins (BBFPs) is an attractive family of reporters to utilize for

anaerobic �uorescence microscopy. In this �nal chapter, I will review the conclusions from

the preceding chapters as well as present future directions for these oxygen-independent

reporter proteins.

5.2 BBFPs for imaging live obligate anaerobes

In Chapter II, I presented the �rst application of BBFPs in live-cell imaging of anaerobic

bacteria. I demonstrated how the blue-green UnaG and the far-red IFP2.0 BBFPs can label

the commensal gut bacteria Bacteroides thetaiotaomicron (B. theta) in oxygen-free imaging

where the commonly used green �uorescent protein (GFP) reporter fails. These reporters

are readily compatible with most home-built and commercial microscopy setups. UnaG-

labeled cells can be visualized using GFP excitation and �lter sets as can IFP2.0-labeled

cells using Cy5 excitation and �lter sets. These BBFPs’ utility also extends beyond mono-
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culture applications to multi-species and two-color imaging. In a mixed culture, I distin-

guished UnaG-labeled B. theta cells from unlabeled Ruminococcus bromii (R. bromii), the

latter a species that is not genetically tractable. Likewise, a mixed culture of Bacteroides

ovatus (B. ovatus) and B. theta labeled with UnaG and IFP2.0, respectively, was exclusively

di�erentiated in separate color channels in multicolor imaging.

This work collectively validates not only the use of BBFPs for anaerobic �uorescence

applications, but also highlights the potential for utilizing this family of reporters in inves-

tigations of polymicrobial systems. The genetic encodability of FPs is desirable for directly

labeling di�erent species in mixed-species conditions, but most of the common FPs in bi-

ology are ones that require an oxidative post-translational modi�cation to �uoresce. As

such, experiments that utilize GFP- or DsRed-like FPs are conducted on dormant or �xed

cells that are exposed to oxygen to mature FP chromophores, but result in static snapshots

of bacterial communities or biological phenomena.

Ligand-dependent reporters like BBFPs, HaloTag, SNAP-, and CLIP-tags avoid the

necessity for any oxygen exposure [50]. While the Biteen lab has previously used the

HaloTag system to track protein complex assembly in B. theta, these experiments were

limited to tracking targets on the outer membrane as HaloTag ligands were unable to

reach cytoplasmic targets. Moreover, most HaloTag ligands are �uorescent dyes that not

only provide a bright signal to labeled targets, but also result in a bright background sig-

nal that must be removed by washing away excess ligand that may non-speci�cally stick

to cells. Although new HaloTag ligands have been developed with special spectral prop-

erties, most notably the caged Janelia Fluors, which are capable of photoswitching and

photoactivation [68, 119, 120], these ligands still require additional washing steps before

imaging.

BBFPs solve this problem by utilizing the truly �uorogenic ligands bilirubin (br) and

biliverdin (bv). Fluorogenic ligands, which are non-�uorescent or weakly emissive before

binding a partner protein or target, are versatile molecules for live-cell and multicolor
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imaging. There is great interest within the �eld in developing �uorogenic probes from

existing rhodamine �uorescent dyes [121] and other �uorogen-activated FP systems [97,

110]. Wash-free labeling is the most attractive property imparted by �uorogenicity, as

this quality allows continual addition of ligand for long term imaging without increased

background signal. The ligands br and bv are unique within this class of molecules as they

are among the few that can be found in Nature and do not require additional synthetic

manipulation for stable �uorescence upon binding protein partners.

One of the long term goals of the Biteen lab is to continuously track the growth of

mixed-species cultures of gut bacteria and observe spatial pattern distribution of di�erent

species as they share nutrients and carbon sources. BBFPs enable these types of polymicro-

bial studies by providing oxygen-independent �uorescent labeling as well as the �exibility

to label targets that are intra- or extracellular. For experiments requiring multiple days of

monitoring cells in monolayer or even multilayers like bio�lms, the br and bv ligands will

allow for robust and non-toxic labeling of BBFPs-tagged cells.

Given that UnaG has also been recently demonstrated as a reporter suitable for super-

resolution experiments [102, 111], an outsider would naturally ask if the Biteen lab could

also utilize UnaG as a tag for super-resolution microbial experiments. However, the Biteen

lab specializes in Single-Particle Tracking (SPT) and localization, whereas studies of UnaG

in super-resolution experiments rely on Stochastic Optical Reconstruction Microscopy

(STORM)-like experimental parameters. In the latter, the non-covalent association be-

tween UnaG and br allows for fresh ligand to bind after br is photo-oxidized [102], re-

sulting in a series of imaging cycles with "blinking" �uorophores that can be individually

resolved for super-resolution localization [122]. SPT di�ers through the tracking of in-

dividual molecules for periods of time, longer relative to STORM emitters, to uncover

dynamics of heterogeneous protein populations with temporal and spatial resolution. To

accomplish SPT, the �uorophores need to be bright and photostable to stitch together

consecutive imaging frames of the same molecule and �t "tracks".
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While the photon count of the br ligand is improved in oxygen-depleted conditions

close to purely anaerobic imaging [102], the ligand may require further improvement to

the photostability before it is suitable for SPTs of molecules with long tracks. Furthermore,

an UnaG-br system lacks the convenience of photoactivation like with Photoactivatable

mCherry (PAmCherry) or HaloTag with Janelia Fluor ligands, so additional experimen-

tal considerations are required to control the number of molecules that are labeled at a

time for single-molecule detection. I imagine that an UnaG-br system for SPT experiments

would be in a micro�uidic device that would allow for continual �ow of low concentra-

tions of br over time such that photobleached holoUnaG can be reconstituted with fresh

ligand for continuous imaging.

5.3 HTS to identify new UnaG ligands

To begin to build out a toolbox of BBFPs colors, I set out to �nd new ligands that bound

UnaG as discussed in Chapter III. Utilizing high-throughput screening (HTS), I identi�ed

new compounds that bound UnaG and �uoresced in channels that were red-shifted with

respect to the native blue-green UnaG-br pair. The best hit was a benzothiazole-based lig-

and that binds UnaG with high a�nity ( 3 = 3 nM) and could be used in the common green

532-nm microscopy channel. While this new ligand was nominally �uorescent on its own,

the �uorescence is enhanced and red-shifted upon binding UnaG. Again, I demonstrated

new UnaG-ligand pair could be used as a reporter in anaerobic live-cell imaging of B. theta

in monoculture and in mixed-species two-color imaging with IFP2.0-labeled B. ovatus. To

our knowledge, this work demonstrates the �rst application of benzothiazole-based lig-

ands for live-cell microscopy and anaerobic imaging.

When UnaG was initially characterized, the tight coordination of the br ligand was a

key feature of the FP and distinguished it from other homologous fatty-acid-binding pro-

teins with broader ligand binding promiscuity. However, the work in this chapter demon-

strates that the UnaG binding pocket has some degree of plasticity that can accommodate
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and stabilize new �uorogenic ligands. This �nding opens the door to creating new UnaG-

ligand pairs of more colors, similar to how the toolbox of GFP and DsRed-like FPs were

diversi�ed into a rainbow.

There are far more colors that UnaG can be diversi�ed into for multicolor �uores-

cence applications. In this Chapter, I have only described one new UnaG-ligand pair that

�uoresces in the commonly found 532-nm green channel, and we were unsuccessful in

�nding a ligand that could �uoresce in our other HTS optics channel of red 580/610 nm.

Further HTS may be used to identify molecules that bind UnaG and �uoresce in this un-

used 580/610 nm channel. Likewise, I was restricted by the prefabricated optics modules

that were available at the University of Michigan’s Center for Chemical Genomics core;

however, the assay I have developed is generalizable to other common microscopy chan-

nels such as the yellow-green 561 nm channel or the often underutilized teal 515 nm

channel. While we have successfully used IFP2.0-bv in the red 635-nm channel, the pair

is actually maximally excited in the far-red and should instead be used with 670-nm, 685-

nm, or 690-nm excitation sources and �lters. I expect that a combination of additional HTS

and synthetic chemistry can discover and re�ne new color palette of �uorogenic ligands

suitable for anaerobic and advanced imaging applications.

Although it was unsurprising that the molecules we found in our HTS assay were

highly c-conjugated compounds, the structural diversity of heterocycles in our top hits

was unexpected. Furthermore, our two best hits were benzothiazole-based ligands but

this structural feature is not common in commercial �uorescent dyes. Future work could

involve virtual screening of chemical libraries to �nd other molecules with structural sim-

ilarity to the top hits that can also �uoresce in microscopy channels outside of the blue

488 nm channel of the native UnaG-br pair.

My top hits from HTS indeed contained the properties I selected for, which was red-

shifted �uorescence relative to the UnaG-br pair and �uorogenicity or enhanced �uores-

cence upon binding UnaG; even so, these ligands are dimmer than commercial dyes and
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required high concentrations in the micromolar range for in vitro characterization for

detectable �uorescence signal. I also noticed degradation of the ligand over time (weeks-

long timescale) as detectable by UV-vis absorbance and �uorescence emission intensity

reduction, though I was unable to detect any change caused by oxidation or hydrolysis by

mass spectrometry analysis. Future work using these benzothiazole-based ligands should

focus on improving the stability of the ligands both for practical storage and for improved

quantum yield and brighter signal. It would also be interesting if benzothiazole proved to

be a useful sca�old for designing �uorogenic molecules with tunable emission or other

special spectral properties, as this possible work could open up a new family of useful

�uorescent ligands or dyes.

5.4 Engineering ligand recognition in UnaG

In Chapter IV, I described two approaches toward designing a bv-binding UnaG vari-

ant, with the goal of creating a monomeric red-emitting BBFPs. In the �rst, rational design

approach, I selectively mutated residues in the binding pocket that interacted with the br

ligand based on the published holoUnaG-br crystal structure. In the second, directed evo-

lution approach, I employed random mutagenesis across the entire protein sequence and

selected for bv-binding and red-emitting UnaG variants that could be excited by blue or

red light. While I was ultimately unsuccessful in creating a red-shifted UnaG variant that

could bind bv, the two approaches I have taken have collectively provided greater insight

into the surprisingly malleable UnaG binding pocket.

A handful of key mutations will require deeper structural characterization to under-

stand their e�ects on ligand binding. From the rational design approach, I found that two

separate mutations, M51C and N57A, enabled the protein to bind bv but did not result

in bv-induced �uorescence. At a cursory glance, these mutations appear to help accom-

modate the planar bv ligand by opening up the binding pocket. On the other hand, the

purpose of V100D, the mutation most enriched from our directed evolution approach, is
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unclear because this residue does not directly interact with the ligand binding pocket. Ei-

ther computational or experimental structural characterization is needed to understand

how bv-binding is enabled by any of these mutations. These studies could also be com-

plemented with computational modeling to understand the di�erence in energetics and

photophysical properties between br and bv, such that these understandings can be used

to guide UnaG binding pocket design to enhance holoprotein brightness.

While I only used Fluorescence Assisted Cell Sorting (FACS)-based work�ow for evolv-

ing bv recognition into UnaG, I envision that the work�ow can be generalizable to evolv-

ing other ligand recognition into UnaG, such as the benzothiazole-based ligands described

in Chapter III. For future work, the dual expression construct of EGFP and UnaG vari-

ants should be switched to a chimeric EGFP-UnaG system such that EGFP becomes a di-

rect readout for protein expression. Likewise, I only utilized two �uorescence channels in

FACS screening but the cell sorters in the University of Michigan’s Flow Cytometry core

are equipped with more excitation sources and �lter sets. As I discussed in the previous

section, these additional excitation wavelengths will enable selection of variant UnaGs

with new ligands that �uoresce in other microscopy channels. The work presented in

Chapter IV lays the groundwork for robust selection of unique UnaG-ligand variants.

5.5 Other ligand-dependent reporters for anaerobic imaging

The focus of my dissertation is on the evaluation of BBFPs and development of the

br-binding FP UnaG into new colors, but other ligand-dependent FP systems may prove

to be as fruitful as BBFPs for anaerobic �uorescence microscopy of microbes. The Yellow

Fluorescence-Activating and Absorption-Shifting Tag (Y-FAST) is the closest analog to

UnaG in that Y-FAST is similarly small and monomeric as well as also utilizes a �uorogenic

ligand [97]. Recently, the Y-FAST system has been diversi�ed into orthogonal greenFAST

and redFAST probes with speci�c protein recognition of unique �uorogens for multicolor

�uorescence microscopy [110]. Like UnaG-br, these FAST tags have also been used for
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single-molecule localization experiments [123]. Another similar system to UnaG-br are

the hCRBPII variants developed from retinol binding proteins that bind synthetically en-

hanced �uorogens with large stokes shifts and far-red emission [101]. Theoretically, the

Y-FAST and hCRBPII systems are compatible for live-cell anaerobic microscopy and im-

plementable like BBFPs. Future work could validate the use of these two systems to verify

that their �uorogenic ligands are non-toxic as well as cell permeable for targeted labeling

of cells and proteins of interest. A parallel investigation of BBFPs, Y-FAST, and hCRBPII

systems should be carried out in live-cell conditions to compare respective no-wash pro-

cedures and determine which system is most compatible and easily implementable for

long-term imaging of polymicrobial communities.

5.6 Overarching conclusions

In this thesis, I have demonstrated the importance of evaluating and implementing

BBFPs for studying important oxygen-sensitive microbial systems. FPs remain the most

important tools for probing biological phenomena and the expansion of oxygen-independent

reporters opens new frontiers in understanding microbial communities and biochemical

mechanisms. While the applications in this thesis are largely centered on �uorescence

microscopy, these BBFPs may also be used for other biochemical and biophysical tech-

niques that require �uorescence readouts. These ligand-dependent �uorescent reporters

will provide the greatest impact at the intersections of microbiology and biochemistry

that require strict oxygen-free investigations to answer outstanding biological questions.
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Figure A.1: Summary of probes for anaerobic live-cell imaging. Figure adapted from [50].
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Figure A.2: SDS-PAGE analysis of MBP-UnaG from (a) MBP-trap followed by (b) His-trap

puri�cation. Blue arrows indicate the correct protein size of 59 kDa. Protein yield per prep

was 8.2 mg/L.

Figure A.3: Transmission Electron Microscopy (TEM) images of protein cages assembled

using the L4-Cy3 mtUnaG variant as a building block. Scale bar: 20 `m. Figure provided

courtesy of Dr. Karl J. Koebke.
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