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Abstract

Malonyl-CoA is the essential building block of fatty acids and regulates cell function through
protein malonylation and allosteric regulation of signaling networks. Accordingly, the production
and use of malonyl-CoA is finely tuned by the cellular energy status. Most studies of malonyl-CoA
dynamics rely on bulk approaches that take only a snapshot of the average metabolic state of a
population of cells, missing out on heterogenous differences in malonyl-CoA and fatty acid
biosynthesis that could be occurring amongst a cell population. To overcome this limitation, we
have developed a genetically encoded fluorescent protein-based biosensor for malonyl-CoA that
can be used to capture malonyl-CoA dynamics in single cells. This biosensor, termed Malibu
(malonyl-CoA intracellular biosensor to understand dynamics), exhibits an excitation-ratiometric
change in response to malonyl-CoA binding. We first used Malibu to monitor malonyl-CoA
dynamics during inhibition of fatty acid biosynthesis using cerulenin in E. coli, observing an
increase in Malibu response in a time- and dose-dependent manner. In Hela cells, we used
Malibu to monitor the impact of fatty acid biosynthesis inhibition on malonyl-CoA dynamics in
single cells, finding that two inhibitors of fatty acid biosynthesis, cerulenin and orlistat, which
inhibit different steps of fatty acid biosynthesis, increase malonyl-CoA levels. Altogether, we have
developed a new genetically encoded biosensor for malonyl-CoA, which can be used to study
malonyl-CoA dynamics in single cells, providing an unparalleled view into fatty acid biosynthesis.
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Introduction

Malonyl-CoA is an integral metabolite in central carbon metabolism. Well-known as the
primary building block for fatty acids, malonyl-CoA has also been reported to be involved in the
downregulation of B-oxidation of acyl-CoAs by the allosteric inhibition of carnitine
palmitoyltransferase 1. Malonyl-CoA is also used for lysine malonylation, which has been linked
to inhibited mitochondrial function and B-oxidation along with other manipulations of
metabolism.'® Recently, malonyl-CoA was found to competitively inhibit mammalian target of
rapamycin complex 1 (mTORC1).* Due to the importance of malonyl-CoA for metabolism, cell
signaling, and post-translational modifications, the direct study of malonyl-CoA dynamics is
needed. However, many previous studies were limited in that they relied on bulk approaches that
take only a snapshot of the average metabolic state of a population of cells, possibly missing the
heterogeneity of malonyl-CoA in single cells.

To capture the dynamic flux of metabolites in single cell, genetically encoded biosensors
have been developed by linking dynamic changes in metabolites with an optical output.>®
Genetically encoded fluorescent protein-based biosensors for lactate, for instance, enabled
visualization of real-time glycolytic flux in a population of cells, demonstrating cell-to-cell
heterogeneity in glycolysis.” Recently, biosensors for long-chain fatty acyl-CoA esters and acetyl-
CoA have been developed to dynamically measure CoA metabolism.?*% While these biosensors
have been used to illuminate metabolite dynamics in single cells, we currently lack a fluorescent
protein-based biosensor for malonyl-CoA that would allow for the real-time study of malonyl-CoA
in single cells.

Towards illuminating malonyl-CoA dynamics, a bioluminescent-based biosensor for malonyl-
CoA was developed. This biosensor, termed FapR-NLuc, used a malonyl-CoA binding bacterial
transcription factor, FapR, as a sensing domain.** FapR is a malonyl-CoA sensitive homodimeric
transcription factor found in bacteria that modulates transcription of genes encoding lipid
biosynthetic enzymes.**!* Importantly, FapR undergoes large conformational changes when
binding malonyl-CoA, reflective of its role in transcriptional regulation.**** In FapR-NLuc, the
subunits of a split nanoluciferase (NLuc) were fused to the N- and C-termini of a FapR variant
lacking the N-terminal DNA binding domain. Upon malonyl-CoA binding to FapR-Nluc, the split
NLuc were brought together, resulting in bioluminescence. This reporter was used to measure
subcellular malonyl-CoA dynamics. However, single-cell resolution of malonyl-CoA dynamics
could not be achieved with FapR-NLuc, resulting in bulk readouts of malonyl-CoA dynamics.

To overcome the limitations of FapR-NLuc, we sought to develop a fluorescent protein-based

biosensor based on FapR and circularly permutated enhanced green fluorescent protein

3



(cpEGFP). In this study, we report the development of a single-fluorophore excitation-ratiometric
biosensor for malonyl-CoA that we termed Malibu (malonyl-CoA intracellular biosensor to
understand dynamics). We demonstrate that Malibu is specific for malonyl-CoA and can be used
to detect changes in malonyl-CoA dynamics in both bacteria and individual mammalian cells.
Thus, Malibu enables the detection of malonyl-CoA in both bulk assays and at the single cell

level.

Results
Development of Malibu

To develop a fluorescent protein-based malonyl-CoA biosensor, we sought to repurpose the
bacterial transcription factor FapR. To maintain the structural dynamics and malonyl-CoA binding
of FapR, but to remove the DNA-binding domain, we truncated Bacillus subtillis FapR by deleting
the N-terminal 43 residues (FapRas3). Other biosensors based on bacterial transcription factors
succeeded when circularly permutated enhanced green fluorescent protein (cpEGFP) was
inserted into flexible regions of the protein, so we identified five flexible loops within FapR as
candidate insertion sites for cpEGFP.8** cpEGFP from the calcium biosensor GCaMP6f was
inserted into 46 positions within these loops (Fig 1a).'® We installed N-terminal Ser/Ala/Gly and
C-terminal Gly/Thr linkers connecting cpEGFP with the sensing domain, which have been used in
an acyl-CoA biosensor as a starting point for developing a malonyl-CoA biosensor.®

To assess the response of each candidate biosensor, we exposed our candidates to 500 uM
malonyl-CoA in bacterial lysate. The change in fluorescence upon malonyl-CoA addition was
measured using both 405 nm and 480 nm excitation and 520 nm emission to identify either
intensiometric (AF/F 480 nm excitation emission) or ratiometric (AR/R, 480 nm excitation
emission/405 nm excitation emission) reporters, both of which can be developed using
CpEGFPR.*®'7 All candidates showed a negative intensiometric response (AF/F) with the Ser/Ala/Gly-
Gly/Thr linker set, similar to the response observed previously with a negative-responding acyl-
CoA biosensor (Supplemental Fig 1a).? When assessing changes in the ratiometric response
(AR/R), only the candidate biosensor with insertion of cpEGFP following Glu 65 showed a
consistent change, with AR/R of -0.42 = 0.02 (Fig 1b). We moved forward with this variant,
calling it Malibu0.0 (malonyl-CoA intracellular biosensor to understand dynamics).

To further confirm that Malibu response is caused by the FapR sensing domain binding to
malonyl-CoA, we developed two variants of Malibu that are unable to bind malonyl-CoA. These
variants contain either a G107V, L128W double mutation, or a R106A mutation, both of which
have been previously reported to not bind malonyl-CoA.*?* We introduced each of these mutations
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into Malibu0.0 and observed a response significantly suppressed compared to Malibu0.0 (AR/R
Malibu0.0 G107V, L128W -0.082 + 0.009; AR/R Malibu0.0 R106A -0.023 + 0.069; AR/R Malibu0.0
-0.37 = 0.03, p < 0.0001; Fig 1c). Thus, the response of Malibu is due to the binding of malonyl-
CoA.

Next, we sought to enhance the modest performance of Malibu. The linkers connecting the
cpFP with the sensing domain are critical for biosensor function, with mutations in either linker
resulting in significant changes to the biosensor response.'®'® We began with optimizing the Ser/
Ala/Gly linker between the N-terminal FapR fragment and the cpEGFP, focusing on the second
and third positions as these residues are close to the chromophore and, in many biosensors,
directly influence its fluorescence efficiency and ionization state. A moderate library of variants
was generated with these two positions randomly mutated to all amino acids. 379 Malibu
variants were randomly selected from this library and tested in bacterial lysate, alongside
Malibu0.0 as a control. These variants showed a large range of different responses to malonyl-
CoA in lysate, while Malibu0.0 control replicates showed a AF/F of -0.19 = 0.05 and a AR/R of -
0.39 £+ 0.06 (Fig 1d, Supplemental Fig 1b). We screened for both intensiometric (AF/F) and
ratiometric (AR/R) changes, finding other variants showed intensiometric responses that ranged
from ~-0.4 to ~0.8 and ratiometric responses that ranged from ~-0.6 to ~0.4. Sequencing the
top performing hits from this screen found the top 5 positive responding variants all contained
the same Ser/Gly/Arg combination, which in a validation screen had a AF/F of 0.81 = 0.098
(Supplemental Fig 1c). Meanwhile, the negative responding variants showed a mixture of
combinations, generally enriching for Asn or Ser at either position, with the best performing
variant (a Ser/Gly/Asn combination at positions 2 and 3) showing a AF/F of -0.28 = 0.037 in
validation screens (Supplemental Fig 1c). Since the Ser/Gly/Arg variant showed the largest
absolute response of any Malibu variant thus far, we termed it Malibu0.1 and carried it forward
for further optimization.

For the next round of optimization, we mutated both positions of the Gly/Thr linker between
CpEGFP and the C-terminal fragment of FapR. We assessed a limited library of 183 random
variants alongside Malibu0.1 control, and found that none of the variants performed better than
Malibu0.1 when measuring AF/F (Supplemental Fig 1d). However, when measuring AR/R, three
variants outperformed Malibu0.1 (Fig 1e). Sequencing these variants showed enrichment of a
non-polar residue at the first position, with the two best variants further converging on a
negatively charged residue at the second position. Validation experiments were performed with
the highest performing variants, and confirmed that the lle/Glu combination works as a
ratiometric biosensor and improves the absolute response of Malibu0.1 by 1.5-fold, with a AR/R
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of 1.57 £ 0.07 in bacterial lysate (Fig 1f). This variant was selected as our “winner” and is
referred to as Malibu.

In vitro characterization of Malibu

We next characterized Malibu performance in vitro. We confirmed that Malibu exhibits a
decrease in 405 nm excitation and increase in 480 nm excitation in response to malonyl-CoA,
with both excitation peaks contributing to a single emission at 520 nm (Supplemental Fig 2a).
Malibu exhibited a concentration-dependent change in AR/R, reaching a maximum around 1-2
mM malonyl-CoA (Fig 2a). Malibu has an affinity for malonyl-CoA of 360 uM (95% confidence
interval 240-530 uM), while Malibu R106A (deadMalibu) exhibited minimal affinity for malonyl-
CoA. The Kp of FapR without the N-terminal DNA binding domain for malonyl-CoA was reported to
be 7.1 uM, indicating the insertion of cpEGFP dramatically decreased the affinity of FapR for
malonyl-CoA.'* A similar trend was observed for the luciferase-based malonyl-CoA biosensor,
suggesting that modifications to FapR have impacts on Kp.*!

We next assessed the specificity of Malibu for malonyl-CoA as both purified protein and
bacterial lysate. In vitro Malibu exhibited a AR/R 0.98 = 0.09 in response to 500 uM malonyl-CoA,
but minimally responded to other similar CoAs, including free CoA and acetyl-CoA (p = 0.0001;
Fig 2b). In bacterial lysate, Malibu exhibited similar selectivity towards malonyl-CoA across a
range of concentrations (p < 0.0001; Supplemental Fig 2b).

Finally, we assessed the pH-dependency of Malibu. FP-based biosensors are often pH-
dependent.?®?! However, ratiometric measurements can correct for this, leading to biosensors
with less pH dependency.??** We found that Malibu in the presence of 500 uM malonyl-CoA
exhibited a small increase in AR/R from pH 6.5 to pH 7 (AR/R 0.76 = 0.05 to 1.02 = 0.02) but
remained consistent from pH 7-8 (1.02 + 0.02 to 1.09 + 0.05; Fig 2¢c, Supplemental Fig 2c).
We found deadMalibu to have a similar pH dependency as Malibu (Supplemental Fig 2c). Thus,
we have demonstrated that Malibu can sensitively and selectively detect malonyl-CoA, and the
ratio change (AR/R) does not appear to be pH sensitive at cytoplasmic pH.

Malibu detects inhibition of fatty acid biosynthesis in bacterial cells

Next, we sought to determine the ability of Malibu to report the intracellular dynamics of
malonyl-CoA in bacteria. Inhibition of fatty acid biosynthesis is expected to increase intracellular
malonyl-CoA levels, as malonyl-CoA is no longer being actively used for production of new fatty
acids. BL21 E. coli expressing Malibu were treated with cerulenin, an inhibitor of B-ketoacyl-acyl

carrier protein (ACP) synthase I/ll (FabB/F), the enzyme responsible for condensing malonyl-ACP
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with acyl thioesters for nascent fatty acid chain elongation.?* Treatment with 4 or 8 uM cerulenin
over 2 hours resulted in a significant increase in Malibu AR/R compared to treatment with DMSO
as measured by plate reader (at 2 hours 4 uM AR/R 1.57 = 0.78, p = 0.0178; 8 uM AR/R 5.03 =
1.51, p < 0.0001; Fig 3a). Under the same conditions, deadMalibu AR/R did not significantly
change (Supplemental Fig 3a). These results are consistent with other findings that inhibiting
fatty acid biosynthesis results in an intracellular accumulation of malonyl-CoA in E. coli.?®

Malibu reports dynamics of fatty acid biosynthesis in mammalian cells

Finally, we used Malibu to capture single-cell measurements of malonyl-CoA in mammalian
cells. We expressed Malibu fused to an mScarlet expression marker (Malibu-mScarlet) in HeLa
cells and treated the cells with inhibitors of fatty acid biosynthesis. In mammalian cells, cerulenin
inhibits the B-ketoacyl-synthase domain of fatty acid synthase. Following four hours of treatment
with cerulenin, we observed a significant increase in Malibu normalized R to mScarlet (norm R)
compared to DMSO control (cerulenin norm R 3.25 = 0.96; DMSO norm R 1 = 0.39; p = 0.0361;
Fig 3b).

Next, we treated Hela cells expressing Malibu-mScarlet with orlistat, which inhibits the
thioesterase domain of fatty acid synthase.?® Following treatment with orlistat for 12 hours, we
observed a significant increase in Malibu norm R compared to DMSO control (orlistat norm R 1.59
+ 0.55; DMSO norm R 1 + 0.31; p = 0.0464; Fig 3c). To confirm Malibu is faithfully reporting an
increase in intracellular malonyl-CoA, we performed LC-MS metabolomics analysis of HelLa cells
treated with either cerulenin, orlistat, or DMSO. With both inhibitors of fatty acid biosynthesis, we
saw a significant accumulation of malonyl-CoA compared to DMSO control (Supplemental Fig
3b). As a control, we assessed the response of deadMalibu to orlistat, cerulenin, or DMSO, and
found deadMalibu did not respond to inhibition of fatty acid biosynthesis (Supplemental Fig
3c¢). Together, these data demonstrate Malibu can be used to faithfully report the dynamics of
malonyl-CoA in cells.

Discussion

Genetically encoded biosensors for metabolites are increasingly being developed and used to
better understand the dynamic nature of metabolism, as evidenced by the recent reporting of
biosensors for glycolytic intermediates and amino acids.?°?’33 |n the present study, we designed
a fluorescent protein-based biosensor for malonyl-CoA, Malibu. Consisting of cpEGFP inserted into
a truncated bacterial malonyl-CoA binding transcription factor, FapRas3, Malibu exhibits a
ratiometric change in fluorescence when bound to malonyl-CoA. While a luciferase-based



malonyl-CoA biosensor has been previously developed and used to study compartmentalized
malonyl-CoA dynamics, the reporter was only used for plate reader-based assays. Using Malibu,
we could study inhibition of fatty acid biosynthesis in individual cells, with Malibu reporting the
accumulation of malonyl-CoA upon inhibition of fatty acid biosynthesis, and uncovering cell-to-
cell heterogeneity. Furthermore, Malibu exhibited robust selectivity towards malonyl-CoA,
providing an advantage over other sensors for CoA derivatives, which suffer from some degree of
non-specificity.®® While Malibu reported an approximate 1.5-fold dynamic range in cells, future
engineering efforts will focus on improving the dynamic range of Malibu for the enhanced
detection of more subtle malonyl-CoA changes, such as changes in subcellular malonyl-CoA
levels. Other sensors, such as those for UDP-GIcNACc, have seen significant improvement from
using error prone PCR to generate enhanced variants.****> Applying this approach to Malibu could
generate variants capable of detecting more subtle malonyl-CoA changes, such as changes in
subcellular malonyl-CoA levels.

As we improved Malibu performance, we observed the importance of the linker sequence
in determining the response. Initially, we used a Ser/Ala/Gly-Gly/Thr linker combination from a
long-chain acyl-CoA biosensor, which resulted in Malibu having a negative response, consistent
with response observed in the long-chain acyl-CoA biosensor.®2 Through random mutagenesis of
the N-terminal linker, we identified a Ser/Gly/Arg-Gly/Thr linker combination that flipped the
response of Malibu to be a positive, intensiometric response. Further mutagenesis of the C-
terminal linkers resulted in no improvement of the intensiometric response, but did reveal a Ser/
Gly/Arg-lle/Glu linker combination that resulted in a positive ratiometric response. With just four
mutations, we were able to flip the excitation properties of Malibu.

Analysis of the structure of eLACCO1, a lactate biosensor, enabled the proposed mechanism
that amino acids within the linker region interact with the chromophore of cpEGFP to stabilize
either the protonated or deprotonated form of the chromophore.?’ In the case of Malibu, the non-
polar lle residue in the C-terminal linker is likely stabilizing the protonated form of the
chromophore, resulting in efficient excitation by 405 nm light. Upon malonyl-CoA binding,
conformational changes in the FapR sensing domain may position the Arg residue in the N-
terminal linker to better interact with the chromophore, allowing the positive charge to stabilize
the deprotonated form, which excites with 480 nm light. This malonyl-CoA-dependent handoff
between linker residues likely results in the ratiometric response we observe with Malibu. Future
efforts will involve structural studies of Malibu to better understand the biophysical changes
within the biosensor and how structural changes in FapR propagate to cpEGFP.



Malibu exhibited an in vitro Kp of 360 uM, which in our studies was sufficient to measure
changes in malonyl-CoA in both bacteria and human cells. The reported concentration of
malonyl-CoA in bacteria ranges from 4-90 uM, which suggests that in bacteria, Malibu might not
be capturing the full dynamics of malonyl-CoA.** Malonyl-CoA is reported to function as an ATP-
competitive inhibitor of mMTORC1, with an ICso of 230 pM for human mTORC1 and 334 uM for
yeast mTORCL1.* This suggests that Malibu is likely to be responsive to concentrations of malonyl-
CoA in cells relevant to physiological regulation of fatty acid biosynthesis and metabolic signaling
in mammalian cells. Nonetheless, future efforts will involve modifying the apparent affinity of
Malibu for malonyl-CoA to best capture the intracellular dynamics of malonyl-CoA. Additionally,
as shown with the luciferase-based malonyl-CoA biosensor, subcellular targeting can be
achieved, which provides unigue insight into cell function, as seen with localized biosensors for
kinases and metabolites.?*” Improvements to Malibu could better facilitate the study the
subcellular dynamics of fatty acid biosynthesis at compartments of high lipid synthesis and
demand.

As a fluorescent protein-based biosensor, Malibu enables the measurement of malonyl-
CoA in single cells, overcoming a barrier faced by luminescence-based malonyl-CoA sensors,
which were limited to bulk plate reader-based assays. This capability allows Malibu to be used
alongside other approaches to study lipid metabolism. For example, stable isotope labeling
combined with subcellular fractionation techniques have allowed for the investigation of acyl-CoA
metabolism in the cytoplasm, mitochondria, and nucleus.?® Other recent advances in stable
isotope tracing and mass spectrometry imaging enabled the investigation of lipid metabolism
with high resolution.?*® Malibu can further compliment these approaches by monitoring malonyl-
CoA dynamics in single cells over time, providing insights into the processes that lead to the final
lipid compositions observed using other techniques.

The utility of Malibu could also extend to other biological systems. In this work, we used
Malibu to study malonyl-CoA dynamics in bacteria and mammalian cells, but other similar
biosensors, such as GCaMP, have been used in yeast and plants to study the role of calcium
during physiological processes.***! Malibu could be similarly applied to observe differences in
lipid metabolism within different species, cell types, and metabolic environments.

In this work, we studied the impact of inhibition of fatty acid biosynthesis in both bacteria
and Hela cells, finding that inhibition increases malonyl-CoA levels, as revealed by increased
Malibu AR/R. We observe that our measurements of malonyl-CoA in HelLa cells have a large
variability in response (Fig 3b-c). Similar studies using biosensors to measure metabolic
regulation have also had large variability in response and observed significant cell-to-cell

9



variations.?’*? As this work was done using an unsynchronized cell population, this variability in
response could be due to cell-to-cell differences in metabolic state. Other studies of malonyl-CoA
dynamics using luciferase-based malonyl-CoA biosensors highlighted compartmentalized
dynamics of malonyl-CoA, finding that orlistat increased malonyl-CoA levels in the cytoplasm and
nucleus, but not other locations studied. While not investigated in this work, a potential future
application for Malibu is the study of compartmentalized malonyl-CoA dynamics. Furthermore, as
the development of red-shifted metabolite biosensors and kinase activity reporters advance,
Malibu could be multiplexed with these reporters to provide a more dynamic picture of metabolic
regulation in single cells.”224344

In summary, we have generated a genetically encoded fluorescent protein-based malonyl-
CoA biosensor, which we have used to study dynamic changes in malonyl-CoA in single cells.
Using this biosensor, the study of malonyl-CoA and fatty acid regulation in single cells is now
possible, which will result in a greater understanding of metabolic regulation.

Material and Methods

Plasmids. All primers used are available in Supplemental Table 1. Primers were obtained from IDT
or Eton Bioscience. FapR gene was made by ThermoFisher GeneArt, using FapR sequence from
Bacillus subtillis (NC_000964.3:1661967-1662533). FapR was truncated (1-43, FapRas3) to remove
the DNA binding domain. Initial designs were cloned by Gibson Assembly (Gibson Assembly HiFi
Master Mix, Fisher Scientific Cat# A46628) to insert cpEGFP with SAG-GT linkers into a pRSET
vector containing FapRass. The primers for amplifying the backbone, denoted as bb in the primer
name, are also denoted by the associated insertion site residue. Primers fwd_insert and
rev_insert were used to amplify cpEGFP from GCaMP6f and insert the SAG-GT linkers for all
insertion sites except for 67, 99, and 124, which have unique insert primer pairs.

To generate the N-terminal linker library, Golden Gate Assembly was used with primers
containing degenerate NNK codons at all positions being mutated. PCR was performed with
primers 1-4 with Malibu65 as template, with subsequent Dpnl digestion (Thermo Scientific, Cat#
FD1703) and PCR cleanup (Thermo Scientific, Cat# K310001), and resulting fragments were
subjected to BsmBI digestion and ligation. The ligation was transformed into DH5a cells (Thermo
Scientific, Cat# 18265017), which was then diluted into LB for overnight growth. A small aliquot
of the transformed cells was plated on LB plates containing 100 pg/mL ampicillin to monitor the
number of colony forming units (cfu) produced. >4,000 cfu were detected and the overnight
culture was miniprepped (Qiagen, Cat# 27106) to obtain a library of variants.
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To generate the C-terminal linker library, Golden Gate Assembly was used with primers
containing degenerate NNK codons at the positions being mutated. PCR was performed with
primers 8-11 with Malibu0.1 as template. The PCR products were digested with Dpnl, cleaned up
with a PCR cleanup kit, and subjected to BsmBI digestion and ligation. The library was
transformed and isolated following the same protocol as the N-terminal linker library, with
>16,000 cfu detected.

Malibu-mScarlet in a pRSET vector was cloned by Gibson Assembly. PCR was performed
with primers 9-10 on Malibu in a pRSET vector, and primers 11-12 were used to amplify mScarlet
from pEGFP-C1-mScarlet-AMPKa2. Subsequent Gibson Assembly inserted a linker
(LQSTGSGNAVGQDTQER), as previously described on the C-terminus of Malibu followed by
mScarlet.** Malibu-mScarlet was then inserted into a pcDNA3.1 vector by Gibson Assembly by
amplification with primers 15-16, and amplification of the pcDNA3.1 backbone with primers 13-
14. QuikChange was performed on this product using primers 17-18 to correct a random
mutation that occurred in the product.*

To make non-binding mutants of Malibu, QuikChange was used.* The double mutant was
made by introducing both mutations individually. The G107V mutation was made with primers
19-20 on template Malibu0.0, and the L128W mutation was made using primers 21-22 using the
G107V mutant as template. The R106A non-binding mutant was made using primers 23-24 on
Malibu0.0 as template. For all cloning, successful generation was confirmed using either Sanger
sequencing (Genewiz) or whole-plasmid long-read sequencing (Plasmidsaurus).

pGP-CMV-GCaMP6f was a gift from Douglas Kim & GENIE Project (Addgene plasmid #
40755; http://n2t.net/addgene:40755; RRID:Addgene_40755). pEGFP-C1-mScarlet-AMPKa2 was a
gift from Jin Zhang (Addgene plasmid # 192451; http://n2t.net/addgene:192451;

RRID:Addgene _192451).

Malibu sequence. FapR with cpEGFP in bold and linkers underlined.
MELSIPELRERIKNVAEKTLEDESGRNVYIKADKQKNGIKANFKIRHNIEDGGVQLAYHYQQNTPIGDGP
VLLPDNHYLSVQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGTGGSMVSKGEELFTGVV
PILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMK
QHDFFKSAMPEGYIQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNIEV
KSLSLDEVIGEIIDLELDDQAISILEIKQEHVFSRNQIARGHHLFAQANSLAVAVIDDELALTASADIRFTRQVKQGE
RVVAKAKVTAVEKEKGRTVVEVNSYVGEEIVFSGRFDMYRSKHS
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Lysate Screening. For lysate assays screening the initial insertion variants, plasmids were
transformed into BL21 E. coli cells (Fisher Scientific, Cat# C600003) and plated on LB-ampicillin
plates. The next day, individual colonies were inoculated in ZYM-5052 auto-induction media with
maintenance antibiotics.*® Cultures were grown at 37°C with 250 rpm shaking for 6 hours, then
20°C with 250 rpm shaking for 22 hours. Cultures were pelleted and lysed in B-PER (Thermo
Scientific Cat# P178248) containing protease inhibitor (Pierce Protease Inhibitor Tablets, Thermo
Scientific Cat# A32963), following the manufacturer’s protocol. The resulting lysate was clarified
and the supernatant was used for subsequent fluorescence readings by plate reader (Molecular
Devices SpectraMax iD5) in a 96-well assay plate (Genesee Scientific, Cat# 33-755). The plate
reader was equipped with SoftMax Pro 7.1 data acquisition software (Molecular Devices). Two
wells were setup for each sample, one containing malonyl-CoA at a final concentration of 500 uM
(Sigma-Aldrich, Cat# M4263), while the other contained no malonyl-CoA. Fluorescence readings
were measured with 480 nm and 405 nm excitation, both with 520 nm emission measured. AF/F
was calculated by taking the difference between the raw fluorescence readings of the paired
wells at the indicated fluorescence wavelength and dividing by the reading from the control well
or to the same well prior to malonyl-CoA addition. AR/R was calculated similarly, but instead of
using the raw fluorescence, a ratio was used; which was calculated by dividing the 480 nm
excitation-emission by 405 excitation-emission.

For linker screenings, plasmids were transformed into BL21 cells, and individual colonies were
inoculated in ZYM-5052 auto induction media in deep well culture plates (Genesee Scientific,
Cat# 27-413), covered with a sterile sealing film (Genesee Scientific, Cat# 12-631), and cultured
for the time and temperatures previously described. Cultures were pelleted and lysed, and the
resulting supernatant was transferred to a 96-well assay plate. Fluorescence measurements
before and after addition of 500 uM or 450 pM malonyl-CoA were taken for the N-terminal linker
screen and C-terminal linker screen, respectively.

For lysate specificity assays, clarified lysate was pipetted into a 96-well assay plate, and initial
fluorescence was measured at 480 and 405 nm excitation with 520 nm emission. Malonyl-CoA,
acetyl-CoA (CoALA Biosciences, Cat# ACO01), butyryl-CoA (CoALA Biosciences, Cat# BC01),
succinyl-CoA (CoALA Biosciences, Cat# SC01), propionyl-CoA (CoALA Biosciences, Cat# PCO01),
and free CoA (CoALA Biosciences, Cat# CA02) were added in triplicate at final concentrations of
0.50 mM, 0.25 mM, 0.10 mM, and 0.025 mM, and post-addition fluorescence readings were
taken.
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Protein Expression and Purification. A 6xHis tag and TEV cleavage site were added to the N-
terminus of Malibu or deadMalibu in a pRSET vector, using primers 25-28 and subsequent BsmBI
digestion and ligation with T4 DNA ligase. BL21 E. coli containing plasmid encoding 6xHis-Malibu
with a TEV cleavage site between 6xHis tag and Malibu were grown in OM-I media and induced
with IPTG (Goldbio, Cat# 12481C50).%’ Cells were harvested by centrifugation and mechanically
lysed in lysis buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, 5% glycerol, pH 8.0). Lysate
was clarified by centrifugation. Clarified lysate was incubated with Ni-NTA resin (Thermo
Scientific, Cat# 25215) and resin was washed with lysis buffer. Then, the resin was incubated
with elution buffer (50 mM Tris, 150 mM NaCl, 500 mM imidazole, 5% glycerol, pH 8.0) before
collecting the eluate. The eluate was concentrated in 10 kDa MWCO concentrators (Thermo
Scientific Cat# 88528). 0.3 mg of TEV protease was added to concentrated eluate to remove
6xHis tag and sample dialyzed using 10 kDa MWCO dialysis membrane (Thermo Scientific Cat#
P188243) in protein storage buffer (50 mM Tris, 150 mM NaCl, 5% glycerol, pH 8.0). Digested and
dialyzed eluate was incubated with Ni-NTA resin which was washed using protein storage buffer.
The final flow through and all fractions were analyzed via SDS-PAGE (ThermoFisher, Cat#
NP0322B0OX) and protein purity was assessed. Purified protein was frozen in liquid N, and stored
in -80 °C until use.

In vitro Malibu assays. In vitro characterization of Malibu or deadMalibu was performed in a 96-
well plate format using black assay plates. All in vitro assays were conducted with 2 uM protein in
protein assay buffer (50 mM Tris, 150 mM NaCl, 5% glycerol, variable pH). Assay buffer with pH
7.2 was used for specificity and dose-response assays. Assay buffers with pH of 6.5, 7.0, 7.2, 7.5,
7.7, and 8.0 were used in pH sensitivity assays. For Kp calculation, nonlinear fit using Equation 1
was done using GraphPad Prism 10.

AR= AR, x[malonyl—CoA]
K ,+[malonyl—CoA |

Equation 1

For all assays, fluorescence was read from the top using monochromators set to 405 nm and 480
nm excitation wavelengths and 520 nm emission, detected using an ultra-cooled photomultiplier
tube.

Bacterial fatty acid inhibition assays. BL21 cells were transformed with Malibu or deadMalibu and
plated overnight on LB-ampicillin plates. Individual colonies were inoculated in ZYM-5052 auto-
induction media the subsequent day and incubated at 37°C for 6 hours at 250 rpm, then at 20°C
for 22 hours at 250 rpm. Cultures were diluted to OD600 0.60-0.65 in fresh LB media, then
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pipetted into a clear bottom 96-well assay plate (Thermo Fisher Cat# 152040) along with a
media blank to correct for background fluorescence during analysis. Initial fluorescence
measurements at 480 nm and 405 nm excitation, both with 520 nm emission, were taken, then
Cerulenin was added at final concentrations of 2 uM, 4 uM, and 8 pM along with a DMSO vehicle
control. Immediate post-addition fluorescence was measured, and the plate was kept in the plate
reader for subsequent readings at 1 and 2 hours post addition. The plate reader temperature was
set to 37°C and was programmed to perform 5 seconds of orbital shaking prior to each read.

Cell culture and transfection. HelLa cells were obtained from ATCC (Fisher Scientific Cat# 50-238-
3230). Cells were maintained at 37°C and 5% CO, in Dulbecco’s modified Eagle medium (DMEM,
Thermo Scientific Cat# 10569010) containing 4.5 g/L glucose, glutaMAX supplement, sodium
pyruvate, 10% fetal bovine serum (Avantor 76419-584) and 100 U/mL penicillin-streptomycin
(Pen/Strep, Fisher Scientific Cat# 15-140-122). HelLa cells were routinely checked for
mycoplasma using NucBlue (Fisher Scientific Cat #R37605) staining and PCR testing using the
PCR Mycoplasma detection kit (Fisher Scientific Cat# AAJ66117AM]).

Cells were seeded at 150k-200k one day before transfection in 35mm glass bottom dishes
(Cellvis, Cat# d35-14-1.5-n). The following day, transfection was carried out in reduced serum
medium (Opti-MEM, Thermo Scientific Cat # 31985070) using FUGENE HD (FUGENE, Cat# HD-

1000) as previously described.*®

Fluorescence imaging and image analysis. Fluorescence microscopy experiments were
performed on a Nikon ECLIPSE Ti2 epifluorescence microscope equipped with a CFI60 Plan Fluor
40x Oil Immersion Objective Lens (N.A. 1.3, W.D. 0.2 mm, F.O.V. 25 mm; Nikon), a Spectra lll UV,
V,B,C,T,Y,R, nIR light engine featuring 380/20, 475/28, and 575/25 LEDs, Custom Spectra IlI
filter sets (440/510/575 and 390/475/555/635/747) mounted in Ti cube polychroic, a Kinetix 22
back-illuminated sCMOS camera (Photometrics), and a stage-top incubator set to 37°C (Tokai
Hit). NIS-Elements software (Nikon) was used to control the microscope. Exposure times between
10-100 ms were used.

For HelLa cell fatty acid synthesis inhibition experiments, Orlistat (Alfa Aesar, Cat# J62999-
MF) was dissolved in DMSO and added to transfected Hela cells expressing Malibu-mScarlet or
deadMalibu-mScarlet at a concentration of 15 uM the day after transfection and incubated for 12
hours prior to imaging. Cerulenin (Millipore Sigma, Cat# C2389) was dissolved in DMSO and
added to transfected Hela cells expressing Malibu-mScarlet or deadMalibu-mScarlet at a
concentration of 50 uM the day after transfection and incubated for 4 hours prior to imaging. For
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vehicle control experiments, the same volume of DMSO as inhibitor was added to the cells.
Immediately prior to imaging, transfected and treated cells were washed three times with HBSS
(ThermoFisher Scientific cat#14065056 supplemented to 1 g/L glucose, 20 mM HEPES, pH 7.3-
7.4), the solution was supplemented with the same concentration of inhibitor, and the cells were
allowed to incubate at 37°C for 15 minutes before imaging. Images were taken every 30 seconds
for 5 minutes, and the last 2 minutes was averaged for reporting.

Image analysis was done as previously described using MATLAB R2024a (MathWorks).*®
The cpEGFP excitation ratio (Ex488/380) was normalized to mScarlet expression to control cell-
to-cell variability in expression, and relative to vehicle control measurements. Cells or dishes that
were not fully transfected, dying, or under or over exposed were excluded from analysis.

LC-MS Metabolomics. Hela cells, seeded at 150k, were plated 2 days before fatty acid synthesis
inhibitor treatment in 6-well plates (Genesee Scientific, Cat# 25-105) and each condition was
harvested in triplicate. For Cerulenin treatment, Cerulenin dissolved in DMSO was added to a
final concentration of 50uM and incubated for 4 hours before harvesting, and the same volume of
DMSO was added to vehicle control wells. For Orlistat treatment, Orlistat dissolved in DMSO was
added to a final concentration of 15uM and incubated for 12 hours before harvesting, and the
same volume of DMSO was added to vehicle control wells. An additional well was cultured
without treatment for packed cell volume measurement during harvesting.

After each treatment incubation period, packed cell volume was measured from the
untreated well with PCV tubes (Millipore Sigma, Cat# Z760986). Briefly, the well was washed
with HBSS once, incubated with Trypsin (Thermo Scientific, Cat# 12604013), and pipetted into a
PCV tube for centrifugation at 2.5k rcf for 1 minute. The treated wells were then washed once
with HBSS, and 50 uL of chilled 80% methanol per 1 pL packed cell volume was added, and the
plate was incubated on dry ice for 10 minutes. The wells were then scraped with cell scrapers
(Genesee Scientific, Cat# 25-270) and the mixture was transferred to microcentrifuge tubes for
centrifugation at 16k rcf for 10 minutes at 4°C. The supernatant was then transferred to clean
microcentrifuge tubes and stored at -80° until LC-MS analysis.

On the day of LC-MS analysis, samples were again spun at 16k rcf for 10 min at 4°C and
supernatant was transferred into LC-MS tubes for analysis. A quadrupole-orbitrap mass
spectrometer (Exploris 480 ThermoFisher Scientific) operating in polarity switching mode was
coupled to hydrophilic interaction liquid chromatography (HILIC) via electrospray ionization. One
full scan was performed from m/z 360-1200 at 90,000 resolution. Additional tSIM scans at 90,000

resolution with isolation window of +/- 0.7 m/z were run in positive mode for potential malonyl-
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CoA ions (C21H38N7019P3S) with AGC target set to standard and Maximum Injection Time Mode
set to Auto. Inclusion list included singly charged ions: +H adduct m/z 854.1229, +NH, adduct m/
z 871.1494, +K adduct m/z 892.0788, +Na adduct m/z 876.1048, and no adduct m/z 853.1151.
ddMS? was also run for these ions with HCD Collision Energies of 30 and 40, orbitrap resolution of
15,000, ACG target set to standard, and Maximum Injection Time Mode set to Auto. LC separation
was achieved with a XBridge BEH Amide column (2.1 mm x 150 mm x 2.5 um particle size, 130 A
pore size; Water, Milford, MA) using a gradient of solvent A (50 mM ammonium acetate, in 95:5
water:acetonitrile) and solvent B (95:5 acetonitrile:water). Flow rate was 0.4 mL/min. The LC
gradient was started at 80% B and was ramped to 60% B over 23.25 min. Between 23.25 and
29.25 min the ratio was held at 60% B followed by re-equilibration at 80% B for 15 min until
22.24 min. Autosampler temperature was 4°C, and injection volume was 10 pL. Malonyl-CoA
peak identification was verified by running a standard with malonyl-CoA lithium salt (Sigma-
Aldrich, Cat# M4263) which resulted in a detectable peak at m/z 854.1229 and RT 10.18 and

MS2 fragments characteristic of malonyl-CoA: m/z 428.0, 347.1, 303.1, 136.1, and 99.1. Data

was converted to mzxml format with msconvert and ion counts were exported using MAVEN2.4°

Statistics and reproducibility. Figure preparation and statistical analysis were performed using
GraphPad Prism 10. Data were tested for normality using Shapiro-Wilk and Kolmogorov-Smirnov
tests. For comparison of two parametric data sets, Student’s t test was used. Nonparametric
tests were done using Mann-Whitney test. For comparing three or more sets of data, ordinary
one-way ANOVA or two-way ANOVA followed by multiple comparisons was done. Statistical
significance was defined as p < 0.05 with a 95% confidence interval. Outliers were detected
using Grubb’s test. The number of trials, number of independent experiments, technical
replicates, and statistical tests used are reported in all figure legends. Where appropriate, data
was plotted using the SuperPlots method®°. All dot plots shown depict the mean * standard

deviation.

Associated Content

Supplementary Figures and Tables are available as Associated Content. This includes additional
linker screening information, cpEGFP fluorescence changes, excitation-emission sweeps of
Malibu, Malibu specificity in bacterial lysate, unnormalized Malibu pH sensitivity, cpEGFP
response to cerulenin in E. coli, and results of metabolomics studies.

Data Availability Statement
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All data are available within the main manuscript and the Supporting Information. The following
plasmids generated in the course of this work have been deposited with AddGene: pcDNA
Malibu-mScarlet (AddGene ID 229554) and pcDNA deadMalibu-mScarlet (AddGene ID 229555).
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Figure 1. Development of Malibu.

a, Design and domain layout of Malibu. Crystal structure of dimeric FapR, without the N-terminal
DNA binding domain, with residues where cpEGFP was inserted in the indicated residues, which
are highlighted in green and malonyl-CoA in black (PBD ID 2F3X). The residues considered for
CpPEGFP insertion are indicated on one monomer. An AlphaFold predicted structure of Malibu is

shown.>!
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b, Ratio change (AR/R) after addition of 500 uM malonyl-CoA of initial Malibu variants in clarified
bacterial lysate (n = 3 independent experiments).

¢, Ratio change of Malibu0.0 point mutants expected to minimally bind malonyl-CoA, along with
Malibu0.0, treated with 500 uM malonyl-CoA in clarified bacterial lysate (n = 2 independent
experiments with 2 technical replicates each; ****p < 0.0001, ordinary one-way ANOVA with
Dunnett’s multiple comparisons).

d, Fluorescence change of N-terminal linker variants screened in clarified bacterial lysate, treated
with 500 uM malonyl-CoA. Performance of Malibu0.0 control replicates (purple diamond) and
Malibu0.1 (pink triangle) denoted.

e, Ratio change of C-terminal linker variants screened in clarified bacterial lysate, treated with
450 uM malonyl-CoA. Performance of Malibu0.1 control replicates (pink triangle) denoted.

f, Ratio change of top hits from C-terminal linker screen in clarified bacterial treated with 450 uM
malonyl-CoA (n = 2 independent experiments with 2 technical replicates each).

For all figures, dot plots show the mean = SD.
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Figure 2. In vitro characterization of Malibu.
a, Dose-response curve for Malibu (dark blue circles) or deadMalibu (Malibu R106A; light blue
triangles) ratio changes in response to multiple concentrations of malonyl-CoA. Shown are the
mean = standard deviation of 3 independent protein preparations of Malibu with 6 technical
replicates for each preparation. Kp was determined using nonlinear fit. For deadMalibu, shown are
the mean = standard deviation of one protein preparation with three technical replicates.
b, Selectivity of Malibu towards malonyl-CoA, as measured by ratio change. Malibu was
incubated with 500 uM of each respective CoA-containing molecule indicated. Shown are the
mean = standard deviation from 2 independent protein preparations with 3 technical replicates
each; ****p < 0.0001, ordinary one-way ANOVA with Dunnett’'s multiple comparison’s test).
¢, pH dependency of Malibu ratio changes in response to 500 uM malonyl-CoA between pH 6.5-8.
Shown are the mean from 2 independent protein preparations with 4 technical replicates each.

26



Ranzau et al Figure 3

2 L P waibu  mscaetl - L S
o € 3- £ 8- *
= 8- 2 M *okok **** £3 <
€ ©ed4 uM T) T}
c ) N O 6
L(O) 6 8 HM A 2 ole X
g, DMSO S {» § i é
- q. [ ]
(D S~ S
S x 1 —h— n: T
0\: 2 = + e = 2 ° o|
@ 0— 480 nm ex mScarlet S 5 Dp.i7 5 B
< T prd 0 T T zZ O T T
0 1 2 @) > O N
) O S Q
Time (hr) OQ% 0&9 0@ @,\&Q’
O

Figure 3. Malibu reports intracellular malonyl-CoA dynamics.

a, Ratio change of Malibu expressed in BL21 E. coli treated with either 2 uM cerulenin (dark blue,
n = 3 independent experiments with 2-3 technical replicates each), 4 uM cerulenin (medium
blue, n = 3 independent experiments with 2-3 technical replicates each), 8 uM cerulenin (light
blue, n = 3 independent experiments with 3 technical replicates each), or DMSO (green, n = 3
independent experiments with 3 technical replicates each; *p < 0.05, **p<0.001, ****p <
0.0001, 2-way ANOVA with Dunnett’s multiple comparisons test).

b, Representative images and ratio change of Malibu fused to mScarlet (Malibu-mScarlet)
expressed in Hela cells treated with either DMSO (n = 6 independent experiments) or cerulenin
for 4 hr (50 uM, n = 9 independent experiments) normalized to mScarlet expression marker (*p <
0.05, unpaired t-test).

¢, Ratio change of Malibu-mScarlet expressed in HelLa cells treated with either DMSO (dark blue,
n = 6 independent experiments) or orlistat for 12 hr (15 uM, light blue, n = 6 independent
experiments) normalized to mScarlet expression marker (*p < 0.05, unpaired t-test).

For all figures, dot plots show the mean = SD. For HelLa cell data, all cells are shown in small gray
circles, each independent experiment averages are shown in colored large circles, and the mean
+ SD of the independent experiments are plotted. Scale bar represents 10 um. Only comparisons
with statistical significance are indicated.
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