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Abstract

Live-cell fluorescence imaging in methanogenic archaea has been limited due to
the strictly anoxic conditions required for growth and issues with autofluorescence
associated with electron carriers in central metabolism. Here, we show that the
fluorescence-activating and absorption-shifting tag (FAST) when complexed with the
fluorogenic ligand 4-hydroxy-3-methylbenzylidene-rhodanine (HMBR) overcomes these
issues and displays robust fluorescence in Methanococcus maripaludis. We also describe
a mechanism to visualize cells under anoxic conditions using a fluorescence microscope.
Derivatives of FAST were successfully applied for protein abundance analysis,
subcellular localization, and determination of protein-protein interactions. FAST fusions
to both formate dehydrogenase (Fdh) and Fazo-reducing hydrogenase (Fru) displayed
increased fluorescence in cells grown on formate containing medium, consistent with
previous studies suggesting increased abundance of these proteins in the absence of H.
Additionally, FAST fusions to both Fru and the ATPase associated with the archaellum
(Flal) showed membrane localization in single cells observed using anoxic fluorescence
microscopy. Additionally, split reporter translationally fused to the alpha and beta
subunits of Fdh reconstituted a functionally fluorescent molecule in vivo via bimolecular
fluorescence complementation. Lastly, we demonstrate an example in which FAST is
able to validate the localization of an uncharacterized protein and provide a framework
for future multi-color imaging that would empower further studies going forward.
Together, these observations demonstrate the utility of FAST as a tool for studying
members of the methanogenic archaea. Portions of this thesis have been submitted for

publication in The Journal of Bacteriology.
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Introduction

Introduction to Methanogens

Methanogenic archaea (methanogens) are responsible for producing most of the methane
on Earth and are model organisms for studying cellular processes in the Archaea. Several
organisms such as Methanococcus maripaludis, Methanosarcina spp., and
Methanothermobacter spp. have been used extensively in genetic or biochemical studies
to understand the physiology and metabolism of methanogens (1-3). This group of
organisms are particularly important to study for economic and environmental reasons.
Methane makes up approximately 20% of global greenhouse emissions and is thought to
have more than 25 times the global warming potency than that of CO., the next most
abundant greenhouse gas (4). Their unique ability to produce methane as a byproduct of
their metabolism makes them interesting from a commercial standpoint since methane is
a potent chemical feedstock and is used in modern rocket engines as fuel. While many of
these organisms are hydrogenotrophic and directly consume hydrogen gas to drive
forward methanogenesis, they can oxidize substrates such as formate to rapidly produce
hydrogen on their own (5). Hydrogen is an important component used in production of
high value compounds such as such as petroleum or ammonia (6). This group of
organisms are essential for gaining a better understanding of global warming, carbon

cycling, and are potential sources of industrial/biotechnological innovation.



Common Challenges in Studying Methanogenic Archaea

Methanogens are a unique and interesting group for a variety of reasons; however, they
can be particularly difficult organisms to study. One of the most immediate reasons that
can make research a challenge is that they are primarily strict anaerobic organisms that
grow in very low redox environments. As such, model methanogens like Methanococcus
maripaludis require anaerobic culture conditions and reagents. Careful consideration
must be taken when manipulating cell cultures. For example, flushing ambient oxygen
out of instruments and cell-contact solutions such as syringes and antibiotics is a routine
but essential task. Direct manipulation of open cultures or cells on agar plates must be
done in anaerobic chambers that require careful monitoring and upkeep to maintain
anoxic conditions. It is these types of considerations that can complicate otherwise

straight-forward work and introduce additional considerations.

While there have been many strategies and molecular tools developed to facilitate
research of anaerobes such as these, robust tools for direct cell visualization via
fluorescence microscopy have been lacking. Fluorescence microscopy and fluorescent
protein analysis in general has revolutionized microbiology since the cloning of the green
fluorescent protein (GFP) (7). Fluorescent protein tags are very powerful tools which
allow for protein quantification, analysis of protein-protein interactions, and
spatiotemporal characterization of cellular proteins. First, most standard fluorescent
protein tags require oxygen for fluorophore maturation. Molecular oxygen carries out a
specific reaction in the immature protein which causes it to adopt the active and
fluorescent conformation (8). Methanogens such as M. mariplaudis require strict anoxic

conditions for growth and therefore fluorescent proteins such as GFP or yellow



fluorescent protein (YFP) will never fully mature and function properly. Fluorescent
analysis of methanogens is further complicated by the background autofluorescence due
to the presence of the oxidized electron carrier coenzyme Fazo (excitation peak centered at
420 nm, emission peak centered at 480 nm (9)). Coenzyme Fayo is also highly abundant
across this group of organisms as it is involved in many key steps of the methanogenesis
pathway (10, 11). To date, studies employing fluorescence microscopy on methanogens
have been restricted to enumeration or identification of cells via fluorescence in situ
hybridization (FISH) or visualization by F..-based autofluorescence (12, 13). While these
are particularly useful tools, they are limited in their ability to answer deeper questions in
regard to an organism’s physiology or genetic expression patterns. Alternative oxygen
independent probes such as FMN binding fluorescent proteins (e.g., LOV-based
fluorescent proteins) typically have weak fluorescence intensity and often exhibit
emission around 450 nm, overlapping with excitation/emission spectra of Fag (14).
Immunofluorescence strategies using antibody-reporter conjugates typically involve
aerobic steps and/or permeabilization of cells using harsh detergents, which preclude
live-cell imaging of anaerobes. Another consequence of aerobic preparation of
methanogenic organisms is that it causes the rapid oxidation of coenzyme Fa20 which
leads to increased autofluorescence. Furthermore, immunofluorescence approaches
introduce the possibility of interference with cellular function or molecular dynamics due
to their very large size. Conventional antibodies used in these types of techniques such as
a mouse IGGL1 can be over 150 kDa which makes them far from ideal for live cell

imaging (15).



Development of FAST-based Imaging

Recently, an oxygen independent fluorescent protein reporter known as the
fluorescence-activating and absorption-shifting tag (FAST) has been developed and
adapted in select anaerobic organisms (16-18). FAST is an engineered variant of
photoactive yellow protein with a molecular mass of 14 kDa (16). Like GFP, FAST can
be translationally fused to the N- or C-terminus of a gene of interest. By itself, FAST
does not exhibit fluorescence; however, upon the addition of a fluorogenic ligand
(fluorogen), the two complex together to produce a fluorescent product. The underlying
mechanism behind this spectral shift is the deprotonation of the fluorogen. When the
fluorogen becomes deprotonated, it undergoes a red-shift which changes its spectral
properties. The FAST protein binds to the fluorogen in order to stabilize its deprotonated
state and produce fluorescence. Multiple fluorogens consisting of 4-hydroxybenzylidene
rhodanine (HBR) derivatives exist with each having unique excitation and emission
properties upon binding to FAST, and variants of FAST have been developed that
specifically bind a subset of fluorogens allowing for two color live-cell imaging (19, 20).
HBR derivatives are membrane permeable and bind reversibly and specifically to FAST

(16).

State of Self-Labeling Protein Tags and the Advantages of FAST

SNAP-tags and HaloTags are popular fluorescent reporters that function similarly
to FAST in that their fluorescence is based upon specific binding interactions between a
protein tag and an exogenous ligand of interest (21, 22). Unlike FAST, SNAP and
HaloTags rely upon covalent interactions with their respective ligands. This makes

visualizing the same cells repeatedly more difficult as photobleaching becomes more of



an issue over time whereas the FAST interaction functions through non-covalent
interactions and is fully reversible. The label can be washed off and replenished as
needed. Additionally, in the domain of archaea, transcription and translation are coupled
which can lead to measurable changes in cellular expression within the order of minutes
(23). FAST-fluorogen complexes do not require any significant incubation as their
substrate labeling rates are extremely high (Typical Kon =~3—-6x 10’ M s™!) and
multiple orders of magnitude greater than most SNAP-tag complexes which is why the
latter requires significant time to incubate (16, 24). This can lead to loss of information or
unavoidable limitations in time-sensitive processes for live-cell imaging while FAST

enables immediate imaging upon fluorogen addition.

There are several reasons FAST is a particularly attractive molecular tool for
studying obligate anaerobes such as methanogens. Most importantly, fluorescence is
oxygen independent, and membrane permeability of the ligand allows for live-cell
imaging. FAST complexes are inherently bright and emit fluorescence across a wide
spectrum, avoiding the limitations of reporters such as FMN binding proteins. FAST
fluorescence is reversible and quantitative, allowing for direct measurement of relative
protein abundance (16, 25). Additionally, splitFAST was recently developed to visualize
protein-protein interactions through bimolecular fluorescence complementation (BiFC)
(26). Finally, as a small, translationally fused tag, FAST can be used to observe protein

localization in live cells.



Research Objectives

The primary objectives of this project are two-fold. First, we aim to develop a simplified
method for efficient collection and analysis of fluorescent data in M. maripaludis. As
mentioned previously, there are a myriad of challenges historically associated with
studying an organism that requires strict anoxic growth, therefore a high degree of
streamlining and intuitiveness become much more important. Secondly, we aim to
validate this system against historic data sets to confirm repeatable results in the pursuits
of relative protein quantification, protein-protein interaction, and protein localization.
There exist multiple expression data sets both on the protein level as well as the transcript
level to compare the reliability of our fluorescent tags in determining expression levels.
There has also been extensive work done previously characterizing protein complexes
and discrete localization patterns in this organism which will not only serve to test the
accuracy of our work, but also the precision and potential limitations in the pursuit of
resolving sub-cellular features on such a small organism (cell diameter is ~1 um (27)).

In this study, we demonstrate successful use of the FAST toolkit in M.
maripaludis, demonstrating a functional fluorescence-based system for microscopic
imaging in a methanogen. We developed a platform for microscopy under anoxic
conditions, allowing for visualization of live cells. Combining these advances, we
observed robust and guantifiable fluorescence of differentially expressed proteins in cells
grown with either H. or formate as an electron donor, BiFC using the multisubunit
formate dehydrogenase (Fdh), and two different examples of protein localization. This
was accomplished using the original FAST protein, also referred to as FAST1, as well as
a highly fluorescent, tandem variant. FAST-based fluorescence microscopy expands

existing tools for studying the cell biology of M. maripaludis and should be broadly



applicable to other methanogens with established protocols for heterologous protein

expression.

Results

Expression of FAST1 in M. maripaludis.
To test the functionality of FAST, a codon optimized FAST1 gene (Table 2) (28)

was expressed in M. maripaludis on the replicating vector pLW40 under control of the
Methanococcus voltae histone promoter (29). Under these conditions, heterologously
expressed protein can reach up to 1% of total cellular protein (30). 4-hydroxy-3-
methylbenzylidene-rhodanine (HMBR), a FAST fluorogen, was added to stationary
phase cultures (ODegoo = ~0.9) to a final concentration of 10 uM (based on manufacturer’s
recommendation) before transfer to a 96 well dark plate for quantification on a
microplate reader. HMBR fluorescence was measured at 540 nm (excitation with 481
nm). Cultures that were not treated with HMBR exhibited little autofluorescence while
cells containing both FAST1 and HMBR exhibited a significant increase in fluorescence
(Fig. 1A). Addition of HMBR to wild type cells did not lead to a significant increase in
fluorescence compared to cultures expressing FAST1 without HMBR addition.

To further optimize FAST1, we assessed autofluorescence of wild type cells
during different stages of growth. We found that cells exhibited the lowest levels of
autofluorescence prior to reaching ODsoo = ~0.40 or ~1.0 in medium supplemented with
formate or H> as the electron donor for growth, respectively (Fig. 7). We hypothesize that
increased autofluorescence at higher ODeoo is due to an accumulation of oxidized Fazo

when electron donors become growth limiting (31). We also noted that autofluorescence



was generally higher in cultures grown on Hz and lower in cultures grown on formate;
therefore, formate grown cells were used in subsequent experiments when possible.
Additionally, we tested whether altering concentrations of HMBR could further optimize
fluorescence over background. In general, increasing concentrations of HMBR led to
increased fluorescence (Fig. 1B).

HMBR is generally regarded as non-toxic. To verify this is true for M.
maripaludis, we assessed growth after exposing cells to HMBR. M. maripaludis
expressing FAST1 on the plasmid pLW40 was grown in liquid overnight and then
aliquots were prepared anaerobically in a chamber by adding HMBR to a final
concentration of 20 uM, the highest concentration used in this study. After a 30-minute
incubation, these cells were transferred to sterile medium and assessed for growth. There
was no apparent difference in lag period or growth rate compared to controls that were
not exposed to HMBR (Fig. 8). For all subsequent experiments, a concentration of 10 uM

HMBR was used per manufacturer’s recommendation, unless otherwise indicated.

Anoxic microscopy with a microscope housed inside of an anoxic chamber

Due to the oxygen sensitivity of M. maripaludis, live-cell imaging requires strict
anoxia. To overcome this limitation, we developed a platform to perform fluorescence
microscopy using an ECHO Revolve R4 hybrid microscope inside of a Coy anaerobic
chamber (Fig. 2A). The microscope utilizes a computer tablet camera in place of an
eyepiece, and all manipulations can be performed using a touch screen with a capacitive
stylus. Using this system, HMBR addition, culture mounting, and imaging can all be
performed without introducing oxygen. The microscope was operated in the upright

orientation for all experiments.



Wild type M. maripaludis and the strain expressing FAST1 were examined both
with and without fluorogen treatment (Fig. 2B). Only FAST1 expressing cells showed
noticeable fluorescence gain upon HMBR addition. Because preparing samples in the
anoxic chamber involves transferring cells from the high Hz (or formate) concentrations
of a culture tube to the low hydrogen atmosphere of the chamber (3%), cells were imaged
immediately after preparation to mitigate the possibility of increasing autofluorescence

from F420 oxidation.

Evaluation of FruA localization and abundance during growth with H; or
formate

The Fa20-reducing hydrogenase (Fru) catalyzes the reversible reduction of
coenzyme Fazo to Fa20H2 using Ho as an electron donor and is the primary source of
F420H2 for methanogenesis (32, 33). The large subunit of the hydrogenase, FruA, was
selected as a test case for analyzing a FAST1 translational fusion. Fru is abundant in the
cell, shows differential expression with increased abundance when formate is supplied as
an electron donor for growth, and is thought to associate with the cell membrane (33-35).
Using allelic replacement mutagenesis (1), two strains were created with FAST1
translationally fused to either the N terminus or C terminus of FruA. Both strains were
analyzed during early exponential growth with either Hz or formate as the electron donor.

The FAST1-FruA construct displayed a pattern of fluorescence consistent with
the known membrane localization of Fru (33); however, this differed significantly from
the pattern observed for the FruA-FAST1 fusion construct (Fig. 3A). Fluorescence in the
C-terminal fusion was uniform across the cell while the N-terminal fusion exhibited

distinctly higher fluorescence along the outer perimeter of the cell. The different



fluorescence pattern observed between the two FruA constructs is likely due to
proteolytic cleavage of the nascent peptide, which is required for maturation of [Ni-Fe]
hydrogenases (36). During maturation, Fru is likely proteolytically cleaved at the C
terminus, resulting in the loss of the FAST1 tag from FruA-FAST1 fusions and retention
of the tag in FAST1-FruA fusions (Fig. 3B). This cleaved FruA-FAST1 expressing strain
likely retains FAST1 in the cytoplasm, leading to uniform cellular fluorescence, while the
mature, processed, and nonfluorescent hydrogenase localizes to the membrane.

The FAST1-FruA fusion strain was further analyzed for differences in protein
abundance between cells grown in medium containing Hz or formate. Several
transcriptomic and proteomic studies have suggested that Fru is more abundant in
cultures grown under conditions where H> concentrations limit growth or when formate is
provided as the sole electron donor (37-40). The FAST1-FruA fusion strain was
examined by anoxic fluorescence microscopy during early exponential growth (ODego =
0.2 —0.4). As before, cultures were processed in the absence of oxygen, treated with final
concentrations of 10 uM fluorogen, and placed on a glass slide for immediate viewing.
To control for autofluorescence, light intensity was measured on a per cell basis in the
absence of fluorogen and mean intensities of cells after fluorogen addition were
normalized to the autofluorescence baseline. Cells grown utilizing formate as the sole
electron donor had 1.76-fold higher fluorescence when compared to cells grown with H;

(Fig. 3C), consistent with increased levels of Fru protein when Hz concentrations are low.

Quantifying expression of fdhAB with splitFAST and BiFC.

Fdh is a multisubunit protein that is essential for growth on formate (5, 40);

therefore, we selected Fdh for further validation of FAST1 in measurements of protein
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abundance. Additionally, as FAST1 is amenable to analysis using BiFC to study protein-
protein interactions (26), we generated FdhAB fusion constructs containing split versions
of the FAST1 protein. FAST1 can be expressed as two nonfunctional pieces, NFAST
(composed of the N terminal 114 amino acids of FAST1) and CFAST (composed of the
subsequent 10 amino acids). With splitFAST, two interacting proteins can be tagged with
NFAST and CFAST, and, if they colocalize, the pieces will reconstitute in the cell to
form a fully functioning protein and fluoresce upon HMBR addition. M. maripaludis
contains two isoforms of Fdh (41). Fdh1 was selected for analysis because strains lacking
fdh1 are incapable of growth with formate (5, 40) and transcriptomic and proteomic
studies suggest that, like Fru, Fdh1 is more abundant in cultures grown under conditions
where Hz concentrations limit growth or when formate is provided as the sole electron
donor (37).

An M. maripaludis strain with translational fusions encoding FdhA-NFAST and
FdhB-CFAST was generated by allelic replacement of the endogenous genes. We
additionally generated control strains containing either FdhA1-NFAST and Mtd-CFAST
(Mtd is the Fa20-dependent methylenetetrahydromethanopterin dehydrogenase) or FdhB1-
CFAST and Mtd-NFAST. Mtd was chosen as a negative control for these studies as Mtd
and Fdh are not known to interact and the genes encoding these two proteins exhibit
similar patterns of expression (37, 40). Strains containing FdhA1-NFAST and FdhB1-
CFAST, FdhA1-NFAST and Mtd-CFAST, or Mtd-NFAST and FdhB1-CFAST were
analyzed by anoxic fluorescence microscopy. Relative fluorescence was measured on a

per cell basis. Average fluorescence intensity was significantly higher in the strain
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containing FdhA1-NFAST and FdhB1-CFAST, and both control strains with Mtd fusion
constructs displayed similar levels of background fluorescence (Fig. 4A and B).

To further validate the use of FAST to measure relative protein abundance across
growth conditions, the FdhA1-NFAST and FdhB1-CFAST containing strain was
analyzed for fluorescence differences between H, and formate grown cells. In cells
grown with formate, fluorescence intensity was 2.87-fold higher, consistent with

increased Fdh abundance when Hz concentrations are low (38) (Fig. 4C).

Use of tandem FAST2 (tdFAST2) to observe cellular localization of Flal

In an attempt to further validate FAST for protein localization, we targeted the
archaellum (archaeal flagellum) which displays polar localization in intact cells (42). In
M. maripaludis the major membrane associated components of the archaellum are the
anchor (FlaJ) and its associated ATPase (Flal). Initial attempts to visualize archaella
using FAST1 translational fusions were unsuccessful, and we hypothesized that this was
due to low fluorescence intensity. To address this, we incorporated a modified version of
FAST that has a lower dissociation constant for the fluorogen (FAST2) as a tandem
reporter (tdFAST2) (43). This alternative reporter has been shown to achieve higher
fluorescence in both bacterial and eukaryotic cells (17, 43).

To test fluorescence, a codon optimized tdFAST2 was transformed into M.
maripaludis under control of the M. voltae histone promoter on the replicating plasmid
pLW40neo. FASTL, tdFAST2, and WT were grown to ODego of 0.9, and fluorescence
was analyzed using a microplate reader and black, flat bottom 96 well plates across
several concentrations of HMBR (Fig. 1B). Strains expressing tdFAST2 displayed

significant increases in fluorescence over cells expressing FAST1. When normalized to
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ODs0o and controlling for the inherent fluorescence background, microplate reader assays
showed that cells expressing tdFAST2 exhibited a 1.9 - 2.1-fold increase fluorescence
over FAST1 upon HMBR addition.

A strain was generated expressing Flal translationally fused to tdFAST2. These
cells were viewed by fluorescence microscopy in an anoxic chamber as previously
described except that they were treated with 20 uM HMBR. Robust fluorescence was
observed associated with the cell membrane and localized to a single focus, consistent

with polar localization of archaella (Fig. 5).

Discussion

Several features of FAST proteins make them ideal for studies in anaerobic
organisms. These include the minimal manipulation required to achieve robust
fluorescence, a suite of fluorogens with excitation/emission maxima across the visible
spectrum (19), and several variant proteins (e.g., FAST1, FAST2, tdFAST, splitFAST,
etc...) to facilitate a variety of studies (20, 26, 43). The use of FAST to assess differential
protein abundance across growth conditions, protein localization, and protein-protein
interactions in live cells of M. maripaludis represents a significant advance over previous
studies that were limited to using FISH or autofluorescence to assess methanogen
abundance (12, 13).

FAST proteins function with a variety of fluorogenic ligands. For example,
binding of the HBR derivative 4-hydroxy-3,5-dimethoxybenzylidene rhodanine (HBR-
3,5DOM) shifts the properties of FAST1 such that ex/em wavelengths are 518/600 nm
(44). While HBR-3,5DOM resulted in functional fluorescent protein in M. maripaludis,

overall fluorescence was lower relative to that of HMBR (Fig. 9), and we generally
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observed higher background fluorescence from the culture medium, so HBR-3,5DOM
was not used further. Autofluorescence was also an issue with cultures grown on H»
containing medium, which led us to collect samples using cells grown on formate, when
possible. However, we note that increased autofluorescence in H, medium is not a
significant impediment to data collection as we could still assess differences in relative
expression across growth conditions (Figs. 3 and 4). Autofluorescence was likely due to
H> limitation as H> diffusion is outpaced by cellular consumption at higher density; under
H> limitation, levels of oxidized, fluorescent Fayo significantly increase (31).
Additionally, removal of cultures from a shaking incubator during sample preparation
and transfer to the anoxic chamber can impact Hz diffusion, requiring rapid sample
preparation and processing. Autofluorescence was less of an issue in cultures grown with
formate, likely because formate is soluble in agueous medium so diffusion does not limit
growth.

FAST could be further optimized for use in M. maripaludis with the use of
protein variants. A previous study with FAST2 and tdFAST2 in mammalian cell culture
showed that these variants could achieve 1.7-fold and 3.8-fold higher fluorescence,
respectively, compared to the original FAST1 (43). We found a more modest increase for
tdFAST2 in M. maripaludis of ~2-fold. FAST2 has identical quantum yield, a very
similar molar absorption value, and a lower dissociation constant than FAST1 (43);
therefore, it is likely increased fluorescence with tdFAST2 was a result of the tandem
nature of the reporter. The performance of tdFASTZ2 in M. maripaludis was consistent
with observations in Eubacterium limosa where a 1.5-fold increase in brightness was

observed (17).
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Expression of FAST proteins in M. maripaludis could be accomplished using a
high expression vector or under control of native promoters on the genome. Generally,
total fluorescence was lower when FAST was expressed from native promoters, and
cellular fluorescence varied with the use of different promoters. As a result, expression
analysis was carried out on single cells using a microscope. For each fused gene,
differences in fluorescence were reflective of observed difference in mMRNA and protein
abundance in previous transcriptomic and proteomic studies (37). For Fru, previous
studies found that proteins were ~1.7-fold more abundant when formate was provided as
the sole electron donor for growth or when Hz concentrations were growth limiting. The
FAST-based fluorescence pattern observed here is consistent with these data; mean
fluorescence intensities for Fru were 1.76-fold higher when formate was provided as an
electron donor. For Fdh, previous studies suggested that these proteins were 2- to 3-fold
more abundant when cultures were grown on formate (10), consistent with the 2.87-fold
increase in fluorescence for formate grown cells observed here. Together, these data
validate the use of FAST protein fusions to measure relative differences in gene
expression and protein abundance.

Protein localization applications typically require high fluorescence signal to
spatially resolve cellular features. While autofluorescence can complicate these analyses,
we successfully visualized the subcellular localization of two proteins that were
hypothesized to associate with the cell membrane. Archaella in M. maripaludis are
associated with the cell pole and tagging Flal with tdFAST2 resulted in a single discrete
focus characteristic of the hypothesized localization pattern. Localization of Fru to the

cell membrane was previously inferred from immunogold labeling of this protein in M.
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voltae (34) and from biochemical studies where Fru activity was enriched in membrane
fractions (35). Here we provide a third line of evidence for membrane association of Fru.
It remains unclear whether membrane association is required for Fru activity in vivo.
Protein fluorescence can be used to characterize protein-protein interactions using
dual reporter constructs via fluorescence resonance energy transfer or using a single
reporter via BiFC. We used splitFAST to tag both subunits of Fdh and observed robust
fluorescence above background through BiFC. While modest increases of fluorescence
above background were also observed in control strains expressing either NFAST or
CFAST fused to Mtd, fluorescence from NFAST and CFAST fused to FdhA and FdhB
was significantly higher than either control experiment. High background in control
strains was likely because Mtd is most abundant when cultures are grown with formate

(37, 38), and BiFC can occur through transient interactions between abundant proteins.

Conclusions and Future Directions

We have demonstrated the utility of FAST for protein analysis in M. maripaludis.
Combined with anoxic microscopy, FAST allows for live cell imaging, protein
localization, determining protein-protein interactions, and expression analysis. These
tools should be broadly applicable in other methanogenic archaea with established
methods for heterologous protein expression and allelic replacement. Alternative
fluorogens and FAST reporter proteins may further expand the utility of FAST in these
organisms. The application of anoxic fluorescence reporters presented here expands the
already robust toolkit for molecular biology studies in the methanogenic archaea.

With the work done in this project to validate the general capabilities of FAST in

this organism, it is now poised to answer more specific questions around this and related
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organisms. M. maripaludis has been identified to be naturally competent, a term that
describes an organism with the ability to take in and incorporate DNA from the
environment (45). While there has been extensive research in this field with regards to
bacteria, very little research has been done on the mechanisms and machinery underlying
competency in archaea. Characterization of the natural competency pathway in M.
maripaludis is of great interest to this research group. Previous investigative approaches
utilized broader gain or loss of function assays such as deletion or overexpression of
genes suspected to be involved in competency. Utilization of fluorescence microscopy
with FAST can help fill in knowledge as to how these proteins facilitate DNA uptake and
incorporation.

For example, gene MMJJ_13020, was identified through transposon mutagenesis
assays as being essential for competency in M. maripaludis (unpublished data).
Interruption or deletion of this gene abolishes competency in M. maripaludis, while
overexpression increases plasmid uptake Bioinformatic sequence prediction found the
gene to contain a single transmembrane helix. In order to validate membrane localization,
this gene was tagged with tdFAST2 and viewed under the anaerobic microscope where it
displayed distinct localization in the membrane of the cell (Fig. 6). This observation lends
itself to further assays such as combining DNA staining with FAST fluorescence for
colocalization approaches to further characterize the gain and loss of function seen when
this gene is overexpressed or deleted, respectively. For instance, if MMJJ_13020 is
involved in the direct uptake of DNA, cells overexpressing MMJJ_13020 may exhibit an
increase in overall DNA uptake. This would be observed as having a more frequent or

more intense overlap of MMJJ_13020 fluorescence and labeled DNA compared to cells
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expressing the gene using its native promoter. Another possible observation is the
development of stronger MMJJ_13020 foci at the point of DNA contact. This foci
development is a response seen in fluorescent fusions of ComEA, a conserved protein
responsible for DNA uptake across the outer membrane in competent bacteria. The
archaeal type 1V-like pilus itself can also be tagged and visualized for potential time lapse
experiments. Similar experimental setups have been used in Vibrio cholerae to achieve
related goals (46). V. cholerae is another naturally competent prokaryote that uses type
IV pili to secure DNA from the environment and incorporate it into the cytoplasm. This
process was Vvisualized by Ellison et al. using a fluorescent microscopy time lapse
utilizing fluorescently labeled pilins and DNA (46). Translating such an approach with
FAST-labeled machinery would be a strong first step. Historically, protein tags such as
GFP have been deemed as large enough to perturb the export of pilins as well as their
function (47), however FASTL is roughly half the size of GFP and may be a promising
solution to this problem. Additional routes of analysis can now be pursued in elucidating

various pathways in this organism and methanogens at large.

Materials and Methods

Strains, medium, and growth conditions.

Strains in this study are listed in Table 1 in the supplemental material. M.
maripaludis was grown on McCas medium at 37°C with agitation, except that sodium
sulfide was replaced by ammonium sulfide for liquid medium (45, 48). For growth in
liquid medium, cultures were grown in 5 ml volumes in Balch tubes. When H> was
supplied as the electron donor for growth, Balch tubes were pressurized to 280 kPa with

an 80% H», balance CO- gas mix. When formate was supplied as the sole electron donor
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for growth, McCas-formate medium was used at 37°C without agitation (49) and Balch
tubes were pressurized to 210 kPa with an 80% N2, balance CO> gas mix. For growth on
agar plates, 1.5% noble agar was used, and cultures were grown in an anaerobic
incubation vessel pressurized to 140 kPa with an 80% Ha, balance CO2 gas mix as
described (45). When necessary, the following antibiotics were added to medium at the
noted concentrations: neomycin (1 mg ml ™), puromycin (2.5 pg ml ™), or 6-azauracil
(0.25 mg ml™%).

To assess the toxicity of HMBR, M. maripaludis strains expressing FAST1 on
pLW40 were grown overnight and 495 uL aliquots were transferred to microcentrifuge
tubes in a Coy anaerobic chamber. 5 pl of ddH.0, DMSO, or 3mM HMBR (dissolved in
DMSO) were added, and cells were left to incubate at room temperature for 30 minutes.
After incubation, cells were inoculated into McCas medium and growth was monitored

by measuring optical density at 600 nm.

Plasmid construction and transformation of Escherichia coli

Plasmids and primers are listed in Table 1 in the supplemental material. To
generate FAST constructs, a codon optimized version of the gene was synthesized by
Integrated DNA technologies. The codon optimized sequences were determined using the
JCat codon optimizer (28) with default parameters with M. maripaludis selected as the
organism. To generate the tdFAST2 construct, it was necessary to alter the sequence of
the gene to prevent loss of the tandem sequence through homologous recombination. To
accomplish this, the N-terminal copy of FAST2 was codon optimized in JCat using M.

maripaludis as the selected organism and the C-terminal copy was codon optimized in

19



JCat using Methanocaldococcus jannaschii. The nucleotide sequences of the FAST1 and
tdFAST2 genes used in this study can be found in Table 2. To further prevent
homologous recombination within the tdFAST2 sequence, the 21 base pairs that separate
the N-terminal and C-terminal copies were manually edited to reduce similarity to the 33-
base pair linker that was consistently used for tagged constructs. In this case, the second
most prevalent codon was chosen as determined by the Kazusa database (50).

To generate in-frame FAST constructs, genomic regions flanking either the N
terminus or the C terminus of the gene of interest were amplified by PCR using primers
suitable for downstream assembly using Gibson assembly (40). Codon optimized FAST1
or tdFAST2 with an additional 33-base pair linker sequence encoding a linker peptide
(16) was also amplified by PCR. PCR products were assembled into Xbal/Notl digested
pCRuptneo (49). pCRuptneo contains features for propagation in E. coli (origin of
replication and ampicillin resistance gene) and for selection (neomycin selection) and
counterselection (uracil phosphoribosyltransferase) in methanogens. For expression on
pLW40 (29), FAST1 or tdFAST2 were PCR amplified and placed into the vector by
Gibson assembly at the Nsil and Ascl restriction sites under control of the M. voltae
histone promoter.

Gibson assembled constructs were transferred to E. coli DHS5a by electroporation.
E. coli transformants were selected on lysogeny broth agar medium containing ampicillin
(50 ug ml™Y). Plasmids were extracted using the PureLink Quick Plasmid Miniprep kit
(Invitrogen) before transfer to M. maripaludis. All constructs were sequence verified by

Sanger sequencing at the University of Minnesota Genomics Center.
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Transformation of M. maripaludis

All strains used in this study were generated in an M. maripaludis background
lacking the gene for uracil phosphoribosyltransferase (Aupt mutant) (45). DNA was
introduced into M. maripaludis using either a natural transformation method or a
polyethylene glycol (PEG) mediated transformation method (1, 51). For splitFAST
constructs, compound, sequential transformations were performed using the integrative
vector pCRuptneo. NFAST and CFAST sequences were assembled by amplifying a
truncated portion of codon optimized FAST1 sequence. Each splitFAST strain was
transformed once with either NFAST or CFAST, subjected to selection and
counterselection to remove the integrated pCRuptneo vector, then transformed again to
incorporate the second tag.

Cultures for natural transformation were grown in McCas medium using a 2%
vol/vol inoculum and Ha as the electron donor. After overnight (~18 h) growth to
stationary phase (ODeoo, ~1), cultures were moved into a room temperature Coy
anaerobic chamber (3% Hz, 10% CO; atmosphere). Plasmid DNA that was
preequilibrated for 1 hour in the anaerobic chamber was mixed with 0.5 ml fresh McCas
medium and added to the culture using a syringe. The culture/plasmid mixture was
pressurized to 280 kPa with an 80% H>, balance CO- gas mix and incubated at 37°C with
agitation for 4 hours. After outgrowth, 0.2 mLs of culture material was transferred to
medium containing antibiotic (neomycin for pCRuptneo or puromycin for pLW40) to
select for transformants. After growth on neomycin, integrative vectors were allowed to
resolve by overnight growth without selection. Mutants were isolated by plating onto 6-

azauracil containing McCas agar and resulting colonies were screened by PCR.
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PEG-mediated transformations followed the protocol of (1, 49) with all steps
performed under anoxic conditions. Briefly, cultures were grown to ODggo of ~0.7 before
washing in transformation buffer (TB: 50 mM Tris, 350 mM sucrose, 380 mM NacCl, 1
mM MgClz, pH 7.5). Washed cells were resuspended in 0.375 ml of TB and ~5 pg of
plasmid DNA was added before addition of 0.225 ml PEG solution (40% wt/vol PEG
8000 in TB). After a 1-hour incubation, cells were washed twice in McCas medium,
pressurized to 280 kPa with an 80% H, balance CO> gas mix and incubated at 37°C with
agitation for at least 4 hours. After outgrowth, cultures were treated the same as for the

natural transformation method.

Fluorescence Quantification Using a SpectraMax M2e plate reader

HMBR was purchased from The Twinkle Factory (https://www.the-twinkle-
factory.com/) and solubilized in DMSO to a concentration of 2 mM as a stock solution
for all experiments. M. maripaludis cells were grown in McCas medium with H; to
stationary phase (ODeoo = ~0.9) before analysis. M. maripaludis liquid culture was
directly aliquoted wells of a black, flat bottom 96 well plate (Bioassay systems #P96FL),
with 10 uM of HMBR (unless otherwise indicated in the text) to a final volume of 200
uL. Cells were incubated with HMBR for 60 seconds per the manufacturer’s instructions
before readings. Fluorescence was measured in a SpectraMax M2e plate reader
(Molecular Devices) and analyzed in SoftMax Pro 7 software. Excitation wavelength was
set to 481 nm and emission wavelength was set to 540 nm utilizing auto emission cutoff

settings. Each sample was normalized to the baseline reading of the same sample without
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fluorogen addition to correct for autofluorescence. Samples were further normalized on a
per cell basis using ODeoo Of the cells prior to plate preparation.

Samples prepared with HBR-3,5DO0OM utilized the same methodology as samples
treated with HMBR with the addition of a wash step. To reduce the high levels of
autofluorescence in the media, cells were pelleted aerobically via centrifugation at 15,500

x g for two minutes and resuspended to their original volume with sterile ddHO.

Microscopy

Imaging was performed in a Coy-type anaerobic chamber with an environment of
3% Ho>, balance N2. The chamber also contained a 20 cm x 20 cm tray with drierite
desiccant to control humidity. All imaging was performed using an ECHO Revolve R4
hybrid microscope operated in the upright orientation with a high-resolution condenser
(numerical aperture 0.85, working distance 7 mm). Images were taken with the high gain
setting on and exposure settings were modified depending on the genetic construct. Cells
were viewed using a 40x fluorite objective lens (NA 0.75 and 0.51 mm) or a 100x fluorite
oil phase objective lens (NA 1.30 and 0.2 mm). Fluorescence imaging was carried out
using standard FITC filter sets.

To minimize autofluorescence, culture tubes were kept in the incubator until they
were ready for immediate imaging. Samples were prepared by aliquoting liquid culture
into microcentrifuge tubes and subsequently adding HMBR in DMSO to final
concentrations as specified. Aliquots of 5 uL were added onto glass slides and glass

coverslips were placed over them. All steps were performed under anoxic conditions.
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Quantification of Fluorescence Microscopy Data using ImageJ

For expression analysis, 16-bit .tiff images of both a phase contrast and a
fluorescent channel were used to analyze a single field of view utilizing a 40x objective.
The FIJI package of ImageJ was used (version 2.1.0/1.53j Java ver. 1.8.0_172). A mask
was generated using the phase contrast image by generating an 8-bit image using the
threshold tool. The ‘watershed’ and “fill holes’ binary features were used as appropriate.
The pixels of the resulting image in which cells were located were assigned a value of 1
and pixels elsewhere were assigned a value of 0 through the use of the division function.
This image was multiplied with the corresponding fluorescence image to create a
composite image with 32-bit float, and the mean fluorescence intensity per cell was
determined using the particle analyzer feature. An average of averages was obtained from
the compiled list of mean fluorescence intensities. Relative fluorescence units were
determined by measuring the gain of fluorescence in cells after HMBR treatment. The
average autofluorescent background was determined on a per-sample basis through the
methods listed above and was subtracted from the values obtained after the addition of
fluorogen. For protein localization analysis, 16-bit .tiff images of both a phase contrast
and a fluorescence channel were used to analyze a single field of view utilizing a 100x
objective. For figures, a median filter was applied for visual clarity and data are presented

using the SuperPlotsOfData web application (52).

Statistical Analysis
Data are presented as means = standard deviation. Statistical analysis was

completed using a two tailed Student t test using Microsoft Excel software. P values for
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Fdh splitFAST against negative controls were determined using a one-way ANOVA
followed up by a post hoc Dunnett’s test for multiple comparison significance in R

(version 3.6.2) (53). Significant differences were considered when P values were < 0.05.

Data Availability
Images collected and analyzed in this study have been archived and are freely
available at the Data Repository for the University of Minnesota (DRUM):

https://hdl.handle.net/11299/227287
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Appendix 1: Multicolor Imaging in M. maripaludis

Introduction

Beyond tdFAST and FAST2, other variants of FAST have been developed and
characterized for a variety of applications. Perhaps among the most attractive are
greenFAST and redFAST. These two variants of FAST have had their specificity tuned
for HMBR and HBR-3,5-DOM, respectively (20). Through protein engineering and
screening facilitated by fluorescent-activated cell sorting (FACS), researchers introduced
3 amino acid mutations to the original FAST1 protein to reduce its affinity for HBR-
3,5DOM by approximately two orders of magnitude and was named greenFAST for its
enhanced specificity to HMBR (20). The redFAST reporter was created using the same
methodology; 5 mutations were introduced that increased the dissociation constant for
HMBR by two orders of magnitude and red-shifted the excitation maxima of the protein-
ligand complex 40 nm (20). The excitation red-shift further serves to mitigate cross
excitation between the HMBR + greenFAST complex and that of redFAST + HBR-3,5-
DOM. As a result, orthogonality is achieved chemically and spectrally between these two
reporters which resulted in a promising toolset for dual color FAST-based fluorescence

investigations.

Results

We had attempted to utilize a codon optimized version of redFAST expressed on
pLWA40Neo to assess the feasibility of the redFAST-HBR-3, 5-DOM interaction in M.
maripaludis (28). Initial plate reader analyses were carried out utilizing identical methods

as those for tdFAST2 and FAST1 on pLW40 plasmids with the addition of a single wash
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step utilizing ddH20 to remove the high autofluorescence of McCas media when
utilizing these wave lengths. The resulting cell lysates showed no noticeable fluorescence
after fluorogen treatment. This result was unexpected as redFAST shares a very high
degree of similarity to FAST2 (95% identity on the amino acid level) which we have
shown to perform well in M. maripaludis in the form of tdFAST2. In addition, we have
already demonstrated that HBR-3, 5-DOM exhibits high fluorescence in M. maripaludis
expressing tdFAST?2 (Fig. 9). The sequences of these two differ by 6 amino acids which
drew our attention to the codons of those 6 residues. Broad codon optimization is a
widely used approach in recombinant protein expression, however there are times when
the particular codon combinations chosen result in unexpected effects in translation
initiation, translation efficiency, or they may negatively impact protein folding (54). The
5 differing residues were reasonable targets to begin troubleshooting. A new redFAST
sequence was generated dubbed redFAST*. The new sequence was identical to the
original codon optimized redFAST sequence apart from the 6 aforementioned amino acid
residues which had their codons changed to the second most frequent codon in M.
maripaludis using the Kazusa codon frequency database (55). WT M. maripaludis was
transformed with pLW40Neo containing the revised redFAST sequence and still no

apparent fluorescence was observed on preliminary plate reader assays.

Discussion

While HBR-3,5-DOM seems to work well when paired with cells expressing
tdFAST2, no observable apparent fluorescence is visible when paired with redFAST. It
remains uncertain why redFAST does not properly function in M. maripaludis. This is an

unexpected outcome and complicates dual color visualization experiments that are useful
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in co-expression or co-localization studies. The reasons for this may be specific to this
organism as redFAST has been successfully utilized in another anaerobic organism
recently. While this may complicate certain investigative approaches, it does not fully
preclude FAST-based colocalization experiments or characterization of protein-protein
interactions. As we have demonstrated with Fdh, splitFAST allows for robust detection of

protein colocalization utilizing a single-color fluorescence approach.

Conclusions and Future Directions

Like redFAST, a FAST variant known as far red FAST (frFAST) has been
developed to have high specificity for the HPAR-30M fluorogen (56). The frFAST
protein in conjunction with HPAR-30M exhibit excitation and emission maxima at
555nm and 670nm, respectively which avoids overlapping spectra when used in
conjunction with FAST1/FAST2-based reporters and HBR-3,5-DOM. While
FAST1/FAST2 do not show noticeable interaction with HPAR-30M, frFAST still shows
observable binding to HBR-3,5-DOM which leads to uncertainty when determining
sources of fluorescence in the case that both fluorogens are used for visualization (56).
However, HBR-3,5-DOM has approximately 10 times greater affinity for FAST2 than
frEAST (ke = 0.41 uM and 3.9 uM, respectively (16).) This affinity gap coupled with the
fact that the quantum yield of HBR-3,5-DOM + FAST?2 is greater than twice that of
HBR-3,5-DOM + frFAST help make them discrete reporters (16). Nonetheless, there
exists a potential path forward for a system utilizing this combination of reporters and

fluorogens especially if fluorogen concentrations are tuned appropriately.
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While the use of redFAST remains restricted in M. maripaludis for the time being,
there exist alternative fluorescent reporters that have had success in anaerobic conditions.
Fortunately, the fluorescence-activating ligands for Halo-tags and SNAP-tags are
orthogonal to the HMBR-derivatives that FAST interacts with (52). This leads to the
possibility of discrete, multi-color labeling, however preliminary tests in this lab did not
yield success with SNAP-tags in M. maripaludis. Halo-tags operate via a different
chemistry and therefore may facilitate a path forward for multicolor imaging (21, 22).
Such a system has been implemented in strictly anaerobic Clostridium organisms.
Charubin et al. utilized SNAP-tags, Halo-tags, and FAST all at once to track population
dynamics in mixed cultures (52). Ultimately, there are multiple routes to pursue for the

purposes of multi-color fluorescence applications.
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Figure 1

M. maripaludis expressing FAST is fluorescent upon HMBR addition A. Fluorescence
intensities of M. maripaludis strains cultivated in McCas medium with H; as the electron
donor for growth. HMBR was added to a final concentration of 10 uM. Relative
fluorescence units were determined by normalizing emission readings from a microplate
reader against baseline autofluorescence of the sample without fluorogen. Values were
also normalized to the ODegoo of the culture. B. Titration of HMBR in cells expressing
FAST1 or the tandem variant tdFAST2 grown in McCas medium with H. Values were
normalized to the ODeoo Of the culture. Data are averages and standard deviations of

triplicate measurements.

30



B phase contrast fluorescent merge

WT

WT + FAST1

Figure 2

Anoxic microscopy of M. maripaludis expressing FAST1. A. The anoxic fluorescence
microscope used in all experiments. B. Images of wild type M. maripaludis and a strain

expressing FAST1 from the replicating vector pLW40. Scale bars =2 um.
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Figure 3

Cellular localization and expression N- and C-terminal translational fusions of FAST1 to
FruA A. Images of N- and C-terminal FAST fusions to FruA. Scalebars = 2 um. Arrows
indicate locations of fluorescent foci associated with the cell membrane. B. Hypothesized
maturation of the FruA peptide in the stain expressing fruA-FAST1. Maturation of FruA
cleaves FAST from the mature hydrogenase. C. Fluorescence intensities of FAST1-FruA
cells grown in medium with either formate (184 cells) or Hz (236 cells) as the sole
electron donor. Values were obtained by averaging fluorescence intensities of single cells
from each sample via microscopy. Relative fluorescence was normalized to correct for
autofluorescence in absence of fluorogen. Different circle colors represent data points
from separate replicates, and mean values from all averaged cells in a replicate are
represented by large circles. Data are averages and standard deviations from five

independent cultures.
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Figure 4
BiFC and fluorescence of Fdhl with splitFAST A. Fluorescence intensities of cells

grown expressing various splitFAST constructs. Negative controls fdhA-NFAST + mtd-
CFAST (168 cells) and mtd-NFAST + fdhB-CFAST (160 cells) were compared to fdhA-
NFAST + fdhB-CFAST (190 cells). Data were obtained using microscopy and are means
and standard deviation of samples collected at least triplicate. B. Fluorescence intensities
of fdhA-NFAST + fdhB-CFAST expressing cells grown in medium either formate (190
cells) or Hz (183 cells) as the sole electron donor. Different circle colors represent data
points from separate replicates, and mean values from all averaged cells in a replicate are
represented by large circles. Data were obtained using microscopy and are means and

standard deviation of quadruplicate samples.
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phase contrast fluorescent

Figure 5

Localization of Flal tagged with tdFAST2. Images are of early exponential phase cells

treated with 20 uM HMBR. Scale bar =2 um.
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Figure 6
M. maripaludis expressing MMJJ_13020 tagged with tdFAST2. Cells are displaying

highest fluorescent intensity around cell membrane suggesting membrane localization.

Images are of hydrogen-grown cells treated with 20 uM HMBR. Scale bar = 2 um.
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Autofluorescence of individual cells grown with either Hz (grey lines) or formate (black
lines) as the electron donor. Each line represents an independent culture. Formate grown
cultures tend to reach stationary phase around an ODsgoo of 0.5 to 0.6, and H2 grown
cultures tend to reach stationary phase around an ODgoo 0f 0.9 to 1.0.
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Growth of M. maripaludis expressing FAST1 after a 30-minute exposure to 20 uM
HMBR. Data are averages and standard deviations of triplicate cultures.
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Figure 9

M. maripaludis expressing FAST is fluorescent upon HBR-3,5DOM addition.
Fluorescence intensities of M. maripaludis strains cultivated in McCas medium with H;
as the electron donor for growth. HBR-3,5DOM was added to a final concentration of 20
uM. Relative fluorescence units were determined by normalizing emission readings from
a microplate reader against baseline autofluorescence of the sample without fluorogen.
Values were also normalized to the ODeoo Of the culture. Data are averages and standard
deviations of triplicate measurements.
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Tables

Table 1
Strains, plasmids, and primers used in study
Strain Description Reference
KC13 M. maripaludis strain JJ Aupt (MMJJ_RS02980) Fonseca et
al., 2020
KC90 KC13 expressing FAST1 on pLW40neo This study
KC91l KC13 expressing fruA tagged with FAST1 on the C- This study
terminus
KC92 KC13 expressing fruA tagged with FAST1 on the N- This study
terminus
KC93 KC13 expressing fdh1A tagged with NFAST at the C- This study
terminus and fdh1B tagged with CFAST at the C-terminus
KC94 KC13 expressing fdh1A tagged with NFAST at the C- This study
terminus and mtd tagged with CFAST at the C-terminus
KC95 KC13 expressing mtd tagged with NFAST at the C- This study
terminus and fdh1B tagged with CFAST at the C-terminus
KC96 KC13 expressing tdFAST2 on pLW40neo This study
KC97 KC13 expressing flal tagged with tdFAST2 on pLW40neo | This study
KC124 KC13 expressing MMJJ_13020 tagged with tdFAST?2 at This study
the C-terminus
Plasmids Reference
pCRuptneo | pCRprtneo plasmid containing the upt gene Costa et
al., 2010
pLW40 Replicative expression vector containing puromycin and | Dodsworth
ampicillin resistance genes et al., 2006
pLW40neo pLW40 with neomycin resistance cassettes Dodsworth
et al., 2006
Sequence (5' - 3") Notes
Primers used to generate KC90
MM_co YF | AAAAATGCATGGAACACGTTGCATTCGG Nsil
AST-F-Nsi
MM_co_YF | TTTTGGCGCGCCTTAAATCTTTTAACGAAAAC Ascl
AST R-Asc
Primers used to generate KC91
Fru YF us_ | TGCAGATATCCATCACACTGGCGGCCGCATATTGCA | Notl
Fg CAAACCGCAACAAACCAG
Fru-YF-us- | CCGAATGCAACGTGTTCCATGAATTCTCTTATTTCAA
Rg CAACTTTTTTAGTCTG
YFAST_F ATGGAACACGTTGCATTCGGATC
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YFAST R

TTAAACTCTTTTAACGAAAACCCAG

Fru YF_ds_ | GTTTTCGTTAAAAGAGTTTAATAAATTCCTGAAAAGGA

Fg AAGTCTTG

Fru YF ds_ | CTATAGGGCGAATTGGGCCCTCTAGAAACTTTAAAGT | Xbal

Rg CTATTTCACGAG

Primers used to generate KC92

Fru YF_N_ | TGCAGATATCCATCACACTGGCGGCCGCAAGGAACT | Notl

us_Fg ATCGGAAGAAGCCTTGAAG

Fru YF_N_ | CTGATCCGAATGCAACGTGTTCCATTTTATTCACCTC

us Rg CAAGGGTAATATGC

YFAST _Fr_ | ATGGAACACGTTGCATTCGGATCAG

N_Fg

YFAST Fr_ | TGATCCTCCTCCTCCTGATCCTCCTCCTCCTGAAACT

N_Rg CTTTTAACGAAAACCCAGTATG

Fru-YF-N- TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAGT

ds-Fg GGCAGAACCTGTAACTATCAG

Fru-YF-N- CTATAGGGCGAATTGGGCCCTCTAGAGTGATGTTGG | Xbal

ds-Rg TTCTCATTCCACCAAC

Primers used to generate KC93

FdhlB CF_ | TGCAGATATCCATCACACTGGCGGCCGCCTGAAAAA | Notl

us_Fg GGTAAGCAGTTACTTG

FdhliB CF_ | CCTCCTGATCCTCCTCCTCCTGATTGAGTTGGGCAT

us_Rg GACCCTCCAAG

CFAST _10_ | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAGG

F AGACTCATACTGGGTTTTCG

Fdh1lB CFA | CAGAACTAAAAAAATTAAAAAATAAATAATTAATAAAT

ST 10 R AATTTATTATCTTTTAACGAAAACCCAG

FdhlB CF_ | TAAATTATTTATTAATTATTTATTTTTTAATTTTTTTAGT | Xbal

ds_Fg TCTG

FdhlB CF_ | TATAGGGCGAATTGGGCCCTCTAGAACATAATTCATG

ds Rg TTTTAGGATATGAAG

FdhlA NF | TGCAGATATCCATCACACTGGCGGCCGCAAAGACTT | Notl

us_Fg GGTGTAGATGGACT

FdhlA NF_ | CTCCTCCTGATCCTCCTCCTCCTGATATTTTTTCCAC

us_Rg CTTTGCAGCACATA

NFAST_Fg | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAAT
GGAACACGTTGCATTCGGATC

NFAST_Rg | TGATAATGCTTTTTTCATGTG

FdhlA NF_ | CACATGAAAAAAGCATTATCATAATTTTCCCAAAATCG

ds_Fg GGATTTTAAACGAG

FdhlA NF_ | TATAGGGCGAATTGGGCCCTCTAGAATCGATTTCTTC | Xbal

ds_Rg TTTTACAACG

Primers used

to generate KC94
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Fdh1A_NF_

TGCAGATATCCATCACACTGGCGGCCGCAAAGACTT

Notl

us_Fg GGTGTAGATGGACT
FdhlA_NF_ | CTCCTCCTGATCCTCCTCCTCCTGATATTTTTTCCAC
us_Rg CTTTGCAGCACATA
NFAST Fg | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAAT
GGAACACGTTGCATTCGGATC
NFAST Rg | TGATAATGCTTTTTTCATGTG
FdhlA_NF_ | CACATGAAAAAAGCATTATCATAATTTTCCCAAAATCG
ds_Fg GGATTTTAAACGAG
FdhlA_NF_ | TATAGGGCGAATTGGGCCCTCTAGAATCGATTTCTTC | Xbal
ds_Rg TTTTACAACG
Mtd_CF_us | TGCAGATATCCATCACACTGGCGGCCGCGATACGTT | Notl
Fg TTAATCAAATGCGAC
Mtd_ CF_us | CTCCTGATCCTCCTCCTCCTGATTCTGGTTTTGTCAT
" Rg TAATTTACATTTG
CFAST_10_ | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAGG
F AGACTCATACTGGGTTTTCG
Mtd_CFAST | GGTAAATTTTTTAATTTAAATGTAAATTTATTATCTTTT
10 R AACGAAAACCCAGTATGAG
Mtd_CF_ds | TAAATTTACATTTAAATTAAAAAATTTACC
Fg
Mtd_CF_ds | TATAGGGCGAATTGGGCCCTCTAGATTAATTGGAGTA | Xbal
" Rg TGGTTTGCAATAG

Primers used to generate KC95

Mtd_NF_us | TGCAGATATCCATCACACTGGCGGCCGCGATACGTT
Fg TTAATCAAATGCGAC

Mtd_NF_us | CTCCTGATCCTCCTCCTCCTGATTCTGGTTTTGTCAT
Rg TAATTTAC

NFAST_Fg | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAAT

GGAACACGTTGCATTCGGATC

NFAST_Rg | TGATAATGCTTTTTTCATGTG

Mtd_NF_ds | CACATGAAAAAAGCATTATCATAAATTTACATTTAAAT

_Fg TAAAAAATTTACC

Mtd-NF-ds- | TATAGGGCGAATTGGGCCCTCTAGATTAATTGGAGTA

Rg TGGTTTGCAATAG

Fdh1lA_NF_ | TGCAGATATCCATCACACTGGCGGCCGCAAAGACTT | Notl

us_Fg GGTGTAGATGGACT

Fdh1lA_NF_ | CTCCTCCTGATCCTCCTCCTCCTGATATTTTTTCCAC

us_Rg CTTTGCAGCACATA

NFAST_Fg | TCAGGAGGAGGAGGATCAGGAGGAGGAGGATCAAT

GGAACACGTTGCATTCGGATC

NFAST_Rg | TGATAATGCTTTTTTCATGTG

Fdh1A_NF_ | CACATGAAAAAAGCATTATCATAATTTTCCCAAAATCG

ds_Fg GGATTTTAAACGAG
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FdhlA NF_ | TATAGGGCGAATTGGGCCCTCTAGAATCGATTTCTTC | Xbal

ds Rg TTTTACAACG

Primers used to generate KC96

Tdf2_plw40 | GATAACTAATAGGTGAAATGCATGGAACACGTTGCAT | Ascl
mm _fg 2 TCGGATCAGAAGACATC

Tdf2_plw40 | CCTCCTCCTGATCCTCCTCCAACTCTTTTAACGAAAACCCA

mm _rg GTATGAGTCTCCTGATAAT

Tdf2_plw40 | GGAGGAGGATCAGGAGGAGGAGAACACGTTGCTTTTG

_mj_fg GATCAGAAGATATTGAAAAT

Tdf2_plw40 | ACAGATCTCCTAGGCGCGCCTTAAACTCTTTTAACAA | Nsil

“mj_rg AAACC

Primers used to Generate KC97

Flal-tdf2-us- | TGCAGATATCCATCACACTGGCGGCCGCAAGGAGCT | Notl

Fg GTTGCTTTCCAGGCAATGC

Flal-TDF2- CATAGATCCTCCTCCACCTGAACCTCCTCCTCCAGAA

us-Rg ACCTGGAATGGCAGTCCTTCC

tdf2-F TCTGGAGGAGGAGGTTCAGGTGGAGGAGGATCTAT

GGAACACGTTGCATTCGGATCAGAAGACATC
tdf2-R TTAAACTCTTTTAACAAAAACCCAATATGAATCTCCTG
ATAAA

Flal-TDF2- TTCATATTGGGTTTTTGTTAAAAGAGTTTAATAAGGTG

ds-Fg TTTCTTATGTTTTTTGATATAC

Flal-YF-ds- | CTATAGGGCGAATTGGGCCCTCTAGATTAATTCCTGA | Xbal

Rg CCGCTGTCTATTG

PRIMERS USED TO GENERATE KC124

PLW40 13020 | GATAACTAATAGGTGAAATGCATGTCGTCTTTAAT | Ascl
PRIMER 1 ATTAAATGATAAAAAAATAAC

PLW40_13020 | CATAGATCCTCCTCCACCTGAACCTCCTCCTCCA
PRIMER 2 GAATCCCTTTCTTCACAGTAACTGC

TDF2-F TCTGGAGGAGGAGGTTCAGGTGGAGGAGGATCT

ATGGAACACGTTGCATTCGGATCAGAAGACATC
PLW40 13020 | ACAGATCTCCTAGGCGCGCCTTAAACTCTTTTAA | Nsil

PRIMER 4

CAAAAACC
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Table 2

Nucleotide sequences of various FAST proteins used in this study

>FAST1
ATGGAACACGTTGCATTCGGATCAGAAGACATCGAAAACACATTAGCAAAAA
TGGACGACGGACAATTAGACGGATTAGCATTCGGAGCAATCCAATTAGACGG
AGACGGAAACATCTTACAATACAACGCAGCAGAAGGAGACATCACAGGAAG
AGACCCTAAACAAGTTATCGGAAAAAACTTCTTCAAAGACGTTGCACCTGGA
ACAGACTCACCTGAATTCTACGGAAAATTCAAAGAAGGAGTTGCATCAGGAA
ACTTAAACACAATGTTCGAATGGATGATCCCTACATCAAGAGGACCTACAAA
AGTTAAAGTTCACATGAAAAAAGCATTATCAGGAGACTCATACTGGGTTTTC
GTTAAAAGAGTTTAA

>tdFAST2
ATGGAACACGTTGCATTCGGATCAGAAGACATCGAAAACACATTAGCAAAAA
TGGACGACGGACAATTAGACGGATTAGCATTCGGAGCAATCCAATTAGACGG
AGACGGAAACATCTTACAATACAACGCAGCAGAAGGAGACATCACAGGAAG
AGACCCTAAACAAGTTATCGGAAAAAACTTCTTCAAAGACGTTGCACCTGGA
ACAGACTCACCTGAATTCTACGGAAAATTCAAAGAAGGAGTTGCATCAGGAA
ACTTAAACACAATGTTCGAATGGATGATCCCTACATCAAGAGGACCTACAAA
AGTTAAAATCCACATGAAAAAAGCATTATCAGGAGACTCATACTGGGTTTTC
GTTAAAAGAGTTGGAGGAGGATCAGGAGGAGGAGAACACGTTGCTTTTGGAT
CAGAAGATATTGAAAATACATTAGCTAAAATGGATGATGGACAATTAGATGG
ATTAGCTTTTGGAGCTATTCAATTAGATGGAGATGGAAATATTTTACAATATA
ATGCTGCTGAAGGAGATATTACAGGAAGAGATCCAAAACAAGTTATTGGAAA
AAATTTTTTTAAAGATGTTGCTCCAGGAACAGATTCACCAGAATTTTATGGAA
AATTTAAAGAAGGAGTTGCTTCAGGAAATTTAAATACAATGTTTGAATGGAT
GATTCCAACATCAAGAGGACCAACAAAAGTTAAAATTCACATGAAAAAAGCT
TTATCAGGAGATTCATATTGGGTTTTTGTTAAAAGAGTTTAA

>redFAST
ATGGAACACGTTGCATTCGGATCAGAAGACATCGAAAACACATTAGCAAAAA
TGGACGACGGACAATTAGACGGATTAGCATTAGGAGCAATCCAATTAGACGG
AGACGGAAACATCTTACAATACAACGCAGCACAAGGAGACATCACAGGAGC
AGACCCTAAACAAGTTATCGGAAAAAACTTCTTCAAAGACGTTGCACCTGGA
ACAGACTCACCTGAATTCTACGGAAAATTCAAAGTTGGAGTTGCATCAGGAA
ACTTAAACACAATGTTCGAATGGATGATCCCTACAAACAGAGGACCTACAAA
AGTTAAAGTTCACATGAAAAAAGCATTATCAGGAGACTCATACTGGGTTTTC
GTTAAAAGAGTTTAA

>redFAST*
ATGGAACACGTTGCATTCGGATCAGAAGACATCGAAAACACATTAGCAAAAA
TGGACGACGGACAATTAGACGGATTAGCATTGGGAGCAATCCAATTAGACGG
AGACGGAAACATCTTACAATACAACGCAGCACAGGGAGACATCACAGGAGC
TGACCCTAAACAAGTTATCGGAAAAAACTTCTTCAAAGACGTTGCACCTGGA
ACAGACTCACCTGAATTCTACGGAAAATTCAAAGTAGGAGTTGCATCAGGAA
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ACTTAAACACAATGTTCGAATGGATGATCCCTACAAATAGAGGACCTACAAA
AGTTAAAGTTCACATGAAAAAAGCATTATCAGGAGACTCATACTGGGTTTTC
GTTAAAAGAGTTTAA
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