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Significance

Cells detect and respond to 
environmental and chemical 
information by using a 
combination of membrane 
proteins and genetic polymers. 
Recapitulation of this behavior in 
synthetic systems holds promise 
for engineering biosensors and 
therapeutics. Using the nitrate-
sensing bacterial two-component 
system as a model, we 
demonstrate methods to 
reproduce and tune 
transmembrane signaling in 
synthetic lipid membranes, 
leading to the synthesis of 
genetically programmed 
proteins. Through this study, we 
gain insight into how membrane 
augmented cell-free systems can 
be used as a platform to 
characterize membrane–receptor 
interactions and engineer 
biosensors.
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Cells use signal transduction across their membranes to sense and respond to a 
wide array of chemical and physical signals. Creating synthetic systems which can 
harness cellular signaling modalities promises to provide a powerful platform for 
biosensing and therapeutic applications. As a first step toward this goal, we inves-
tigated how bacterial two-component systems (TCSs) can be leveraged to enable 
transmembrane-signaling with synthetic membranes. Specifically, we demonstrate 
that a bacterial two-component nitrate-sensing system (NarX-NarL) can be repro-
duced outside of a cell using synthetic membranes and cell-free protein expression 
systems. We find that performance and sensitivity of the TCS can be tuned by altering 
the biophysical properties of the membrane in which the histidine kinase (NarX) 
is integrated. Through protein engineering efforts, we modify the sensing domain 
of NarX to generate sensors capable of detecting an array of ligands. Finally, we 
demonstrate that these systems can sense ligands in relevant sample environments. By 
leveraging membrane and protein design, this work helps reveal how transmembrane 
sensing can be recapitulated outside of the cell, adding to the arsenal of deployable 
cell-free systems primed for real world biosensing.

cell-free protein synthesis | protein folding | membrane–protein interactions |  
two-component systems | biosensing

Cell-free transcription and translation systems are powerful tools to study and engineer 
biology (1). Initially used to decipher the genetic code (2), cell-free systems have now 
been used for applications ranging from the development of therapeutics (3–5) to distrib-
utable biosensors (6–8). Recently, synthetic membranes have further expanded the capa-
bilities of cell-free systems, most often acting as a compartment to concentrate and protect 
encapsulated components (9–13). Yet increasingly, membranes have been recognized for 
their capacity to augment cell-free systems by incorporating functional transmembrane 
proteins (9), enabling protein posttranslational modification (14), lipid biosynthesis (15), 
and membrane permeability (16, 17). A critical gap in the design of membrane-augmented 
cell-free systems to date, however, has been the integration of transmembrane signaling 
capabilities that both leverage the diverse array of membrane proteins and engage with 
genetic systems. To date, cell-free systems used with synthetic membranes have largely 
been designed to detect membrane permeable molecules or physical cues, such as light, 
prior to engaging gene expression systems (11, 13, 18, 19). While this approach has greatly 
expanded the capabilities of cell-mimetic systems, it is limited by the narrow number of 
analytes and signals that can be sensed, ultimately restricting the application of cell-mimetic 
technologies. Transmembrane receptors that can transduce a wide array of chemical and 
environmental signals across membranes into genetically programmed responses will 
greatly expand the functionality of cell-free systems, enabling biosensing and programmed 
biosynthesis in complex aqueous environments, such as the body.

Widespread in prokaryotes, two-component systems (TCS) are simple 
transmembrane-sensing motifs which enable the transduction of environmental stimuli 
into a cellular response (20). The canonical TCS is composed of a transmembrane protein 
sensor histidine kinase and a soluble response regulator which can regulate gene expression 
upon phosphorylation. These systems can sense many unique physical and chemical sig-
nals, such as light, osmotic pressure, small molecules, and ions, and can trigger cellular 
responses ranging from cell division to taxis (20–23). Further, TCSs have been shown to 
be amenable to protein engineering due to their structurally conserved and modular parts 
(24–27), and functional in nonnative organisms (28, 29). Combined, these features make 
membrane-bound TCSs an attractive system to integrate into cell-free systems.

Here, we investigate how a model membrane-bound TCS, the nitrate-sensing NarX-L, 
can be integrated into synthetic membranes using a cell-free protein synthesis system. We 
demonstrate that NarX-L can be reconstituted into synthetic membranes and characterize 
how membrane physiochemical properties can be used to tune the activity of the sensor. D
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Further, we use protein engineering to explore the modularity of 
membrane-bound kinases to sense other ligands, and we find that 
the activity of the histidine kinase depends on both the membrane 
composition and sensing domain. Using this system, we generate 
nanoparticles that can sense multiple ligands, detect contaminants 
in nonideal matrices, and remain functional when fully encapsu-
lated into synthetic vesicles.

Results

Integration of the Two-Component System, NarX-L, into Synthetic 
Membranes. As a first step toward understanding how TCSs can be 
integrated into cell-free systems, we tested the functional expression 
of NarX and NarL. NarX-L was chosen because the analyte for 
this sensor, nitrate, is a known ground water contaminate (30), 
serves as a convenient input, and previous work has characterized 
and engineered NarL mutants and its cognate promoter (26), 
ensuring that downstream gene transcription is a result of cell-
free expressed NarL. We assembled cell-free reactions containing 
the myTXTL system (31), three DNA templates, liposomes, and 
assessed the reactions in response to nitrate addition. Two templates 
contained genes for either NarX or a NarL mutant (26) under the 
control of T7 RNA polymerase. The third template served as a 
genetic reporter for TCS signaling and contained a reporter gene 

(nanoluciferase) under the control of a promoter to which NarL 
binds (32). Finally, we included 100-nm lipid vesicles composed of 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) into which 
NarX could integrate upon translation (Fig. 1A). Upon addition of 
nitrate, NarX should phosphorylate NarL, which should then bind 
the reporter plasmid and induce downstream luciferase expression 
(Fig. 1A).

We first tested NarX-L function in our cell-free system by mon-
itoring NarX and NarL expression and luciferase luminescence as a 
function of reaction components. We observed the highest lumines-
cence when all components were present, about a threefold increase 
compared to reactions run in the absence of nitrate, indicating that 
nanoluciferase expression depends on both nitrate (Fig. 1B) and 
NarX and NarL expression. We confirmed NarX integration into 
vesicle membranes via immunoprecipitation (SI Appendix, Fig. S1). 
When vesicles were removed from the reaction, we still observed 
luminescence, likely due to nonspecific binding of NarL to its cog-
nate promoter and subsequent transcription when NarL is expressed 
at elevated levels. This nonspecific interaction of NarL with the 
reporter plasmid is further supported by the dramatic reduction in 
luminescence upon removal of the NarL plasmid (Fig. 1B).

We then evaluated nitrate sensitivity and the role of membranes 
in our system by conducting a titration of nitrate with reactions 
containing either no vesicles or DMPC vesicles. In the absence 
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Fig. 1. Model two-component system NarX-L is readily integrated and active in synthetic membranes. (A) Cell-free reactions were assembled by combining proteins 
required for gene transcription and translation, plasmids encoding T7 RNAP, NarX, NarL, a reporter gene (nanoluciferase), a membrane mimetic (DMPC liposomes), and 
nitrate. Upon expression and binding to nitrate, NarX can phosphorylate NarL. Phosphorylated NarL then dimerizes, binds to the promoter, and initiates transcription of 
the reporter gene, nanoluciferase. (B) The highest luminescence is achieved when all components of the sensor are present. Components were systematically removed 
to characterize downstream luciferase expression. (C) Cell-free expressed NarX-L has higher nitrate-induced expression of luciferase in the presence of a membrane 
mimetic, DMPC. (D) Sensor activity as reported by luminescence and (E) fold change of NarX-L can be tuned by altering the DNA ratio of NarX and NarL. By increasing 
the DNA ratio of NarX: NarL, the overall luminescence signal is decreased, but the fold change in luminesce in response to nitrate is increased relative to the 1:10 
NarX:NarL plasmid ratio. The sum of NarX and NarL plasmid concentrations were kept at 6.6 nM. All error bars represent the SEM for n = 3 independent replicates.D
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of vesicles, we observed a twofold increase in luminescence indi-
cating either that NarX may be cotranslationally inserting into 
native vesicles present in the extracts (33, 34) or there may be 
active, native NarX present in lysates (35). When DMPC vesicles 
were present, we observed a higher maximum luminescence, sug-
gesting that NarX activity is enhanced by the synthetic vesicles, 
likely through cotranslational integration into the vesicle mem-
branes (Fig. 1C). We determined our cell-free system allowed for 
detection of nitrate at levels as low as 10 µM, which is below the 
EPA limit (~100 µM) (30). Our cell-free system lost sensitivity 
when nitrate concentrations were increased to 10 mM nitrate, as 
higher levels of nitrate inhibit protein synthesis (SI Appendix, 
Fig. S2).

We then sought to tune sensor performance by altering the 
expression of NarX and NarL. In cell-free systems, protein expression 
can be easily tuned by altering the amount of plasmid present in 
reactions (SI Appendix, Fig. S3) (36). By retaining the total amount 
of NarX and NarL plasmid (6.6 nM), but altering the ratio of NarX 
and NarL plasmid from 1:10 to 10:1, we observed how expression 
impacted the expression of luciferase and the sensitivity of the sensor 
(Fig. 1 D and E). Increasing the amount of NarL plasmid increased 
luminescence in the absence of nitrate, likely due to nonspecific 
binding of NarL to the promoter (Fig. 1D). When NarX plasmid 
concentration was increased relative to NarL, we observed a reduc-
tion in the overall signal but an increase in fold change, calculated 
as the ratio of luminescence in the presence of 1 mM nitrate to 
luminescence in the absence of nitrate (Fig. 1E and SI Appendix, 
Fig. S4). These experiments demonstrate that the NarX-L can be 
functionally expressed in cell-free systems, and its performance can 
be tuned by altering the ratio of NarX and NarL plasmid.

Modulation of NarX Activity Through the Tuning of Membrane 
Biophysical Features. We next wondered whether we could further 
tune sensor performance by modulating biophysical properties 
of the membranes present in the cell-free reaction. Membrane 
physical features, (such as lipid chain length and saturation, charge, 
curvature, and fluidity) have been shown to alter protein activity 
(37–40), as well as the cotranslational insertion and folding of 
membrane proteins (16, 41–43). To investigate the role of chain 
saturation on NarX-L performance, we assembled cell-free reactions 
with membranes composed of DMPC (14:0), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) (18:1-16:0), and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) (18:1). These compositions 
should yield bilayer vesicles with membranes that are composed 
of lipids with two saturated acyl chains, one saturated and one 
unsaturated acyl chain, and two unsaturated chains, respectively. 
We further tested NarX-L activity in membrane systems with 
30% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
(POPE) to investigate the impact of negative curvature lipid, 
30% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 
(POPG) to investigate the impact of membrane charge, and in 
100% Escherichia coli polar lipid extract, NarX’s native membrane 
environment (Fig. 2A). We assembled cell-free reactions with 100-
nm vesicles containing these different membrane compositions with 
and without 1 mM nitrate (SI Appendix, Table S1). We found that 
using POPC membranes in cell-free reactions yielded the highest 
luminescence in the presence of nitrate and induced the highest 
fold-change in response to the addition of nitrate (Fig. 2B).

We wondered whether membrane composition impacted protein 
expression and thereby affected the cell-free sensor performance. To 
better understand how membranes affect protein expression, we 
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Fig. 2. Vesicles of varying composition alter NarX and NarL expression and subsequent activity. (A) By modulating the composition of vesicles that are doped 
into cell-free reactions, we can characterize how membrane physical features affect NarX cotranslational insertion and activity. Vesicles were composed of 100% 
DMPC, 100% POPC, 100% DOPC, 30% POPE/70% POPC, 30% POPG/70% POPC, and 100% E. coli polar lipid extract. (B) NarX-L activity in membranes of different 
compositions in the absence and presence of 1 mM nitrate. Fold change in luminescence is indicated over each membrane composition. (C) NarX expression 
varies with membrane composition as determined by western blot band intensity. (D) Western blot band intensity of NarX is correlated with luminescence and 
performance of the sensor. (E and F) The viscosity of each membrane measured via DPH anisotropy correlates with protein expression as determined by western 
blot. All error bars represent the SEM for n = 3 independent replicates. For western blots, n = 6 as band intensities in the absence and presence of nitrate were 
grouped for each membrane condition.D
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performed western blots on our reactions to quantify NarX and NarL 
expression (Fig. 2C). We found that NarX expression is correlated with 
NarL and luciferase expression. Thus, we suspect that expression and 
proper folding of NarX likely enhances the yield of NarL and the 
downstream nanoluciferase expression in cell-free reactions (Fig. 2D 
and SI Appendix, Fig. S5). Further, improper membrane protein fold-
ing has been found to increase aggregation and truncation products 
(41, 44), and likely inhibits efficient expression of all protein compo-
nents in the system. As a result of this relationship, we only considered 
NarX expression in our future analysis of the effect of membrane com-
position on NarX-L performance.

To better understand what properties of the membrane enable 
efficient transmembrane protein expression, we measured mem-
brane fluidity via 1,6-diphenyl-1,3,5-hexatriene (DPH) fluores-
cence anisotropy and lipid packing via Laurdan generalized 
polarization (GP) and compiled other lipid physical properties 
reported in literature (Fig. 2E and SI Appendix, Fig. S6 and 
Table S2). Lipid properties are interrelated and often nonmono-
tonic, thus making it difficult to directly relate a single membrane 
property to protein insertion and activity. To gain a picture of what 
properties may affect protein yield, we calculated Pearson’s and 
Spearman’s coefficients for all compiled membrane measurements 
to protein activity and expression (SI Appendix, Fig. S7). 
Interestingly, we found that DPH anisotropy, which is used as a 
measure of membrane viscosity, positively correlated with NarX 
expression (Fig. 2E). Additionally, membrane lateral pressure, lipid 
neutral plane distance, and membrane transition temperature val-
ues compiled from literature also correlated with NarX expression. 
These features are affected by the structure of the hydrophobic 
region of the membrane and greatly affect membrane viscosity, 
further suggesting that membrane viscosity is a key feature for 
proper cotranslational insertion of NarX (SI Appendix, Fig. S7).

To investigate how membrane physiochemical interactions affect 
NarX activity, we made POPC vesicles and doped 10 mol% of an 
additional lipid into the membrane (Fig. 3A). POPC was chosen as 
the main membrane component as it was found to yield the largest 
fold change in luminescence upon the addition of nitrate (Fig. 2B). 
By only varying 10 mol% of the lipids in a given membrane com-
position and keeping the other 90 mol% consistent, we could ensure 
protein expression of NarX (and correspondingly NarL) remained 
constant across membrane compositions, thus allowing activity to 
be attributed to differences in protein conformational changes due 
to an altered membrane environment instead of total NarX-L pro-
tein present in each reaction (Fig. 3B). We first confirmed that these 
lipid compositions formed monodisperse liposomes (SI Appendix, 
Table S3). We again investigated the effect of chain saturation 
(DMPC, POPC, DOPC), charge (POPG), curvature (POPE), and 
E. coli native membrane lipids on NarX-L activity. POPC still 
yielded the best fold-induced luminescence, however, doping POPG 
into membranes yielded the largest increase in luminescence. 
Further, POPE yielded high luminescence in the presence of nitrate, 
but interestingly we observed an increase in luminescence in the 
absence of nitrate (Fig. 3C). This nitrate-independent increase in 
luminescence upon addition of POPE may suggest that negative 
lipid curvature stabilizes the “on” conformation of NarX (44). The 
high induction of luciferase expression in POPE and POPG mem-
branes is unsurprising as PE and PG make up the majority of lipid 
headgroups in E. coli membranes (46). Adding E. coli polar lipid 
extract yielded a fold change in luminescence close to that of POPG, 
but a lower luminescence. DOPC still yielded a fold change less 
than 1, suggesting that increased fluidity may not support proper 
conformational changes required for nitrate-induced phosphoryla-
tion of NarL and downstream expression upon NarX binding to 
nitrate. To better understand what features of membranes may 

enhance sensor performance, we again performed Pearson and 
Spearman’s correlations (SI Appendix, Fig. S8). Physical parameters 
such as critical packing parameter (CPP), which describes the 
geometric shape of a lipid, and membrane thickness, as well as mem-
brane mechanical properties, such as bending rigidity (Kc), were 
found to correlate with sensor performance (Fig. 3 D and E and 
SI Appendix, Table S2). Physical parameters compared to protein 
activity can be found in SI Appendix, Table S2. Together, these exper-
iments demonstrate that NarX-L expression and sensitivity can be 
tuned by altering the physiochemical properties of the membrane 
mimetic present in the cell-free reaction.

Expanding the Ligands That Can Be Sensed by the Membrane 
Bound Histidine Kinase NarX. Once we established that plasmid 
concentrations and membrane physiochemical properties could 
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n = 3 independent replicates.
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be leveraged to tune sensor function, we then wondered whether 
we could generate biosensors to additional ligands via protein 
engineering. TCSs are quite modular and amenable to protein 
engineering for the design of entirely new sensing and signaling 
systems in bacterial (24–26, 46) and mammalian systems 
(28). We therefore wondered whether we could swap out the 
transmembrane and ligand-binding domains of NarX, to generate 
cell-free sensors for ligands in addition to nitrate (25, 47–49). To 
accomplish this, we performed a sequence alignment on a subset 
of membrane-bound histidine kinases, and selected candidates 
based on their alignment to NarX’s HAMP domain, a helical 
region critical for transmitting ligand binding to kinase activity 

(Fig.  4A) (21, 47). From this analysis, we engineered copper, 
nickel, iron, and vancomycin-sensing NarX chimeras. Specifically, 
we replaced the transmembrane and sensing domains, as well as 
the first half of the HAMP domain, of NarX with those from 
other proteins (Nickel (II) sensing histidine kinase, NrsS; Iron 
(III) sensing histidine kinase, RssA; Vancomycin sensing histidine 
kinase, VanS; Copper (II) sensing histidine kinase, CusS), but 
retained the histidine kinase (Fig. 4B) (50–53). By swapping out 
the transmembrane and sensing domains, but retaining the kinase, 
we could leverage the same transcription factor and promoter to 
control downstream gene transcription in response to ligands, in 
addition to nitrate.
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Fig. 4. Engineering NarX chimeras for expanded sensing capabilities. (A) Membrane-bound histidine kinases generally possess similar structural features, allowing 
chimeric proteins with new functions to be engineered by mixing and matching parts. (B) Sequence alignment of NarX (nitrate), NrsS (nickel), RssA (iron), and 
VanS (vancomycin) HAMP domains. Asterisk (*), colon (:), and periods (.) indicate fully conserved amino acids, or amino acids with strongly conserved, and weakly 
conserved properties, respectively. The red arrow indicates the cross-over point of chimeras. (C–E) Luminescence as a result of NrsS, RssA, and VanS chimera 
signaling when expressed in POPC, DOPC, or DMPC membranes with each chimera’s respective ligand. Fold change in luminescence in response to each ligand 
relative to water is indicated above each membrane composition. (F) NarX and NrsS activate specifically to their respective ligands. (G and H) Coexpressing NarX 
and the NrsS chimera allows for sensing of nitrate and nickel in POPC vesicles. All error bars represent the SEM for n = 3 independent replicates.D
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We identified several sensing domains that were active in 
response to the ligand of interest. Kinase and nanoluciferase 
expression were able to proceed upon addition of the nickel-, 
iron-, and vancomycin-sensing NarX chimera templates and their 
ligands. We confirmed that each ligand did not affect liposome 
stability (SI Appendix, Table S4). Unfortunately, the addition 
of copper inhibited cell-free protein expression (SI Appendix, 
Fig. S9). Using plasmid concentrations, which enabled functional 
NarX sensing, yielded a functional nickel sensor, but no gene 
expression was observed for the iron and vancomycin sensors in 
response to each corresponding ligand. We tuned down the con-
centration of the reporter plasmid by 90% to reduce background 
expression of nanoluciferase and enhance the specificity of the 
sensors (SI Appendix, Fig. S10). We then expressed proteins in the 
presence of DMPC, POPC, and DOPC vesicles (Fig. 4 C–E). 
Upon reduction of reporter plasmid, we generated functional sen-
sors in response to nickel and iron. Interestingly, each sensor per-
formed differently in each membrane, suggesting that each protein 
requires specific membrane physiochemical properties for proper 
function. The vancomycin sensor did not induce an increase in 
luciferase expression in any of the membrane compositions tested 
in response to vancomycin. However, luminescence for the van-
comycin sensor was highest across all conditions (Fig. 4E), sug-
gesting that the chimera may be locked into an on conformation, 
perhaps due to destabilizing the HAMP domain (44). These results 
demonstrate how protein and membrane engineering can be used 
to readily generate cell-free receptors by tapping into the large 
repertoire of known sensing domains of transmembrane proteins, 
and underscores the important relationship between membrane 
physical properties, protein sequence, and function.

Once we established that we could successfully sense multiple 
ligands, we wondered whether we could coexpress multiple kinases 
into vesicles to sense more than one ligand at a time. To test this, 
we chose to coexpress NarX and the nickel-sensing chimera as 
they both exhibit activity in POPC membranes. We first estab-
lished the ability of wild-type NarX and the nickel-sensing chimera 
to specifically turn on in response to nitrate and nickel (Fig. 4F). 
Once specificity was confirmed, we coexpressed wild-type NarX 
and the nickel-sensing chimera into POPC vesicles in the presence 
of water, 1 mM nickel, 1 mM nitrate, or 1 mM nickel and 1 mM 
nitrate (Fig. 4G). We found that upon coexpression, we could 
sense multiple ligands. Interestingly, we observed the highest lumi-
nescence in the presence of both ligands, perhaps because both 
kinases were able to initiate transcription, leading to increased 
luciferase expression (Fig. 4H). Integrating multiple receptors into 
synthetic membranes together with the design of distinct genetic 
reporters could lead to synthetic vesicles capable of multiplexed 
sensing and responses to diverse stimuli.

Priming Cell-Free Expressed Two-Component Systems for Real-
World Biosensing. Over the last decade, many promising cell-free 
systems have been developed, enabling the delivery and sensing of 
a wide array of ligands in nonideal environments. Cell-free systems 
have been encapsulated and administered to mice (47), lyophilized 
and used in resource limited settings (6, 7), and integrated into 
wearable materials to sense environmental contaminants (8). 
Toward the goal of creating cell-mimetic particles, which can sense 
environmental stimuli in complex environments, such as the body, 
we encapsulated our cell-free system into giant unilamellar vesicles 
using the emulsion transfer method (Fig.  5A). We encapsulated 
cell-free extract containing plasmids encoding NarX, NarL, and 
the downstream protein (luciferase or monomeric enhanced green 
fluorescent protein (mEGFP)) into membranes composed of 
1 POPC: 1 cholesterol and a rhodamine-conjugated lipid. We 

hypothesized that by encapsulating cell-free reaction components 
into vesicles, NarX could insert into membranes and initiate 
signaling in response to exogenously added nitrate. Vesicles 
encapsulating the reactions were incubated at 30 °C for 16 h with 
RNAse, to prevent transcription outside of the vesicles, and in 
the presence or absence of exogenously added 1 mM nitrate. We 
observed that the sensor remained functional and was able to sense 
exogenous nitrate via microscopy and a bulk plate reader assay 
(Fig. 5B). To further confirm that NarX properly inserted into 
membranes, we repeated this experiment, adding Proteinase K to 
the outside of vesicles. Upon addition of Proteinase K, signaling 
was inhibited, likely because Proteinase K digested external nitrate-
binding domains (SI Appendix, Fig. S11). When incubated with 
RNAse, the encapsulated reaction proceeds in a nitrate-dependent 
manner. Combined, these data demonstrate that the NarX-L 
system can be functionally encapsulated into liposomes, which 
may allow for transmembrane sensing to be utilized in complex 
aqueous environments.

To demonstrate our system’s ability to be deployed out of the 
lab to sense ligands in nonideal matrices, we lyophilized reactions 
and tested their ability to sense 100 µM nitrate, approximately 
the EPA limit of nitrate (30), when rehydrated with lab-grade 
Milli-Q water, water from Lake Michigan, and fetal bovine serum 
(FBS) (Fig. 5C). As a control, we flash froze reactions and allowed 
them to proceed without lyophilization. We found that lyophiliz-
ing vesicles and cell-free components separately produced better 
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Fig. 5. Toward the deployment of two-component sensors for real-world 
sensing. (A) The cell-free expressed NarX-L system can be encapsulated into 
giant unilamellar vesicles. (B) Signaling and subsequent mEGFP expression 
can be visualized on the microscope (Top). Rhodamine-labeled membranes 
are colored in red, and mEGFP are colored in green. (Scale bars are 10 µm.) 
Expression of luciferase inside giant unilamellar vesicles can be detected 
in bulk solution (Bottom). (C) Lyophilized reactions remain active, following 
rehydration with nonideal media. (D) NarX-L enables higher expression in 
the presence of 100 µM nitrate compared to the absence of nitrate when 
rehydrated in Milli-Q water, lake water, and 50% FBS following lyophilization. 
Fold change in luminescence in response to nitrate relative to water is 
indicated above each condition. All error bars represent the SEM for n = 3 
independent replicates.
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results. In reactions with vesicles present during lyophilization, 
vesicles were found to often float to the top, likely inhibiting 
membrane-bound kinase expression, and producing low inducible 
signal (SI Appendix, Fig. S12). To remediate this, we lyophilized 
vesicles and reactions separately. When rehydrating reactions, we 
rehydrated vesicles with water and then mixed the rehydrated 
vesicles, lyophilized cell-free components, and rehydration media 
(water, lake water, or FBS) with or without 100 µM nitrate. We 
then allowed reactions to proceed at 30 °C. We found that we 
could sense 100 µM nitrate in all conditions; however, the expres-
sion and fold change in luminescence varied in each rehydration 
media, likely due to different interactions with membranes and tran-
scription/translation machinery (Fig. 5D). To deploy biosensors out 
of the lab, one must understand how quickly they are able to sense 
a ligand. To accomplish this, we read luminescence over time and 
found that we could differentiate a positive from a negative signal 
in 6.5 h (SI Appendix, Fig. S13). Combined, these data demon-
strate the ability of cell-free expressed bacterial TCSs to be inte-
grated and functional in contexts amenable for real-world 
deployment. We furthermore envision that these systems could 
be leveraged to engineer targeted drug delivery systems or for 
point-of-use biosensing.

Discussion

Here, we show that the bacterial TCS, NarX-L, can be functionally 
reconstituted into a cell-free system. Leveraging the tunability of 
cell-free systems, we demonstrate how reaction composition and 
membrane design may be used to tune the performance of a model 
TCS, NarX-L. Employing rational protein design, we generate 
nickel and iron sensors and explore how transmembrane sequences 
may require membranes with different physiochemical properties 
for optimal function. Much work has been done characterizing 
and engineering membrane-bound TCSs in both prokaryotic and 
eukaryotic systems (21, 26, 28, 46, 48); and we now show that 
these systems can be reconstituted in vitro into synthetic mem-
branes, which may serve as a platform to both probe biophysical 
interactions between protein and membrane components and 
enable new membrane-based biosensors and therapeutics.

Characterizing how membrane–protein interactions affect 
membrane protein folding and activity is integral to uncovering 
how such interactions may contribute to disease or be leveraged 
in biotechnologies (9, 56, 57). Toward this goal, in vitro systems 
have been used to characterize purified protein activity and 
cotranslational folding of membrane proteins. Previous work has 
explored how membrane composition and mechanical properties 
affect protein integration and folding into synthetic membranes 
(16, 42). Separately, membrane proteins have been extracted from 
cells and studied in synthetic membranes. This process allows for 
the study of specific membrane properties on protein function 
and has enabled a better understanding of energy generation (51), 
lipid sensing (40), and cellular signaling (39, 55). Here we demon-
strate and characterize the folding and activity of a cell-free 
expressed transmembrane protein-to-genetic reporter signaling 
pathway. Such a system enables the characterization of protein 
folding and function in one pot and does not require protein 
purification and reconstitution.

Through this work, we found that membrane viscosity greatly 
impacts protein insertion and folding. Interestingly, we found that 
PE and PG lipids, which are the most abundant headgroups found 
in E. coli, NarX’s native membrane, allowed for the highest lumi-
nescence in response to nitrate. Furthermore, the relationship 
between membrane properties and activity for our chimeric iron 
sensor agrees with previously reported in vivo data demonstrating 

that RssA is inhibited by saturated fatty acids (52). We showed that 
NarX is inserted into membranes and activity correlates with the 
CPP of our synthetic membranes (SI Appendix, Figs. S2 and S11  
and Fig. 3). However, from our studies we cannot exclude the 
possibility that a fraction of NarX is improperly inserted or only 
associated with membranes. Moving forward, performing further 
protein structure-based experiments to gain a more detailed 
understanding of how lipid–protein interactions specifically 
affect NarX structure and function could allow for a more com-
plete understanding of how the lipid environment affects TCS 
signaling (60). Together, this data demonstrates that this plat-
form may approximate activity in membranes with similar bio-
physical properties and could provide a route to assess the 
relationship between membrane physiochemical properties and 
membrane protein folding and activity in high-throughput. 
Further, our results demonstrate that protein activity is greatly 
affected by the membrane physiochemical environment and that 
proteins with different sequences require different lipid environ-
ments for proper function.

Cell-free systems have been shown to be powerful platforms to 
build biosensors (6–8, 53) and therapeutics (3, 5). Over the last 
20 y, membranes have been used to encapsulate cell-free systems, 
toward the goal of engineering an artificial cell (1, 9). Such encap-
sulation systems have been shown to enable prolonged protein 
expression (10), release of cargo in response to environmental cues 
(11, 17), as well as protection from degradation (12). However, 
to date such artificial cellular systems have relied on the nonspe-
cific transport of materials across the membrane to initiate a 
response. This approach limits the types of signals which can be 
sensed to those that passively cross the bilayer membrane and 
when nonspecific pores are used to improve molecular transport, 
they risk leakage of encapsulated components required for func-
tion. Together the limited design of membranes that effectively 
utilize transmembrane proteins has vastly limited the potential 
applications of membrane-augmented cell-free systems to date.

We note that nitrate does appear to cross vesicle membranes in 
our study. In experiments which utilize nonencapsulated cell-free 
expression components, we hypothesize that NarX inserts into 
membranes in a sensor in/kinase out conformation. In this con-
formation, we rely on the permeability of our membranes to allow 
for nitrate and other ligands to enter the lumen of liposomes and 
access the binding domain. In these experiments, we preform 
liposomes in water and place them into the high-osmolarity 
cell-free reactions, likely forcing ligand and other material into 
the lumen, thus allowing ligand to access the binding domain. 
This method was convenient for this study to assess the role of 
membrane properties on sensor performance, but would limit the 
type of ligands that can be tested. Consequently, methods to con-
trol the orientation of the histidine kinase receptor will be impor-
tant to develop going forward.

The recapitulation of a transmembrane protein-to-genetic reporter 
signal transduction mechanism opens the door to exploring a wide 
range of membrane proteins as sensors in cell-free systems. Extending 
this platform beyond biophysical characterization of transmembrane 
signaling could enable the creation of next-generation membrane-based 
biosensors and therapeutics. By incorporating genetic parts already 
developed for bacterial TCSs (21, 24, 26), we believe that transmem-
brane signaling in response to a wide array of ligands including metals, 
small molecules, and proteins is within reach. Further, novel receptor 
systems have been developed in cellular systems to enable cells to sense 
and respond to new ligands (55–60), and their integration into 
cell-free systems could greatly expand sensing capabilities of 
cell-mimetic systems. Engineering materials capable of sensing and 
responding to stimuli would combine the responsiveness of cell-based D
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therapeutics with the tunability of cell-free systems, drastically improv-
ing our ability to engineer new targeted therapeutic delivery systems 
and membrane-based materials.

Materials and Methods

Materials. DMPC, POPC, DOPC, POPE, POPG (sodium salt), E. coli Polar 
Lipid Extract, Cholesterol, and 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)1,2-dioleoyl-snglycero-3-phosphoe-
thanolamine-N-(lissamine rhodamine B sulfonyl) (18:1 Rhodamine) were 
purchased from Avanti Polar Lipids. Cell-extract (myTxTl) was purchased from 
Arbor Bio Sciences. gBlocks and primers were ordered from Integrated DNA tech-
nologies and DNA was amplified and assembled using enzymes from Thermo 
Fisher. Ligands sodium nitrate, nickel (II) sulfate hexahydrate, iron (III) chloride 
anhydrous, vancomycin hydrochloride, and copper (II) sulfate pentahydrate were 
obtained from Thermo Fisher. NanoGlo luciferase was purchased from Promega.

Plasmid Design and Construction. DNA encoding NarX, NarL, YdfJ promoter, 
and nanoluciferase were received as gifts from Michael Jewett and were recloned 
into cell-free backbones using Gibson Assembly. gBlocks encoding kinase chi-
meras and primers for cloning were ordered from Integrated DNA technologies. 
Enzymes and buffers required for PCR and cloning were purchased from Thermo 
Fisher. Iron-sensing histidine kinase RssA (Serratia marcescens) sequence was 
taken from Uniprot Entry Q8GP19 (51). The copper-sensing histidine kinase  
(E. coli) sequence was taken from Uniprot Entry P77485 (50). The vancomy-
cin-sensing histidine kinase VanS (Enterococcus Faecium) sequence was taken 
from Uniprot Entry Q06240 (52). The nickel-sensing histidine kinase NrsS 
(Synechocystis sp.) sequence was taken from Uniprot Entry Q55932 (53). All 
DNA sequences can be found in SI Appendix, Table S5.

Vesicle Preparation. Vesicles were prepared using the thin film hydration 
method. Briefly, lipid was deposited into a glass vial and dried with a stream of 
nitrogen and placed under vacuum for 3 h. Films were then rehydrated in Milli-Q 
water for a minimum of 3 h, and up to overnight. Vesicles were then vortexed and 
extruded 21× through a 100-nm polycarbonate filter.

Cell-Free Protein Synthesis Reactions. Protein expression was performed 
using the myTxTl system (Arbor Biosciences). 5 µL reactions were assembled 
with 10 mM lipid, 0.1 nM plasmid encoding T7 RNA polymerase, 9.9 nM plas-
mids encoding NarX, NarL, and reporter gene (nanoluciferase or GFP) in specified 
ratios, and various concentration of ligands. Cell-free reactions were allowed to 
progress at 30 °C for 16 h. Luciferase luminescence was read using the NanoGlo 
luciferase system and GFP fluorescence (ex. 480  nm, em. 507  nm) was read 
using a Molecular Devices Spectra Max i3 plate reader. To calculate fold change, 
luminescence values in the presence of nitrate were divided by the luminescence 
values in the absence of nitrate for each replicate.

Western Blotting. First, 1 µL cell-free reaction was diluted to 15 µL in Laemlli 
buffer and heated at 95 °C for 10 min. Then, samples were loaded and run on a 
12% Mini-PROTEAN TGX precast protein gel (Bio-Rad) at 150 V for 90 min. Wet 
transfer was performed onto a PVDF membrane (Bio-Rad) for 45 min at 100 V. 
Membranes were then blocked for an hour at room temperature in 5% milk in 
Tris-buffered saline with Tween (TBST) (pH 7.6: 50 mM Tris, 150 mM NaCl, HCl to 
pH 7.6, 0.1% Tween) and incubated for 1 h at room temperature or overnight at 
4 °C with primary solution [anti-Flag (Sigma F1804) or anti-Myc (ab32), diluted 
1:1,000 in 5% milk in TBST]. Primary antibody solution was decanted, and the 
membrane was washed three times for 5 min in TBST and then incubated in 

secondary solution at room temperature for 1 h [HRP-anti-Mouse (CST 7076) 
diluted 1:3,000 in 5% milk in TBST]. Membranes were then washed in TBST and 
incubated with Clarity Western ECL Substrate (Bio-Rad) for 5  min. Blots were 
imaged using an Azure Biosystems c280 imager and band intensities were quan-
tified with ImageJ.

Lyophilization of Reactions. Cell-free reactions were prepared as above, 
omitting vesicles and ligand. Reactions and vesicles were then flash frozen 
and lyophilized overnight. Following lyophilization, vesicles were rehydrated in 
water and cell-free reactions were rehydrated in various media, such as Mili-Q 
water, Lake Water from Lake Michigan, and 50% FBS containing either 100 µM 
nitrate or an equivalent volume of water. Vesicles and reactions were allowed 
to rehydrate for 30 min on ice. Finally, vesicles were added to each reaction 
to bring the total volume to 5 µL, and reactions were allowed to proceed at 
30 °C for 16 h.

Encapsulation of TCS into Vesicles. Cell-free machinery was encapsulated 
into vesicles using the water-in-oil emulsion method. A lipid film containing a 
molar ratio 1 POPC:2 cholesterol and 0.1 mol% rhodamine conjugate lipid was 
prepared. Films were then rehydrated with mineral oil and vortexed until the lipid 
was resuspended. The aqueous inner phase containing cell-free components and 
plasmids encoding NarX, NarL, and nanoluciferase or mEGFP were added to the 
lipid–oil mixture and briefly vortexed to produce an emulsion. Emulsions were 
then incubated for 5 min on ice and layered on top of outer solution (100 mM 
HEPES, 200  mM Glucose). The layered solutions were incubated on ice for  
5 min and then centrifuged at 18,000 relative centrifugal force (RCF) for 15 min 
at 4 °C. The top oil phase was removed with a pipette, and the vesicle pellet was 
collected and transferred to a new tube containing an equal volume of outer 
solution. Vesicles were then centrifuged at 12,000 RCF for 5 min at 4 °C. The 
vesicle pellet was then collected and divided into two. Outer solution containing 
RNAse and 1 mM nitrate was then added to 25 µL, and samples were incubated 
at 30 °C for 16 h.

For samples containing the luciferase plasmid, 0.5 µL NanoGlo Luciferase sub-
strate was added to the reaction, and reactions were read on a Molecular Devices 
Spectra Max i3 plate reader. For reactions containing a downstream mEGFP, 1 µL 
of the cell-free reaction was added to 100 µL outer solution in a glass bottom 
96-well plate (Corning). Samples were then imaged using a 20× objective on 
a Nikon confocal microscope. Images were analyzed using Nikon NIS software.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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