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Abstract: Malate is a key intermediate in the citric acid cycle, an enzymatic cascade that is central
to cellular energy metabolism and that has been applied to make biofuel cells. To enable real-time
sensing of malate levels, we have engineered a genetically encoded, protein-based fluorescent biosen-
sor called Malon specifically responsive to malate by performing structure-based mutagenesis of the
Cache-binding domain of the Citron GFP-based biosensor. Malon demonstrates high specificity and
fluorescence activation in response to malate, and has been applied to monitor enzymatic reactions
in vitro. Furthermore, we successfully incorporated Malon into redox polymer hydrogels and bacte-
rial cells, enabling analysis of malate levels in these materials and living systems. These results show
the potential for fluorescent biosensors in enzymatic cascade monitoring within biomaterials and
present Malon as a novel tool for bioelectronic devices.
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1. Introduction

Malate is a C4 dicarboxylate that serves as an essential intermediate in the tricarboxylic
acid cycle (TCA) [1,2]. There is growing interest in using TCA enzymes in bioelectrodes for
energy conversion applications. Enzymatic biofuel cells involve multi-enzymatic cascades
able to carry out the sequential bio-electrochemical oxidation of the substrates. Ongoing
research focuses on improving the efficiencies of these biofuel cells to collect a higher
number of electrons and reach higher power densities [3–6].

Enzymatic cascades fabricated with TCA cycle enzymes can be potentially used
for achieving a high degree of oxidation of substrates, including ethanol, pyruvate, and
lactate [7,8]. One strategy to improve the efficiencies of these multi-enzymatic cascades is to
improve the transfer of intermediates from one enzyme active site to another [5,9]. In this
context, there is a need for sensitive and selective sensors that can visualize and monitor
the intermediates generated in situ by these enzymatic cascades in the functional material.
Specifically, sensing malate could enable the further development and optimization of
bioelectrodes for energy conversion, because this intermediate is known to build up due to
inefficient conversion by malate dehydrogenase in the enzymatic cascade.

Several previous platforms have been developed for sensing malate, including two ge-
netic reporter assays based on two-component systems, one in E. coli, the other in B. licheni-
formis [10,11]. Additionally, a malate sensor was designed using a malate-responsive protein
domain labeled with the dansyl fluorophore [12]. However, these previous approaches
have limitations, as they do not function both in vitro and in vivo, the reporter has slow
response time, and the dansylated biosensor requires external chemical labeling. Here, we
aim to develop a genetically encoded, protein-based fluorescent malate sensor that can
be used for both in vitro and in vivo applications, has faster response time, and is label
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free. The dual application was of interest because we considered that sensors could be
embedded in a functional material such as a hydrogel either as the protein biosensor itself
or as a living cell-based sensor.

Many fluorescent biosensors have been developed through the use of fluorescent
proteins (FPs) such as GFP [13–15]. Linking FPs to protein sensing domains can result in
a functional biosensor when analyte binding to the sensing domain propagates a shift in
conformation that changes the physiochemical environment of the FP chromophore and
modulates fluorescence [15]. An extracellular sensing domain commonly found in bacteria
are Cache domains, which are often linked to a catalytic histidine kinase, methyl chemo-
taxis, or the GGDEF domain. These sensing domains have been shown to respond to a
variety of extracellular ligands, ranging from amino acids, to dicarboxylic acids, to quorum
signals [16–18]. When the cognate ligand binds to the Cache-sensing domain, a conforma-
tional change is propagated across the transmembrane helix to modulate activity of the
catalytic domain. While various models have been proposed for the mechanism of confor-
mational change, including the piston, scissor blade, and rotating helix models [19–21], all
models attribute the conformational change propagating across the transmembrane helix.
The inherent conformational change upon ligand binding makes Cache domains attractive
targets for designing FP-based biosensors, with a recent precedent being the development
of Citron, a biosensor that employs a citrate-responsive Cache [13]. Inspired by Citron,
we have developed an FP-based biosensor selective for malate called Malon, which was
successfully incorporated into bacterial cells and hydrogels, enabling analysis of malate
levels in these systems.

2. Results
2.1. Design of Malon Based on Domain Replacement and Pocket-Grafting Strategies

In our first approach to constructing a malate biosensor, the citrate-sensing Cache
domain from the Citron biosensor (Addgene plasmid #134300) [13], which was derived from
the Klebsiella pneumoniae CitA gene, was replaced with residues 30–159 of the Cache domain
of E. coli DcuS based on sequence and structural homology (Figure 1A, Figures S1 and S2).
Prior in vivo and crystallographic data supported that DcuS responds to malate [10,22].
DcuS was inserted at the same location within β-strand 7 of circularly permuted (cp) GFP
as CitA, between the gate post residues flanking a two-residue bulge, a site known to
tolerate insertions well [13,15].

Replacement of CitA with DcuS initially resulted in a nonfluorescent protein construct,
which indicates that the linker sequences were sub-optimal. Thus, each two amino acid long
linker, in turn, was randomized by saturation mutagenesis, and a small library (~200) of
randomized constructs was screened for fluorescence recovery by flow cytometry, followed
by assaying fluorescent candidates for response to malate in cell lysates. The variant with
the greatest increase in fluorescence upon malate addition was found to have a ∆RFU/RFU
of 0.5 in cell lysate and was designated as DcuS–cpGFP. The purified biosensor exhibited
a higher ∆RFU/RFU value of ~1.8, most likely due to malate in cell lysates leading to a
background signal.

DcuS–cpGFP had a good binding affinity to malate (KD ~ 35 µM). However, it re-
sponded similarly to fumarate (KD ~ 28 µM) (Figure 1B,C). To check whether the selectivity
was being affected by the GFP or linker portions of the biosensor, we evaluated ligand
binding to DcuS alone using a thermal shift assay, which showed that both malate and
fumarate bind to this Cache domain (Figure S3). After further investigation, we found
that there were prior experimental data supporting both malate and fumarate as strong
effectors of conformational change in DcuS [22].
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all other TCA compounds, including citrate and fumarate (Figures 1B and S4). However, 
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Figure 1. Design and characterization of DcuS–cpGFP and Malon biosensors for malate. (A) The
malate responsive Cache domain, DcuS, was linked to GFP to generate DcuS–cpGFP. Alternatively,
the DcuS-binding pocket was grafted to the previously engineered Citron biosensor to generate
Malon. (B) Normalized fluorescence response in vitro for biosensors to 100 mM of malate or other
Krebs cycle intermediates. (C) Fluorescence binding assays to determine binding affinities.

Concurrent with the development of DcuS–cpGFP, a second approach was pursued
from a structure-based design perspective. Due to extensive homology between DcuS
and CitA (Figure S2), we hypothesized that grafting the binding pocket of DcuS into the
Citron sensor would result in a biosensor that would bind malate. This hypothesis was
supported by a previous study in which the Geobacillus thermoleovarans CitA Cache domain
was converted into a malate sensor through binding pocket mutagenesis based on DcuS
and conjugation of fluorescent dyes [12]. Additionally, a previous study demonstrated
the similarity of the CitA- and DcuS-binding pockets by converting DcuS to have citrate
specificity by mutating the pocket to increase the size to accommodate citrate [23].

Five mutations were made in the binding pocket of the Citron sensor (G204T, M223F,
S228I, K253F, S268A), which resulted in Malon (Figure 1A). The purified Malon biosensor
exhibited a ∆RFU/RFU value of ~10 in response to malate addition, which was significantly
higher than DcuS–cpGFP and was expected with the extent of linker optimization and
directed evolution previously performed to make Citron (reported ∆RFU/RFU of ~9) [13].
Interestingly, despite the mutations being based on the DcuS-binding pocket, which we
showed is promiscuous for malate and fumarate, Malon was selective for malate over all
other TCA compounds, including citrate and fumarate (Figures 1B and S4). However, the
grafted binding pocket reduced affinity to malate (KD ~ 2.2 mM, Figure 1C) relative to the
native Cache domain from DcuS, which was expected, as the Citron biosensor had a similar
affinity (KD ~ 1.1 mM).

The fluorescent properties of the two new biosensors, Malon and DcuS–cpGFP, were
analyzed and compared to those reported for Citron (Table 1). The excitation and emis-
sion profiles for the three biosensors were nearly identical (Figure S5). The addition of
ligand had a larger effect on the extinction coefficient than quantum yield for these biosen-
sors, but both values did increase, which led to the increased brightness and observed
fluorescence activation.
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Table 1. Characterization of DcuS–cpGFP and Malon compared to the Citron biosensor.

Fluorescent
Sensor Ligand

Extinction
Coefficient

(mM−1 cm−1)

Quantum
Yield Brightness

Excitation and
Emission

Maximum
Kd F/Fmin

Citron [13]
+citrate 61.6 0.34 21 499/517

1.1 mM 9
−citrate 7.2 0.29 0.21 499/516

DcuS–cpGFP
+malate 26 ± 6 0.28 ± 0.02 7.3 493/515

35 ± 11 µM 1.8 ± 0.3
−malate 13 ± 4 0.25 ± 0.01 3.3 499/516

Malon
+malate 110 ± 10 0.32 ± 0.01 35 499/518

2.2 ± 0.3 mM 10 ± 1.2
−malate 18 ± 5 0.30 ± 0.01 5.4 496/515

GFP-based sensors function by altering the chromophore’s pKa upon analyte bind-
ing, causing a shift between a dim phenol form and a more fluorescent phenolate form.
However, this mechanism can cause artifactual increases in fluorescence due to pH changes
rather than analyte binding [15]. Therefore, we measured Malon’s fluorescence as a func-
tion of pH ranging from 4 to 11 (Figure S6). The ∆RFU/RFU value was calculated as the
increase in fluorescence upon malate addition divided by the background fluorescence,
which served as a metric for the signal change of the sensor. Overall, the sensor was func-
tional across the full range of pH values except pH 4, but the fluorescence signal change
was highest for pH 5–6, whereas it remained consistent for pH 7–11. Subsequent in vitro
experiments were run near physiological pH at 7.5.

Cellular malate concentrations have been reported to be in the low millimolar range.
In E. coli, malate concentrations were reported to be between 0.9 and 1.5 mM, while in
eukaryotic cells, malate was found to be between 0.2 and 0.5 mM [24]. Furthermore,
catalytic biomaterials based on TCA enzymes for energy-harvesting applications are often
analyzed using substrates in millimolar concentrations. Thus, we expect that Malon would
be a useful biosensor, due to its high selectivity, high signal turn-on, and appropriate range
of sensitivity for malate.

2.2. Investigation of Ligand Recognition in the Binding Pocket

Our results demonstrate that even though DcuS and CitA are highly structurally
homologous Cache domains, their ligand-binding pockets either accept or discriminate
against fumarate, respectively. Using the DcuS x-ray crystal structure with bound malate
(PDB code 3by8), malate was removed and fumarate was docked in using Autodock Vina.
Residues within 10 Å of the original malate-binding site were treated as flexible side chains
and allowed to move to accommodate fumarate. The docked model was then compared
to the native structure with bound malate. The highest-scoring docked model showed
fumarate bound to the DcuS pocket in a comparable position to malate, but the double
bond in fumarate changed the orientation of the carboxylate that normally forms a salt
bridge with R211 (Figure S7B). The docked model shows that, to accommodate fumarate,
the carboxylate interacts with both R211 and R219. In contrast, the homologous positions
in the CitA-binding pocket were residues R210 and E218.

Based on this ligand-docking model, we hypothesized that R219 is responsible for
the promiscuity of DcuS for fumarate. Indeed, the R219E mutant of DcuS–cpGFP gained
selectivity for malate over fumarate (Figure S7F). Interestingly, however, the E218R mutant
of Malon remained selective, even though we would expect this reverse case to become
promiscuous for fumarate. Both mutants exhibited decreased binding affinity to malate
(Figure S7E,F). Taken together, these results suggest that R219 may play a necessary but not
sufficient role in fumarate binding.

Malon was developed by grafting the primary coordination sphere of DcuS into the
CitA-binding pocket. To try to improve the binding affinity to malate, we made structure-
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based mutations of residues in the secondary coordination sphere. However, none of these
additional mutants improved the binding affinity in a significant manner (Figure S8).

2.3. Monitoring and Quantitating Malate in Enzymatic Assays

Developing effective biomaterial and biocatalytic devices often involves enzyme
modifications, such as immobilization, mutagenesis, or enzymatic fusions [25–27]. These
strategies, while necessary for application to devices, can negatively impact enzymatic
activity. Consequently, rapid and reliable assessment of enzyme activity in modified
enzymes is important for optimizing and validating enzyme formulations.

To demonstrate the applicability of Malon in a 96-well format assay, in vitro experi-
ments were performed on two Krebs cycle enzymes, fumarase that produces malate and
malate dehydrogenase (MDH) that consumes malate in the forward direction (Figure 2A).
Injection of fumarate substrate to wells containing fumarase and Malon yielded an ex-
pected increase in fluorescence over time as malate was produced (Figure 2B). Conversely,
injection of NAD+ into wells containing MDH, malate, and Malon led to a decrease in
fluorescence over time as malate was consumed to produce oxaloacetate, although the
observed change was small because the reaction equilibrium lay far to the left (Figure 2C).
The reverse reaction for MDH also can be monitored, as injection of oxaloacetate into wells
containing MDH, NADH, and Malon led to a fluorescence increase as malate was produced
(Figure 2D).
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Figure 2. In vitro enzyme assays were analyzed with Malon. (A) Schematic of the enzyme reactions
being assessed. Fumarase converts fumarate to malate, and malate dehydrogenase (MDH) oxidizes
malate to oxaloacetate by reducing NAD+ to NADH, or vice versa. (B) Malon fluorescence in enzyme
reactions with fumarate and 0, 100 nM, or 1 µM fumarase, compared to direct detection of 15 mM
malate. (C) Malon fluorescence in enzyme reactions with 0 or 1 µM MDH pre-equilibrated with
malate upon NAD+ injection. (D) Same as part C, except pre-equilibrated with oxaloacetate upon
NADH injection.
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The maximum enzyme catalytic rate that can be accurately measured depends on
the biosensor response rate, which was determined by direct addition of 15 mM malate
based on the equilibrium constant for fumarase (4.4) [28]. As shown, the enzymatic
reaction with 1 µM fumarase and 18 mM fumarate approached the maximum measurable
rate under these conditions (Figure 2B). In addition, the change in fluorescence signal
(∆RFU/RFU) can be converted to malate concentrations by preparing a standard curve
for Malon biosensor response with different concentrations of malate (0.75–25 mM) in the
linear region of the KD curve (Figure S9A). Using the reported equilibrium constant for
fumarase, an expected concentration of malate should form from known concentrations of
fumarate substrate. Thus, we compared the malate concentrations from fumarase reactions
measured experimentally using the Malon biosensor to the expected malate concentrations
based on the equilibrium constant, and found a Pearson correlation coefficient of 0.97
and a root mean square error of 0.63. These data indicate strong agreement between the
predicted malate concentrations from the equilibrium constant and those measured using
the Malon sensor. Applying this analysis to the in vitro enzymatic reaction with fumarase
shown in Figure 2B, the final malate concentration was measured to be 13 ± 2 mM. In
bioelectrochemical devices (i.e., biofuel cell or biobattery), accurate measurement of malate
concentrations will be important for evaluating reaction progress and rates.

2.4. Incorporating Malon to Make Sensor-Containing Hydrogels and Living Cell-Based Sensors

Immobilization of enzymes on electrodes within a hydrogel polymer is a common tech-
nique used in bioelectrocatalytic devices, offering advantages such as good biocompatibility
and retention of enzyme activity while allowing diffusion of substrates and intermediates,
and facilitating electron transfer through redox molecules grafted to the main polymeric
backbone [29]. Since oxidoreductases of the TCA cycle require NAD(P) cofactor for their cat-
alytic activity, an electrochemical cofactor regeneration system is the mediation scheme for
transferring electrons from the enzymes to the electrode. A linear polymer of ethyleneimine
derivatized with naphthoquinone redox pendant groups (NQ-LPEI) is able to mediate
the regeneration of the NAD cofactor via self-exchange-based conduction and is a great
candidate for enzyme entrapment for future bioelectrocatalytic applications solving the
dual role of enzyme immobilization and mediation of cofactor regeneration. However,
the activity of enzymes and intermediate species that are not redox active is difficult to
study in these systems. To investigate whether the Malon sensor could function embedded
in biocatalytic hydrogels, an NQ-LPEI hydrogel polymer crosslinked by ethylene glycol
diglycidyl ether (EDGDE) and containing the entrapped Malon sensor was prepared and
cast on a translucent indium tin oxide (ITO) electrode, which was used as a transport
support. Confocal microscopy was carried out to observe the fluorescence of the sensor
inside of the hydrogel (Figures 3A and S10). Upon malate addition to the solution above the
hydrogel, a notable increase in fluorescence was observed as the malate diffused inside of
the hydrogel to reach the sensor (Figure 3B,C), demonstrating that incorporation of Malon
produced a hydrogel that can sense malate directly. While there was high background
fluorescence observed in the hydrogel, we attribute this to the high concentration of Malon
that was incorporated, because Malon had a similar background to Citron (Figure S5D),
and there was no fluorescence signal from the hydrogel alone (Figure S10C). In addition to
mixing the sensor at lower concentrations with the polymerization reagents to reduce the
background, another workaround we have previously employed is to append a second
fluorescent protein to provide a normalization signal [30].

Concurrent with the hydrogel experiments, we also explored making malate-responsive
living cells that could be incorporated into bioelectronic devices. However, we found that
efficient uptake and detection of malate by bacterial cells required co-expression of CitT,
a known transporter of di/tricarboxylic acids such as malate (Figure 3D) [31]. For these
experiments, Malon expression in E. coli BL21 cells was held constant by arabinose induc-
tion, while CitT expression was varied by IPTG concentration and malate was added to
the media. Without the CitT transporter, little to no change in fluorescence was observed
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upon addition of malate. However, increasing expression of CitT led to corresponding
increases in ∆MFI/MFI values (Figure 3E), which quantitated the difference in fluores-
cence between cells with and without malate treatment. These results demonstrate that
we created malate-sensing bacterial cells by introducing Malon and CitT. While direct
incorporation of Malon into hydrogels likely is preferred over this approach, Malon can be
expressed in bacterial cells and applied to measure changes in cellular malate levels as well
as assess transporter function.
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Figure 3. Application of Malon to generate malate-sensing hydrogels and living cells. (A,B) Transpar-
ent ITO electrodes were coated with the crosslinked NQ-LPEI hydrogel polymer premixed with the
Malon sensor and placed in a transparent well immersed in phosphate buffer solution pH 7.5 and
visualized with a fluorescence confocal microscope before (A) and after (B) the addition of 50 mM
malate. (C) Quantitation of mean fluorescence on electrodes before and after malate addition (also
see Figure S8). (D) The E. coli CitT transporter is an antiporter that transports malate and other C4
dicarboxylic acids into the cell. (E) Cellular fluorescence measured by flow cytometry of E. coli cells
expressing Malon and induced with varying amounts of IPTG for CitT overexpression in the presence
of 20 mM malate. Shown are data for three biological replicates with standard deviation.

3. Discussion

In this study, we designed GFP-based biosensors for malate with varying levels of
sensitivity and specificity by integrating the DcuS Cache domain or grafting the DcuS
binding pocket into an existing Cache domain-based sensor. We found that a common
insertion site in GFP accommodated both CitA and DcuS Cache domains to generate sensors
capable of propagating the conformational change from the Cache-sensing domain to the
GFP chromophore environment, enabling ligand binding to modulate fluorescence. While
some Cache domains have been characterized, the large sequence space of Cache domains
found across genomes remains an untapped source of highly evolved and responsive
ligand-binding domains. In 2024, the pfam database classified ~250,000 proteins to harbor
a Cache domain in both prokaryotic and eukaryotic genomes [32]. Our work highlights the
exciting potential of Cache domains in fluorescent biosensor design.

The performance of the Malon sensor represents an improvement over previously
reported sensors. The malate-responsive protein labeled with a dansyl fluorophore had
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a similar malate-binding affinity to Malon but displayed a modest decrease in signal of
~29% in response to malate, compared to the 1000% signal increase for Malon, which has
a similar fluorescence profile to Citron (Figure S5D). Additionally, chemical labeling of a
binding protein limits applications to in vitro experiments [12]. Genetic reporters made in
E. coli and B. licheniformis can detect lower malate concentrations than Malon but exhibit
much slower response times, ranging from 8 to 24 h [10,11], compared to minutes for Malon
(Figure 2B). Genetic reporters also limit applications to the specific bacteria species. In
contrast, Malon provides a label-free genetically encodable sensor with a quick response
time, large signal change, and broad applicability.

In particular, we showed the application of assessing in vivo enzymatic activity using
the Malon sensor. Co-expressing the sensor in E. coli with the CitT transporter yielded a
living cell-based sensor. While many fluorescence-based biosensors have been successfully
developed in bacteria and later employed in eukaryotic cells to monitor cellular dynamics,
their application in microbial systems, particularly in the context of metabolic engineering,
remains relatively unexplored [14,33]. Recently, interest has grown in engineering probiotic
microbes to confer specific health benefits [34]. From metabolic regulation to disease
diagnosis, the development of these enhanced probiotics requires metabolic engineering
and synthetic biology efforts to create strains with tailored functionalities [35–37]. Real-time
monitoring through biosensor-based approaches of metabolic states and pathways, such
as malate and the TCA, could accelerate the development of probiotics with enhanced
therapeutic potential.

Given the extensive testing of the parent sensor, Citron, in eukaryotic cells and its
proven functionality, it is expected that Malon also would perform effectively in eukaryotic
cells [13]. Further, numerous GFP-based biosensors have been successfully adapted from
bacterial to eukaryotic systems while retaining their function [14,33,38]. This work provides
a foundation for future studies in eukaryotic systems that could expand the utility of Malon
in metabolic research.

Finally, we showed the application of the Malon sensor in assessing enzymatic activity.
Co-incubating our sensor with enzymes that consume or produce malate allowed us to
visualize the activities of those enzymes in real time. With the growing interest in using
TCA enzymes for biomaterials for electrocatalysis applications, novel tools and techniques
are needed to assess the activities of the designed systems. In particular, the visualization of
the diffusion of the intermediates from the enzymatic catalytic active sites is a fundamental
point to test and improve future strategies of substrate channeling of the enzymatic cascade
designed to assure a rapid consumption of substrate and intermediates to reach higher
product yields and higher electron recoveries from biodevices. Determination of intermedi-
ates or products by LC/MS is a common approach but is slow, laborious, and an end-point
measurement. Fluorescent sensors such as Malon are a high-throughput method that can
provide a fast and reliable response, allowing a direct in situ visualization of enzymatic activity.

In conclusion, we developed Malon, a GFP-based biosensor that rapidly and selectively
senses malate in enzymatic assays in vitro and transporter assays in E. coli. We provide
an initial demonstration that the incorporation of Malon into a redox polymer hydrogel
on an electrode surface yields a malate-sensing hydrogel, opening the door to future
assessment of the catalytic functions of enzymes in their electrode immobilization matrix.
Thus, this work takes the first steps toward the development of in operando measurements
of bioelectronic device activity.

4. Materials and Methods

Materials and methods used in this study are detailed in Supplementary Materials [39–41].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252011098/s1.

https://www.mdpi.com/article/10.3390/ijms252011098/s1
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