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ABSTRACT Visualizing protein localization and characterizing gene expression ac-
tivity in live Clostridium cells is limited for lack of a real-time, highly fluorescent,
oxygen-independent reporter system. Enzymatic reporter systems have been used
successfully for many years with Clostridium spp.; however, these assays do not al-
low for real-time analysis of gene expression activity with flow cytometry or for visu-
alizing protein localization through fusion proteins. Commonly used fluorescent re-
porter proteins require oxygen for chromophore maturation and cannot be used for
most strictly anaerobic Clostridium organisms. Here we show that the fluorescence-
activating and absorption-shifting tag protein (FAST), when associated with the fluo-
rogenic ligand 4-hydroxy-3-methylbenzylidene-rhodanine (HMBR; now commercially
available) and other commercially available ligands, is highly fluorescent in Clostrid-
ium acetobutylicum under anaerobic conditions. Using flow cytometry and a fluores-
cence microplate reader, we demonstrated FAST as a reporter system by employing
the promoters of the C. acetobutylicum thiolase (thl), acetoacetate decarboxylase
(adc), and phosphotransbutyrylase (ptb) metabolic genes, as well as a mutant Py,
and modified ribosome binding site (RBS) versions of P,y and P,. Flow cytometry-
based sorting was efficient and fast in sorting FAST-expressing cells, and positively
and negatively sorted cells could be effectively recultured. FAST was also used to
tag and examine protein localization of the predicted cell division FtsZ partner pro-
tein, ZapA, to visualize the divisome localization in live C. acetobutylicum cells. Our
findings suggest that FAST can be used to further investigate Clostridium divisomes
and more broadly the localization and expression levels of other proteins in Clostrid-
ium organisms, thus enabling cell biology studies with these organisms.

IMPORTANCE FAST in association with the fluorogenic ligand HMBR is characterized
as a successful, highly fluorescent reporter system in C. acetobutylicum. FAST can be
used to distinguish between promoters in live cells using flow cytometry or a fluores-
cence microplate reader and can be used to tag and examine protein localization in live,
anaerobically grown cells. Given that FAST is highly fluorescent under anaerobic condi-
tions, it can be used in several applications of this and likely many Clostridium organisms
and other strict anaerobes, including studies involving cell sorting, sporulation dynamics,
and population characterization in pure as well as mixed cultures, such as those in vari-
ous native or synthetic microbiomes and syntrophic cultures.
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luorescent proteins (FPs) are an essential tool in molecular biology but are chal-

lenging to use in anaerobic bacteria like Clostridium organisms. Traditional FPs like
green fluorescent protein (GFP) and mCherry require oxygen for chromophore matu-
ration (1), which limits FP use for live observation of gene activity in anaerobic bacteria.
Traditional FPs can be used in some (e.g., Clostridium perfringens) (2), but not all,
Clostridium cells with aerobic fluorescence recovery (AFR) to allow for chromophore
maturation in traditional FPs by incubation with oxygen after anaerobic growth (3).
These Clostridium organisms must be aerotolerant for AFR, or they must be fixed before
incubation with oxygen to preserve protein localization (4). However, traditional FPs
have not been successful in Clostridium acetobutylicum, and AFR can be limiting for
high-throughput applications like library screening and when tracking cells or protein
localization in live cells (5).

Enzymatic reporter assays are traditionally used for gene expression analysis in
Clostridium spp. (6-9), but lysing cells to isolate the protein of interest (POI) and the
low-throughput enzyme assay can be tedious and time-consuming and cannot be used
for microscopy studies or high-throughput screening by flow cytometry.

Anaerobic fluorescent proteins, like flavin-binding fluorescent proteins (FbFPs),
which do not require oxygen for chromophore maturation (10), have been examined as
possible effective reporters. For example, the FbFP phiLOV2.1 has been used as a
reporter and fluorescent tag in Clostridioides difficile (formerly Clostridium difficile) (11).
However, while FbFPs show strong fluorescence in Escherichia coli, in C. acetobutylicum,
FbFPs like phiLOV2.1 and CreiLOV did not show fluorescence above background levels
of the control (12).

A promising alternative to traditional FPs is the fluorescence-activating and
absorption-shifting tag protein (FAST) (13), a 14-kDa variant of the photoactive yellow
protein (PYP) that does not require oxygen for fluorescence activation. FAST is a
fluorescence-activating protein (FAP) that binds to a fluorogenic ligand (such as
4-hydroxy-3-methylbenzylidene-rhodanine [HMBR]) to activate fluorescence. FAST has
been used successfully in Hela cells, zebrafish embryos, Saccharomyces cerevisiae, and
E. coli but has not previously been tested in a strict anaerobe. Recently, FAST was used
to study the low-oxygen environment of E. coli bacterial biofilms, and it was found to
be superior to GFP and mCherry in such environments (14).

Here we demonstrate that a codon-optimized FAST is a strong fluorescing protein
suitable as a reporter and for protein tagging in strictly anaerobic clostridia such as C.
acetobutylicum. Because of the lack of strongly fluorescing proteins in anaerobic
bacteria, localization of proteins in prokaryotic anaerobes has not been as widely
investigated as in aerobic bacteria. In this study, we have chosen the cell division
protein ZapA as a proof of concept for utilizing FAST as a protein tag in live C
acetobutylicum cells. The “Z ring” scaffold is made up of many different proteins
involved in the recruitment of components of the cell division machinery, the divisome
(15). A central component of the Z ring is the tubulin homolog, FtsZ (16), a self-
activating GTPase widely conserved among prokaryotes (17, 18). FtsZ was previously
used to characterize the phiLOV fluorescent system in C. difficile (11). ZapA, one of
several components of the Z ring assembly in model prokaryotes, interacts with FtsZ
during Z ring assembly (19) to enhance the polymerization and stability of FtsZ (16,
19-21). ZapA has previously been fused with mCherryOpt to show ZapA localization in
fixed C. difficile cells (22). The predicted C. acetobutylicum ZapA (encoded by CA_C2355)
(23) and its function have not been previously investigated.

RESULTS

Expression of FAST off the native and modified C. acetobutylicum thiolase
promoter in E. coli and C. acetobutylicum shows promising fluorescence intensity
using flow cytometry, a microplate reader, and confocal microscopy. FAST was
successfully expressed in E. coli (13). Before examining FAST expression in C. acetobu-
tylicum, we wanted to confirm and characterize FAST expression in E. coli NEB 5-alpha
using the E. coli-C. acetobutylicum pSOS95 shuttle vector under the control of the
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FIG 1 C. acetobutylicum thIs“PFAST shows improved fluorescence compared to C. acetobutylicum thIFAST and C. acetobutylicum
ATCC 824 using flow cytometry and confocal microscopy. (A) Geometric mean fluorescence of C. acetobutylicum ATCC 824, C.
acetobutylicum thIFAST, and C. acetobutylicum thls“PFAST after ~10h at an ODg,, of ~1.0 (n = 2). Error bars show SD. *,
P < 0.05 (Student t test). (B) Confocal microscopy of C. acetobutylicum ATCC 824 (top), C. acetobutylicum thIFAST (middle), and
C. acetobutylicum thls“PFAST (bottom) with 20 uM HMBR (left), brightfield (middle), and merge (right) after ~30 h. (C) Confocal
microscopy of C. acetobutylicum thls“PFAST vegetative cells (left) and clostridial-form cells (top and bottom right) with 20 uM
HMBR after ~20 h.

strong C. acetobutylicum thiolase promoter (P,) (7). A codon optimized for the C.
acetobutylicum FAST gene was used (see Table S1 in the supplemental material). Flow
cytometry analysis showed that expression of FAST in E. coli (strain termed E. coli FAST)
when 20 uM HMBR was added showed high fluorescence during exponential growth
and higher fluorescence in the stationary phase of culture, thus suggesting that the
FAST protein is stable in E. coli. E. coli FAST without HMBR showed no fluorescence (Fig.
S1A). E. coli FAST with 20 uM HMBR showed a large shift in fluorescein isothiocyanate
(FITC) fluorescence compared to that of E. coli FAST in filtered phosphate-buffered
saline (PBS) (no-HMBR control) after 22 h (Fig. S1B). Similarly, using a fluorescence
microplate reader, E. coli FAST with 20 uM HMBR showed a higher fluorescence
intensity in stationary phase, consistent with the flow cytometry data (Fig. S1C and
S2A). E. coli FAST showed cells in exponential growth at around 4 h and cells in
stationary phase at 22 h of growth (Fig. S1D). E. coli FAST with 20 uM HMBR showed a
linear fluorescence intensity correlation with cell mass concentration (optical density at
600 nm [OD,,]) (Fig. S2A) and a bright fluorescent signal using confocal microscopy
compared to E. coli FAST in filtered PBS (Fig. S2B). There is no fluorescent signal in the
absence of HMBR.

When FAST was expressed in C. acetobutylicum under the control of the native Py,
using p95thIFAST, only a low-fluorescence signal was detected (see, e.g., Fig. 1B). We
hypothesized that this was due to low FAST expression. Thus, a mutant P, promoter,
1200-9-9 (24), which we here refer to as super Py, (P,°P), was used to replace the
native Py,. This strain was termed C. acetobutylicum thls“PFAST. Using 20 uM HMBR in
filtered PBS, FAST expression in this strain resulted in increased fluorescence compared
to that of C. acetobutylicum thIFAST or the wild-type (WT) C. acetobutylicum control

July 2019 Volume 85 Issue 14 €00622-19 aem.asm.org 3


https://aem.asm.org

Streett et al.

(Fig. 1A). Using confocal microscopy, C. acetobutylicum thls“PFAST with 20 uM HMBR
had more frequent and brightly fluorescent cells than C. acetobutylicum thIFAST, which
had fewer brightly fluorescent cells and an overall dimmer fluorescent signal (Fig. 1B).
Control WT C. acetobutylicum with 20 uM HMBR showed slight autofluorescence
(Fig. 1B). In the absence of HMBR and in filtered PBS, no fluorescent signal was detected
in any of the three strains examined, WT C. acetobutylicum, C. acetobutylicum thIFAST,
or C. acetobutylicum thlsUPFAST, using confocal microscopy (Fig. S3).

Plamont and colleagues have demonstrated the reversibility of HMBR binding to
FAST (13). We wanted to test if this is also the case for the Gram-positive C. acetobu-
tylicum. C. acetobutylicum thIsUPFAST cells were washed twice with filtered PBS after
being exposed to 20 uM HMBR and showed a low mean fluorescence intensity (MFI)
after each wash. The low fluorescence is apparently due to residual ligand retained in
the cells. The same C. acetobutylicum thls“PFAST cells were exposed again to HVIBR, and
this restored fluorescence to the original high levels. When cells were washed twice
again, fluorescence was reduced to low levels after each wash. These data demonstrate
the reversibility of HMBR binding to FAST in Gram-positive cells (Fig. S4A) and also that
HMBR appears to freely permeate the cells in both directions. We also wanted to test
the linear fluorescence stability of C. acetobutylicum thIs“PFAST over time. To do this, we
created dilutions of C. acetobutylicum thIsUPFAST cultures in filtered PBS with 20 uM
HMBR from an ODgq, of 0.078 to an ODg, of 5. Fluorescence intensity was linear with
cell density (ODgqp). It increased from 7 h to 11 h of growth and from 11 h to 24 h of
growth but stayed consistently fluorescent after 24 h of growth (Fig. S4B). C. acetobu-
tylicum thIs“PFAST showed fluorescence (FAST expression) in both vegetative and
clostridial-form cells (Fig. 1C).

We also wanted to compare our synthesized HMBR to the newly commercially
available version of HMBR ("FLime) and another FAST ligand, ™ Coral, among five now
commercially available (Twinkle Bioscience). We also compared the fluorescence levels
of the cells with and without washing with PBS before exposure to the ligand. There
was no statistically significant difference between our synthesized HMBR versus its
commercial version, TFLime (Fig. S5A). Fluorescence from using the TFCoral ligand was
strong as well (Fig. S5). TFCoral showed low overlapping signal using the FITC filter (Fig.
S5A). The phycoerythrin-Texas Red (PE-Tx Red) filter, HMBR, and TFLime showed no
overlapping signal with T Coral (Fig. S5B). Washing the cells with PBS prior to ligand
addition decreased somewhat the fluorescence (Fig. S5A). The higher fluorescence from
the unwashed cells is likely due to the remaining growth medium on the cells.
Importantly, though, these data show that the ligands can be used on unwashed cells
directly for effortless fluorescence detection.

Development of a FAST-based fluorescent reporter system for C. acetobutyli-
cum. Tummala et al. have previously established a beta-galactosidase activity-based
reporter assay for C. acetobutylicum using the early-growth-stage promoter P, the
more broadly expressed P, and the late-growth-stage promoter P4 (7). The ptb
promoter controls the gene encoding the phosphotransbutyrylase, which is involved in
the production of butyrate in C. acetobutylicum during exponential-phase-based aci-
dogenesis (25, 26). The thl promoter controls the gene encoding the thiolase which
carries out a condensation reaction between 2 molecules of acetyl coenzyme A
(acetyl-CoA), a reaction utilized throughout active culture (including the stationary-
phase-associated solvent production) as long as there is active sugar metabolism (26,
27). The adc promoter controls the gene encoding the acetoacetate decarboxylase,
which catalyzes the decarboxylation of acetoacetate to form acetone during solvent
production, and is thus expressed late in culture (26, 28). In addition to the C
acetobutylicum thIFAST and thlIsuPFAST strains discussed above, we constructed strains
C. acetobutylicum adcFAST and ptbFAST using the native P,4. and native P, promot-
ers to express FAST. Inspired by the optimized spacer between the RBS and start codon
developed by Yang and colleagues for the P,,s“P promoter (24), we used the same
spacer to modify the native P,4. and P, promoters, thus generating plasmids
p95adcmedFAST and p95ptbmedFAST for expressing FAST in C. acetobutylicum.
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FIG 2 Histograms of thIFAST and thlstPFAST show improvement in fluorescence shift over time, and thIs“PFAST shows a pattern consistent with promoter
activity when fluorescence of the whole population is measured. (A) Histograms showing C. acetobutylicum thIFAST (left column) after 7h, 11 h, 15.5h, 31 h,
and 35 h. (B) Histograms showing C. acetobutylicum thls“PFAST (right column) after 6 h, 10 h, 14.5 h, 30 h, and 34 h, compared with WT C. acetobutylicum (gray)
after 9 h of growth. (C) C. acetobutylicum thIFAST geometric means of entire population and growth curve over ~35h (n = 4). (D) C. acetobutylicum thIFAST
geometric mean fluorescence of the fluorescent population and growth curve over ~35h in Turbo CGM plus erythromycin using flow cytometry (n = 4). (E)
C. acetobutylicum thls“PFAST geometric means of entire population and growth curve over ~36 h (n = 3). (F) C. acetobutylicum thIs“PFAST geometric mean
fluorescence of the fluorescent population and growth curve in Turbo CGM plus erythromycin or Turbo CGM over ~36 h using flow cytometry (n = 3). Error
bars indicate SD. Lag times were standardized between fermentations by normalizing an OD,, of 1.0 at hour 10 of growth as previously described (49).

Using flow cytometry and a fluorescence microplate reader, WT control C. acetobu-
tylicum with 20 uM HMBR background fluorescence was measured over 37 h and was
found to be minimal (Fig. S6A and B). We then examined FAST fluorescence by flow
cytometry and the plate reader for the various promoters. In flow cytometry histograms
of C. acetobutylicum thIFAST, only a small portion of cells are fluorescent between 7 and
15.5 h, with a small shift in fluorescent populations at 31 h (Fig. 2A). C. acetobutylicum
thIsuPFAST showed a larger shift in green fluorescence than did C. acetobutylicum
thIFAST, with a bimodal cell population for most of the culture (Fig. 2B). When the
whole population was used to calculate the MFI by flow cytometry, C. acetobutylicum
thIFAST showed consistently low MFI over the 36 h of culture (Fig. 2C). When MFI was
measured based only on the fluorescent population, C. acetobutylicum thIFAST showed
a higher but still rather low MFI (Fig. 2D). When MFI was measured based on the whole
cell population, C. acetobutylicum thIs“PFAST showed the highest MFI early, with MFI
decreasing thereafter (Fig. 2E). When only the fluorescent population was used to
calculate MFI, C. acetobutylicum thIs“PFAST showed an overall high MFI increasing with
culture progression (Fig. 2F).

Both C. acetobutylicum adcFAST and adc™°9FAST showed a low green fluorescence
shift early in culture, with a dramatic shift after 30 h of culture consistent with the
expectation that this is a transition and stationary-phase promoter (Fig. 3A and B). C.
acetobutylicum adc™°9FAST had a slightly larger shift in the fluorescent population after
30 h, a more pronounced bimodal population after 34 h (Fig. 3B), and an overall higher
MFI. Whether MFI is based on the whole cell population or the fluorescent population
(Fig. 3C to F), the overall trend is the same, showing increasing MFI with time during
a standard batch culture, which is consistent with the fact that the adc gene is
expressed late in culture.
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FIG 3 Histograms of adcFAST and adcmedFAST over time show slight improvement in fluorescence shift over time, and both adcFAST and adc™°9FAST show
patterns consistent with promoter activity when fluorescence of the whole population is measured and when only the fluorescent population is measured. (A)
Histograms showing C. acetobutylicum adcFAST (left column) after 6 h, 10 h, 14.5 h, 30 h, and 34 h. (B) Histograms showing C. acetobutylicum adc™°9FAST (right
column) after 6 h, 10 h, 14.5 h, 30 h, and 34 h compared with WT C. acetobutylicum (gray) after 9 h of growth. (C) C. acetobutylicum adcFAST geometric means
of entire population and growth curve over ~34h (n = 2). (D) C. acetobutylicum adcFAST geometric mean fluorescence of the fluorescent population and
growth curve over ~34 h in Turbo CGM plus erythromycin using flow cytometry (n = 2). (E) C. acetobutylicum adc™°4FAST geometric means of entire population
and growth curve over ~34h (n = 3). (F) C. acetobutylicum adc™°9FAST geometric mean fluorescence of the fluorescent population and growth curve over
~34 hin Turbo CGM plus erythromycin using flow cytometry (n = 2). Error bars indicate SD. Lag times were standardized between fermentations by normalizing

an ODg,, of 1.0 at hour 10 of growth as previously described (49).

C. acetobutylicum ptbFAST (Fig. S7A) and C. acetobutylicum ptb™°9FAST (Fig. S7B)
showed comparable green fluorescence shift patterns in early culture using flow
cytometry and differed only slightly after 30 h, with C. acetobutylicum ptb™°dFAST
showing a more pronounced shift in the fluorescent population at 30 h than the
nonfluorescent control. Overall, the MFI values were lower than those of the P, and
P.ac promoters (native and modified RBS), with MFI based on the fluorescent popula-
tion being, as expected, higher and with somewhat different patterns, reflecting errors
from the population gating (and thus the MFI values) when the fluorescence intensity
is relatively low.

Fluorescence microplate readers are some of the most widely available instruments
for fluorescence detection, so we sought to further validate the FAST using such a
microplate reader. The data for the six promoters are shown in Fig. 4. These data are
largely consistent with the data from flow cytometry. Specifically, they confirm that the
super thiolase promoter results in fluorescences ca. 2.5 times higher than that with the
native thiolase promoter, that P,y shows the highest fluorescence intensity among all
promoters and is expressed at higher levels late in culture, and that in contrast, the thl-
and ptb-based promoters show higher expression during exponential growth, with the
exception of the phosphotransbutyrylase promoter with the modified RBS.

Fluorescence-assisted cell sorting of C. acetobutylicum using FAST. Flow cytom-
etry and fluorescence-assisted cell sorting (FACS) of C. acetobutylicum have been used
previously to study microbial heterogeneity of endospore formation (29). Because FAST
is a promising fluorescent reporter, we investigated FAST for use in FACS using C.
acetobutylicum thIs“PFAST and adcFAST. For cell sorting using FAST, we tested cells in
exponential growth, cells in early stationary phase, and cells in late stationary phase to
examine the morphology of cells expressing FAST and test if positively or negatively
sorted cells (based on FAST fluorescence) could be recultured. Each population was
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FIG 4 C. acetobutylicum thlsuPFAST shows improved fluorescence over time compared to C. acetobuty-
licum thIFAST, but C. acetobutylicum adcFAST, and C. acetobutylicum ptbFAST show higher fluorescence
intensity than C. acetobutylicum adcm°9FAST and C. acetobutylicum ptbm°9FAST over time as determined
with a fluorescence microplate reader. (A) C. acetobutylicum thIFAST fluorescence intensity and growth
curve over ~35 h in Turbo CGM plus erythromycin using a fluorescence microplate reader (n = 2). (B) C.
acetobutylicum thls“PFAST fluorescence intensity and growth curve in Turbo CGM plus erythromycin or
Turbo CGM over ~36 h using a fluorescence microplate reader (n = 3). (C) C. acetobutylicum adcFAST
fluorescence intensity and growth curve over ~36 h in Turbo CGM plus erythromycin using a fluores-
cence microplate reader (n = 2). (D) C. acetobutylicum adc™°9FAST fluorescence intensity and growth
curve over ~36 h in Turbo CGM plus erythromycin using a fluorescence microplate reader (n = 2). (E) C.
acetobutylicum ptbFAST fluorescence intensity and growth curve over ~37h in Turbo CGM plus
erythromycin using a fluorescence microplate reader (n = 2). (F) C. acetobutylicum ptb™m°dFAST fluores-
cence intensity and growth curve over ~36 h in Turbo CGM plus erythromycin using a fluorescence
microplate reader (n = 2). Error bars indicate SD. Lag times were standardized between fermentations by
normalizing an ODg,, of 1.0 at hour 10 of growth as previously described (49).

gated for the lowest 25% fluorescence and the highest 25% fluorescence and sorted
based on these gates. As expected, exponentially growing cultures of both C. acetobutyli-
cum thls“PFAST and adcFAST showed only vegetative cells in both high-fluorescence and
low-fluorescence gates (data not shown). C. acetobutylicum thIs“PFAST in early stationary
phase showed vegetative-type cells in the low-fluorescence population and both vegeta-
tive and clostridial-form cells in the high-fluorescence population (Fig. 5A). In later
stationary phase, the C. acetobutylicum thls“PFAST low-fluorescence population showed
vegetative morphology as well as cell debris and dying cells, while the high-
fluorescence population showed cells in clostridial morphology and clumping vegeta-
tive cells (Fig. 5B). Sorting cells quickly (about 5 to 10 min) under aerobic conditions
(see Materials and Methods for details), both low-fluorescence and high-fluorescence
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FIG 5 Sorting low (25%)- and high (25%)-fluorescence populations of C. acetobutylicum thIs“PFAST shows
that FAST is expressed in both vegetative and clostridial morphologies and low-fluorescence cells remain
in a vegetative state. (A) C. acetobutylicum thIs>“PFAST histogram (top) of low fluorescence (P1) and high
fluorescence (P2) and dot plots (bottom) with accompanying phase-contrast images of sorted cell
populations after 32 h of growth. (B) C. acetobutylicum thls“PFAST histogram (top) of low fluorescence
(P1) and high fluorescence (P2) and dot plots (bottom) with accompanying phase-contrast images of
sorted cell populations after 56 h of growth. Scale bars in insets represent 5 um.

sorted C. acetobutylicum thl*“PFAST cell populations (about 300,000 cells in each
population) could be recultured in standard medium when returned to the anaerobic
chamber, with growth being observed after about 2 days, which is similar to the time
it would take to observe growth from a small number of cells not exposed to oxygen.
The recultured cells from both the low-fluorescence and high-fluorescence populations
demonstrated typical C. acetobutylicum thIs“PFAST fluorescence activity and could not
be distinguished from each other after reculturing. The C. acetobutylicum adcFAST
low-fluorescence population in early stationary phase showed only vegetative cells,
while the high-fluorescence population showed both vegetative and clostridial mor-
phologies (Fig. S8A). In late stationary phase, the low-fluorescence C. acetobutylicum
adcFAST population contained vegetative cells and cell debris, while the high-
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20uM HMBR Brightfield

5 pm

E. coli ZapA-FAST

FIG 6 FAST and HMBR are an efficient system to view protein localization within E. coli cells. Shown is
E. coli ZapA-FAST with 20 uM HMBR (left), brightfield (middle), and merge (right) using confocal
microscopy. Each row represents a different field of view.

fluorescence population showed both clumping vegetative and clostridial morpholo-
gies (Fig. S8B). The entire C. acetobutylicum adcFAST population displayed a decrease
in fluorescence in late stationary phase. Overall, highly fluorescent cells for both strains
had higher forward scatter (FSC) and side scatter (SSC), which means larger (higher FSC)
and more granular (higher SSC) cells. Assuming that the amount of FAST per cell is, on
average, the same for all cells in a given physiological state, then the larger cells have
more total FAST protein, and this may be why they may have stronger fluorescence.
This would be corroborated by the fact that following cell sorting, upon subculturing,
low- and high-fluorescence sorted cells give rise to similar cell populations in terms of
FAST fluorescence intensity.

Development of a successful bacterial cell division (ZapA) fusion protein using
FAST to examine the Z-ring formation in the C. acetobutylicum divisome. There are
currently not many options for creating fluorescent fusion proteins in Clostridium
organisms. Cell fixation and aerobic fluorescence recovery can be time-consuming (22)
and do not seem to work for all Clostridium organisms. Previously established anaerobic
fluorescent proteins have been shown to have low fluorescence expression in clostridia
(12). FAST has previously been used to create fusion proteins and can be used to
successfully observe protein localization in eukaryotic cells (13, 30), but there are no
reports of FAST-based fusion proteins in bacteria. To test whether FAST can be used to
tag cell proteins in C. acetobutylicum, we designed and expressed a FAST-based fusion
protein of the hypothetical FtsZ interacting cell division protein ZapA (CAC2355). The
C-terminal end of C. acetobutylicum ZapA was fused to the N-terminal end of FAST
using a small protein linker (GGGS) aiming to avoid any steric hindrances of the
N-terminal, bundling-associated head of ZapA (16, 31). Expression was driven by the
native Py, ZapA-FAST was first expressed in E. coli, where fluorescently labeled ZapA
protein appears to be localized at the center of dividing native components of the E.
coli divisome. Most cells were highly elongated, with some of such elongated cells
showing three fluorescent ZapA loci apparently from cells that aborted cell division,
thus leading to cell elongation. Cell elongation is observed when the native ZapA is
overexpressed in E. coli (32), and this is consistent with the cell elongation phenotype
observed in this study (Fig. 6). Expression of the ZapA FAST fusion in C. acetobutylicum
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HMBR Brightfield Merge

Cac ZapA-FAST

FIG 7 FAST and HMBR are an efficient system to view protein localization within C. acetobutylicum cells.
Shown is C. acetobutylicum ZapA-FAST with 20 uM HMBR (left), brightfield (middle), and merge (right)
using confocal microscopy. Each row represents a different field of view.

proved equally successful, with fluorescent ZapA loci observed in the center of cell but
also at the opposite poles of dividing cells (Fig. 7). This localization (center and poles)
is consistent with Z-ring formation in the model Gram-positive endospore-forming
Bacillus subtilis (33): the polar Z ring is necessary for establishing cellular asymmetry
during commitment to sporulation. Cells committing to sporulation form polar Z rings,
with some cells showing both polar and middle-cell Z rings at a transient cellular state.
Although the sporulation programs of B. subtilis and Clostridium organisms are not
identical (34), this model appears to apply to C. acetobutylicum at least, based on the
images in Fig. 7.

DISCUSSION

The goals of this study were to establish a highly fluorescent oxygen-independent
reporter system using FAST and to show that FAST fusion proteins can be functional in
live C. acetobutylicum cells. Tummala et al. (7) have previously established a beta-
galactosidase reporter system using the promoters Py, P, and Py, with P, and P,
showing higher activity in exponential growth and P, showing higher activity in the
stationary phase of batch cultures without pH control. The FAST-based promoter
activity data presented here are consistent with the data of Tummala et al. (7), although
not identical, apparently due to likely different translational efficiencies and stability of
the two reporter proteins, as well as the fact that one is based on cell lysates and the
other on whole-cell fluorescence.

Flow cytometry is a high-throughput method for detecting and measuring several
physical, chemical, and biological characteristics of single cells (3). We showed that
FAST and the fluorogen HMBR can be used to examine real-time gene activity using
flow cytometry, demonstrating promoter activity patterns consistent with what was
expected from three well-known promoters, but also to identify population heteroge-
neity in terms of gene expression. The microplate reader measures an average MFI
based on the whole population, while flow cytometry allows one to examine different
subpopulations in terms of expression activity. It has been shown that due to differ-
ences in cell differentiation and morphogenesis, sporulating bacterial populations,
including Clostridium organisms, have heterogeneous populations when examined by
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flow cytometry (3, 29) and consequently, one can couple fluorescence from FAST alone
or FAST-based fusion proteins to examine expression in different stages of sporulation
of C. acetobutylicum and other Clostridium organisms. The origin of replication in the
vectors used in this study, pIM13, has been shown to be very stable even without
antibiotic use (35, 36). Even with the additional erythromycin added at 24 h of growth,
we still saw a nonfluorescent population. This heterogeneity in the fluorescent popu-
lation is what is expected from the sporulating population of C. acetobutylicum as
previously captured by flow cytometric analysis of forward (FSC) versus side (SSC)
scatter (29) over the culture duration. In essence, this means that all cell dimensions
change over the culture period (see, e.g., the different cell sizes in the microscopy
image insets in Fig. 5), and this will affect the fluorescence intensity of individual cells
even if the average concentration of the fluorescent protein is the same, which is
generally not the case. FAST is not evenly distributed in the sporulating cells, as shown
in the images in Fig. 1C: there is indeed an asymmetric distribution of FAST in the
differentiating cells.

Here we demonstrated that FAST can also be used for FACS-based cell sorting and
that FAST is expressed in both vegetative and clostridial morphologies (Fig. 5). As we
have shown that cells sorted quickly aerobically can be effectively recultured when
returned to an anaerobic environment, flow cytometry can also be used to quickly and
efficiently screen promoter libraries or any type of DNA sequence that imparts differ-
ential expression. Rohlhill et al. have used a sorting-sequencing (sort-seq) method for
sorting variants of a formaldehyde-inducible E. coli promoter (Pg,,,,) (37). Using FAST,
this method could also be adapted to quickly sort promoter libraries in Clostridium
organisms and other anaerobes but also to develop more advanced genomic and
metagenomics library screening technologies, such as those based on the fluorescent-
protein trap concept (38).

We chose a predicted cell division protein to view protein localization in C. aceto-
butylicum because the localization pattern has already been established in other
systems (16, 19, 32, 39). Overexpression of ZapA-FAST in E. coli appears to localize to the
Z ring and may potentially replace the native ZapA. This could be what caused the
elongated cell morphology in E. coli (Fig. 6), which is consistent with overexpression of
the native E. coli ZapA (32). C. acetobutylicum ZapA-FAST appeared to localize in the
center of dividing cells, as well as to opposite poles of dividing cells (Fig. 7), which is
consistent with the B. subtilis model of cells committing to sporulation (33). The
Clostridium divisome has not been well characterized due to the limitation of traditional
FPs for viewing anaerobic cell division (40). It has been shown that the cell division-
associated Min homolog in anaerobic Clostridioides difficile shows an oscillating pattern
when tagged with yellow fluorescent protein (YFP) and expressed in B. subtilis (41). It
was also shown that the DivIVA and MinD proteins show direct interaction in both C.
difficile and Clostridium beijerinckii (40). The FAST-ZapA data presented here suggest the
exciting potential of using FAST to tag other cell division proteins for live cell division
imaging in C. acetobutylicum, other Clostridium spp., and, more broadly, other anaerobic
prokaryotes.

The development of a fluorescent reporter system in C. acetobutylicum using FAST
has allowed us to distinguish between autofluorescence and fluorescent signal, which
previously was shown to not be possible using other oxygen-independent fluorescent
proteins (12). Using FAST provides a solution to previous challenges faced by other
aerobic and anaerobic fluorescent proteins. FAST could also be utilized in developing
fluorescent reporter systems in other Clostridia spp. as well as other anaerobic bacteria.
FAST fluorogenic ligands are now commercially available through Twinkle Bioscience in
four TFFluorogen colors. Improved FAST variants have been recently reported, namely,
the brighter FAST2, obtained by further optimization of FAST, as well as tandem
versions of both FAST (tdFAST1) and FAST2 (tdFAST2) (42). The strong fluorescence of
these new FAST variants could potentially help characterize expression of weak pro-
moters and the function of low- expression uncharacterized proteins in Clostridium spp.
and other anaerobes.
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TABLE 1 Strains and plasmids used in this study

Source or
Strain or plasmid Relevant characteristics reference
E. coli
NEB 5-alpha fhuA2 A(argF-lac2)U169 phoA ginV44 ®80 A(lacZ)M15 NEB
gyrA96 recAl relAl endAl thi-1 hsdR17
ER2275 hsdR mcrA recAl endAl NEB
C. acetobutylicum
ATCC 824 Wild-type strain ATCC
Plasmids
pAN3 Kmr; ®3T | gene 46
pS0OS94_MCS ptb promoter; Amp* MLS" ColE1 Ori repL MCS 46
pSOS95_MCS thl promoter; Amp" MLS" ColE1 Ori repL MCS 43
p95thIFAST thl promoter; Amp" MLS" ColE1 Ori repL FAST This study
p95thlsuPFAST thlsuP promoter; Amp" MLS" ColE1 Ori repL FAST This study
p95adcFAST adc promoter; Ampr MLS ColE1 Ori repL FAST This study
p95adcmodFAST adc™ed promoter; Ampr MLS™ ColE1 Ori repL FAST This study
p95ptbFAST ptb promoter; Amp" MLS" ColE1 Ori repL FAST This study
p95ptbmedFAST ptb™ed promoter; Ampr MLS" ColE1 Ori repL FAST This study
p95ZapA-FAST thl promoter; Ampr MLS" ColE1 Ori repL ZapA FAST This study

MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Sigma-Aldrich unless noted otherwise. E. coli NEB
5-alpha, Q5 DNA polymerase, and NEBuilder HiFi DNA assembly master mix were purchased from New
England BioLabs (NEB). Restriction endonucleases were purchased from Thermo Fisher Scientific. "FLime
and TFCoral were purchased from Twinkle Biosciences.

HMBR synthesis. Rhodanine (200 mg; Acros), 4-hydroxy-3-methylbenzaldehyde (213 mg; Aldrich),
and distilled water (130 ml) were combined in a screw-cap vial and stirred at 125 rpm in a water bath at
65°C for 8 days. The mixture was cooled to room temperature overnight, then filtered over a 47-mm
fiberglass filter, and dried overnight in a desiccator with phosphorous pentoxide (13). The synthesis
resulted in a yellow powder (191 mg; 51%). 'H nuclear magnetic resonance (NMR) (600 MHz, dimethyl
sulfoxide [DMSOQ]-d,) specifications were as follows: & 13.69 (s, 1H) 10.38 (s, TH), 7.53 (s, 1H), 7.37 to 7.29
(m, 2H), 6.95 (d, J = 8.4 Hz, 1H), 2.18 (s, 3H).

Bacterial strains, media, and growth conditions. All strains and plasmids used in this study are
listed in Table 1. E. coli NEB 5-alpha was used to propagate all plasmids. E. coli strains were grown
aerobically at 37°C at 250 rpm in liquid LB medium or solid LB agar medium. Appropriate antibiotics were
added at the following concentrations: ampicillin, 100 ug/ml, and kanamycin, 25 ug/ml. E. coli and
C. acetobutylicum strains were stored at —85°C in 20% glycerol. C. acetobutylicum ATCC 824 was grown
anaerobically in either liquid or solid 2xYTG medium (43) or Turbo CGM medium (44). Erythromycin was
added at the following concentrations where appropriate: 40 pwg/ml for plates and 100 ug/ml for liquid
cultures. Spore-forming strains were grown on 2xYTG for at least 5 days, and colonies were inoculated
in 10 ml of Turbo CGM and heat shocked for 10 min at 70 to 80°C to kill vegetative cells that may have
lost the megaplasmid pSOL1 (45). Optical density at 600 nm (ODg,,) Was measured using a Beckman-
Coulter DU370 spectrophotometer.

Genetic manipulations. All primers used in this study are listed in Table 2. A schematic of plasmid
constructs for this study is shown in Fig. S8. The vector p95thIFAST was constructed to express FAST in
C. acetobutylicum using the strong P, promoter native to C. acetobutylicum. An Integrated DNA

TABLE 2 Primers used in this study

No. Primer identifier Sequence (5'-3')?

1 p95_thIFAST_F CAGGAGGTAGTCTATATGGAACAC

2 p95_thIFAST_R AAAAAATAAAGAGGGTTATAATGAAC

3 p95_thlsupFAST_F AGGAGGTTAGGATCCATGG

4 p95_thlsupFAST_R AAAAAATAAAGAGGGTTATAATGAAC

5 ptb_F ttcattataaccctctttattttttCCTCCTTATAAAATTAGTATAATTATAGC

6 ptb_R cgtgttccatatagactacctcctgCATTTATATTTTAACAAACTTTTCACATG
7 mod_ptb_F ttcattataaccctctttattttttCCTCCTTATAAAATTAGTATAATTATAGC

8 mod_ptb_R cgtgttccatggatcctaacctcct CATTTATATTTTAACAAACTTTTCACATG
9 adc_F ttcattataaccctctttattttttCCTCCTTATAAAATTAGTATAATTATAGC
10 adc_R cgtgttccatatagactacctcctgAAAAGTCACCTTCCTAAATTTAATAATG
11 mod_adc_F ttcattataaccctctttattttttCCTCCTTATAAAATTAGTATAATTATAGC
12 mod_adc_R cgtgttccatggatcctaacctcctAAAAGTCACCTTCCTAAATTTAATAATG

aBinding regions are indicated by uppercase letters. Homology regions are indicated by lowercase letters.
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Technologies Gblock was created for FAST (13) and was codon optimized for C. acetobutylicum (Table S1)
using the Integrated DNA Technologies Codon Optimization Tool. The pSOS95_MCS vector (43) was
digested using BamHI and the codon-optimized FAST gene was cloned into the vector using Gibson
Assembly (NEB). Vector p95thlsuPFAST was constructed to express FAST in C. acetobutylicum using the
optimized P, promoter 1200-9-9 (24). An Integrated DNA Technologies Gblock was created for the P,
promoter 1200-9-9 (P, 5'P). The p95thIFAST backbone was amplified using primers p95_thIFAST_F and
p95_thIFAST_R, digested with Dpnl in order to reduce the methylated plasmid background during
transformation, and PCR purified using the QIAquick PCR purification kit (Qiagen). P, *“P was cloned into
p95thIFAST using Gibson Assembly. The vector p95ptbFAST was constructed to express FAST in C.
acetobutylicum using the P, promoter native to C. acetobutylicum. The p95thIFAST backbone was
amplified using primers p95_thIFAST_F and p95_thIFAST_R, and Pow Was amplified from the
pSOS94_MCS vector (43, 46) using primers ptb_F and ptb_R. Pow Was cloned into p95thlFAST using
Gibson Assembly. p95pthmedFAST was constructed to express FAST in C. acetobutylicum using the P,
promoter and the p95thls“PFAST backbone. The p95thlsuPFAST backbone was amplified using primers
p95_thlsupFAST_F and p95_thlsupFAST_R, and P, was amplified from the pSOS94_MCS vector using
primers mod_ptb_F and mod_ptb_R. P, was cloned into p95thls“PFAST using Gibson Assembly. The
vector p95adcFAST was constructed to express FAST in C. acetobutylicum using the P,,. promoter native
to C. acetobutylicum. The p95thIFAST backbone was amplified using primers p95_thIFAST_F and
p95_thIFAST_R, and P,,. was amplified from the pSOS95_MCS vector using primers adc_F and adc_R.
The vector p95adcmedFAST was constructed to express FAST in C. acetobutylicum using the P, promoter
native to C. acetobutylicum. The p95thlsuPFAST backbone was amplified using primers p95_thlsupFAST_F
and p95thlsupFAST_R, and P_,. was amplified from the pSOS95_MCS vector using primers mod_adc_F
and mod_adc_R. The plasmid p95ZapA-FAST was created using the E. coli-Cac shuttle vector
pSOS95_MCS. An Integrated DNA Technologies Gblock was created using the native th/ promoter and
fusing the C-terminal end of ZapA with the N-terminal end of FAST with a short fusion protein linker
(GGGS) using the sequence GGAGGTGGAAGC. The p95thlsuPFAST vector backbone was digested using
Sacl and EcoRI enzymes, and the thlZapA-FAST Gblock fragment was cloned into the backbone using
Gibson Assembly.

Cell transformation. Vectors were transformed into E. coli (NEB 5-alpha) and isolated using the
QlAprep spin miniprep kit (Qiagen). Before transformation into C. acetobutylicum, vectors were trans-
formed into electrocompetent E. coli ER2275(pAN3) (46) for in vivo methylation by the Bacillus subtilis
phage ®3T | methyltransferase (47) encoded on the pAN3 vector. Vectors were isolated using the
QIAprep spin miniprep kit (Qiagen) and transformed into C. acetobutylicum as described previously (48).

Flow cytometry and sorting. Cell fluorescence was analyzed and C. acetobutylicum cells were sorted
with a BD FACSAria llu flow cytometer (Becton, Dickinson). A blue solid-state laser (488-nm excitation)
and a 530/30-nm filter were used to measure FAST. Flow Cytometry Standard (FCS) files were analyzed
and histograms were created using Flowing Software v2.5.1 (Cell Imaging Core, Turku Centre for
Biotechnology, Turku, Finland). For E. coli flow cytometry sampling, the geometric mean of the FITC-A
fluorescence for 10,000 events was taken as the MFI (in arbitrary units [AU]). For C. acetobutylicum flow
cytometry sampling, fluorescent populations of 10,000 events were normalized to C. acetobutylicum
autofluorescence by creating a gate where C. acetobutylicum ATCC 824 control without HMBR had
fluorescence of <1% unless otherwise specified and the geometric mean of the FITC-A fluorescence was
measured for each fluorescent population as the MFI (in AU). E. coli and C. acetobutylicum cells were
grown until early to mid-exponential phase of growth (ODg,, of 0.1 to 1). Samples were pelleted
aerobically at 2,400 X g for 15 to 30 min and washed with filtered PBS. Samples were resuspended to an
ODyq, of 1 in either filtered PBS or filtered 20 wM HMBR in PBS. A total of 5 ul of sample was then added
to 500 ! of filtered PBS or filtered 20 wM HMBR in PBS for immediate flow cytometry analysis. Time
courses were standardized by normalizing an ODg,, at hour 10 of growth as previously reported (49).

For sorting, C. acetobutylicum thIs“PFAST and C. acetobutylicum adcFAST were sorted into two gates
of the highest 25% of fluorescent cells and the lowest 25% of fluorescent cells in the population, and
200,000 to 300,000 events (cells or small cell aggregates) were collected in each gate and sorted directly
into anaerobic PBS. These cells were pelleted at 5,000 X g, the supernatant was carefully removed, and
the pellet was resuspended in the remaining ~10 ul of anaerobic PBS and prepared for imaging.

Fluorescence measurements in SpectraMax i3x microplate reader. E. coli and C. acetobutylicum
cells were grown until the early to mid-exponential phase of growth (ODg, of 0.1 to 1). Samples were
pelleted at 2,400 X g for 15 to 30 min and washed with filtered PBS. Samples were resuspended to an
ODygq, of 1 in either filtered PBS or filtered 20 uM HMBR in PBS and 100 ul was transferred to black
conical-bottom 96-well plates (BRANDplates) for immediate fluorescence measurement. Fluorescence
was measured at an excitation wavelength of 485 nm and emission wavelength of 535nm using a
SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA). C. acetobutylicum samples were
normalized to C. acetobutylicum ATCC 824 resuspended to an ODg, of 1 in filtered PBS. E. coli samples
were normalized to E. coli FAST resuspended in filtered PBS. Time courses were standardized by
normalizing the ODy,, at hour 10 of growth as previously reported (49).

Confocal microscopy. Eight-well u-Slides (ibidi, Martinsried, Germany) were incubated with 0.1%
(wt/vol) poly-L-lysine in H,O overnight, then washed with double-distilled water (ddH,0), and dried. E.
coli and C. acetobutylicum cells were grown in an overnight culture, and samples were pelleted at
5,000 rpm for 15 to 30 min and washed with filtered PBS. Samples were resuspended to an ODg, of 1
to 2 in filtered PBS, and 200 to 300 wl was transferred to poly-L-lysine-coated 8-well w-Slides and
incubated for 1 h at room temperature. Cells were washed aerobically with sterile PBS, and 300 ul of
either filtered PBS or filtered 20 uM HMBR in PBS was added to each well. Cells were imaged using
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confocal microscopy (Zeiss 880 Multiphoton confocal microscope with Airyscan) at the Delaware
Biotechnology Institute Bioimaging Center. Images were acquired and processed using Zeiss ZEN digital
imaging for light microscopy.

Phase-contrast microscopy. Phase-contrast microscopy slides were prepared by pipetting 5 to 10

wul of cell suspension from concentrated sorted cells onto glass slides and covering with a glass coverslip.
Coverslips were then sealed with nail polish and imaged using a Zeiss Axioplan 2 upright light
microscope with a 100X objective.

Statistical analysis. Statistical analysis was preformed using a two-tailed Student t test or means *+

standard deviations (SD) using Microsoft Excel software. Significant differences were considered when
P values were <0.05.
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