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Here we demonstrate the production of a functioning cell 

model by formation of giant vesicles reconstituted with the 

GLUT1 glucose transporter and a glucose oxidase and 

hydrogen peroxidase linked fluorescent reporter internally. 

Hence, a simplified artificial cell is formed that is able to take 

up glucose and process it.  

Cell metabolism is highly dependent on facilitated transport of 

nutritients from the exterior medium to the cell interior. Internalized 

nutrients are metabolized by diverse enzymatic reactions to ensure 

growth, reproduction, maintenance of structure, and allow the cell to 

respond to changing environments. Facilitative glucose transporters 

(GLUTs) mediate the bidirectional transport of monosaccharaides 

across the cell membrane down its concentration gradient in an 

energy independent manner.1 Tumor-committed cells are known to 

have accelerated metabolism, resulting in high glucose requirements 

and increased glucose uptake.2 In addition, malignant cells display 

upregulation of GLUT expression.3 High levels of GLUT1 and 

GLUT3 mark poor prognosis and survival rate for patients,4 and 

inhibition of GLUT expression in leukemia, endometrial and breast 

cancers have an anti-proliferative effect.5 GLUT antagonists suitable 

for clinical development are therefore of pharmaceutical interest in 

antineoplastic cancer therapy.6 Despite this importance, GLUTs are 

an under-represented drug target,7 partly because of the general 

difficulty in producing and handling α-helical membrane proteins. 

Moreover, a general platform to study this class of proteins is 

required for future drug development targeting GLUTs.8  

Giant vesicles offer a synthetic cell format accessible to 

fluorescence microscopy, where function and dynamics of individual 

proteins can be studied under compositionally well-defined 

experimental conditions.9 So far the demonstration of functional 

membrane protein reconstitution in cell models has mainly revolved 

around ion channels whose activity can be measured 

straightforwardly by electrophysiology10, with ligand-binding assays 

to prove correctly folded protein11 or with fluorescent dye 

translocation through nonspecific pores.12 However, being able to 

measure the activity of transporters of uncharged substrates is 

challenging due to lack of an easy accessible readout. Study of these 

proteins is typically performed using radioisotopic substrates and 

liquid scintillation counting of material from native sources,13 

cultured cells14 or nanoscale liposomes serving as simplified models 

of biological membranes.15 While uptake studies with isotope tracers 

give a high signal-to-noise, this approach typically requires 106 cells 

per data point, which precludes investigation of individual cells in 

heterogeneous cell populations.16 Moreover, the destructive nature of 

the method is incompatible with investigating the mechanism of 

action for membrane protein transporters within the lipid bilayer.16 

We recently reported a novel protocol for the direct incorporation 

of membrane proteins during giant vesicle formation using an 

agarose swelling method.17 Work by Koenderink and co-workers,18 

and others19 have demonstrated that soluble actin filaments can be 

functionally reconstituted internally in giant vesicles using a similar 

approach. Following on from this work, we hypothesized that it 

might be possible to simultaneously incorporate a number of 

different proteins, i.e. both soluble and membrane spanning proteins, 

into the same giant vesicle during the giant vesicle formation 

procedure. The work presented here demonstrates successful 

reconstitution of glucose transport machinery in which the intrinsic 

activity of the GLUT1 glucose transporter is coupled to an interior 

enzymatic reaction scheme yielding a fluorescent readout that is 

accessible by microscopy. 

To produce pure GLUT1 protein, the DNA encoding the protein 

was introduced into the genome of the eukaryotic host protein 

expression system P. pastoris. A high throughput zeocin resistance 

screen was developed to identify high expressers of the protein (see 

Supplementary Information, Figure S1). Protein was expressed in 

the methylotrophic P. pastoris following methanol induction. Total 

membrane was isolated by ultracentrifugation after harvest and cell 

disruption. The isolated cell membranes were washed with sodium 

hydroxide to remove peripheral adhering proteins. GLUT1 was 
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solubilized from the cell membranes with n-decyl-β-D-

maltopyranoside detergent and purified by anion exchange 

chromatography and size exclusion chromatography. This procedure 

yielded large amounts (mg-scale) of highly pure GLUT1 (see 

Supplementary Information Figure S2 and Table S1). Circular 

dichroism spectroscopy was applied to confirm the correct 

conformation of purified GLUT1 in solution (Supplementary 

Information, Figure S3A). Assessment of storage conditions at 

various temperatures furthermore showed that the protein was stable 

upon freezing and thawing, and for several days at 4°C 

(Supplementary Information, Figure S3B).  

Formation of GLUT1-reconstituted giant vesicles was carried out 

by the hydrogel-assisted swelling procedure as previously reported.17 

Giant vesicles were made of 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) lipids, which form stable lipid bilayers 

with low permeability of small ionic and neutral molecules.20 The 

entire system was swollen with buffer containing all the components 

of an enzymatic glucose assay. In our reaction scheme, facilitated 

glucose transport first leads to conversion of internalized D-glucose 

to D-gluconolactone and hydrogen peroxide by glucose oxidase 

(GOx). Subsequently, nonfluorescent Amplex Red is converted to 

fluorescent resorufin, in the presence of hydrogen peroxide, by 

horseradish peroxidase (HRP) (Figure 1A). As a proof of principle 

for the model cell depicted in Figure 1A, we nonspecifically labeled 

GLUT1 in detergent stabilized aqueous solution with ATTO390 

NHS dye and separated the unreacted dye from the protein. Giant 

vesicles were formed from hydrogel containing the ATTO390 

labeled GLUT1 and with GOx, HRP and Amplex Red included in 

the rehydration buffer. The giant vesicle membrane is clearly 

fluorescent (cyan), showing that GLUT1 is incorporated into the 

lipid bilayer (Figure 1B, see also Supplementary Information, Figure 

S4 and Figure S5). A clear red fluorescent signal caused by 

formation of resorufin resulted from addition of glucose (Figure 1B 

and Figure 2). The interior fluorescent signal is confined within the 

encapsulating membrane (Figure 1B), demonstrating the presence of 

both functionally incorporated GLUT1 in the vesicle membrane and 

reconstituted active enzymes internally in the same vesicle.   

 

 

Figure 1. An artificial cell reconstituted with GLUT1 and an 

enzymatic glucose assay. (A) Illustration of reaction scheme. 

Facilitative glucose transport across the lipid bilayer by GLUT1 

results in conversion of the internalized glucose to a fluorescent 

resorufin signal elicited by the combined action of GOx and HRP 

enzymes. (B) Fluorescent micrograph of a real model cell after 

addition of 4 mM glucose to the exterior medium. ATTO390-labeled 

GLUT1 (cyan) is clearly localized in the lipid bilayer membrane, 

while the interior fluorescent resorufin signal (red) is confined 

within the encapsulating membrane. Scale bar is 10 µm.  

To confirm that GLUT1 is responsible for the transport of glucose 

across the vesicle membrane, a series of endpoint measurements 

were carried out in GLUT1-containing vesicles or in vesicles with no 

GLUT1 present (Figure 2). Measurements were carried out using a 

confocal microscope with image acquisition before and 10 min after 

addition of 1 mM glucose to the exterior medium. Non-GLUT1 

vesicles served as controls and were formed from mock conditions 

with only buffer in the hydrogel. GLUT1-containing vesicles were 

formed with unlabeled protein in order to avoid potential artifacts. 

GLUT1-containing vesicles were measured alone or in the presence 

of inhibitor. Cytochalasin B (CB) is a well-characterized blocker of 

the GLUT1 substrate efflux site,21 and was added to GLUT1-vesicles 

before addition of glucose in order to inhibit glucose transport. 

Figure 2 show that GLUT1-swelled giant vesicles display a bright 

fluorescent interior 10 min after glucose addition. The averaged 

fluorescence intensity of GLUT1-containing giant vesicles is 12.5-

fold higher than that of control vesicles. Hence, the prominent 

fluorescent signal in the GLUT1-swelled giant vesicles is due to 

functionally reconstituted GLUT1.  

 

 

Figure 2. Monitoring glucose transport in giant vesicles. Endpoint 

measurements were performed before and 10 min after addition of 1 

mM glucose. Functional reconstitution of GLUT1 and encapsulation 

of active enzymes elicit fluorescent resorufin after glucose addition. 

Non-GLUT1 containing but otherwise identical giant vesicle does 

not develop a prominent fluorescence signal after addition of 

glucose. Pre-incubation (5 min) of GLUT1-containing giant vesicle 

with 10 µM of CB prior to glucose addition blocks the transport 

activity of GLUT1. Results are n=10, error bars represent the 

standard deviation. Micrographs under the bar chart are 

representative of the visual fluorescence appearance for each 

experimental condition. Drawings illustrate the experimental design. 

Addition of CB to GLUT1-vesicles caused a marked inhibition of 

glucose uptake, as evidenced by a 10-fold lower fluorescent signal 

compared to not having the inhibitor present (Figure 2).  The result 
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is in accordance with CB being a cell permeable inhibitor that 

readily crosses the lipid bilayer, and therefore a near complete 

blockage of GLUT1 activity is expected.  CB did not affect the 

internal enzymatic reaction as measured by UV-Visible spectroscopy 

(Supplementary Information, Figure S6). This confirms that the 

diminished fluorescent signal in the presence of CB is caused by a 

GLUT1 specific inhibition.   

To show the ability to differentiate between passive diffusion and 

GLUT1-mediated glucose transport we created a mixed population 

of giant vesicles. The lipid bilayers were labeled with fluorescent 

tracer dyes to identify the type of vesicle. Non-GLUT1 giant vesicles 

were labeled with ATTO488-DPPE fluorescent lipids (green), while 

the lipid bilayers of GLUT1-containing giant vesicles were labeled 

with ATTO390-DPPE (cyan). Figure 3 shows the clear distinction of 

the fluorescence intensity in a mixed giant vesicle population, 

demonstrating the ability to investigate individual giant vesicles in a 

heterogeneous population. 

 

 

Figure 3. Mixed population of non-GLUT1 giant vesicles and 

vesicles with incorporated GLUT1 after glucose addition. Labeling 

with ATTO488- and ATTO390-conjugated DPPE lipids identify the 

type of giant vesicle. Micrograph is taken after addition of glucose. 

A) ATTO488-labeded lipid vesicle without GLUT1 (green). B) 

GLUT1-containing giant vesicle with ATTO390 lipid tracer (cyan). 

C) Shows that the resorufin signal is confined within the GLUT1-

containing giant vesicle (red). D) Shows a merge of all micrographs. 

All micrographs were background normalized. Scale bar is 20 µm.  

 

The rate of fluorescence increase, from GLUT1 containing giant 

vesicles, is glucose concentration dependent (Figure 4). Our results 

show that the rate constant is increased 1.7 times when the exterior 

glucose concentration is increased 4-fold, from 1 mM to 4 mM 

(Figure 4). GLUT1 has a Km around 1-5 mM for glucose under zero-

trans uptake conditions.15c, 22 The glucose concentrations used in this 

study are therefore within the unsaturated range of glucose transport 

kinetics. GLUT-mediated glucose uptake follows Michaelis-Menten 

kinetics, but in our cell model the observed rate of glucose uptake is 

sigmoidal (Figure 4B). This is seen because the internalized glucose 

has to proceed through GOx and HRP catalyzed enzymatic reactions 

before the fluorescent signal develops (Supplementary Information, 

Figure S6).  

In this study we have used the GLUT1 glucose transporter to 

demonstrate functional reconstitution of a polytopic intrinsic 

membrane protein. This twelve-membrane spanning α-helical 

protein belongs to the Major Facilitator Superfamily of solute 

carriers, which comprises the largest membrane protein class with 

thousands of sequenced members from organisms ranging from 

bacteria to mammals.23 Despite implications of members from this 

protein class in disorders including epilepsy, depression, 

osteoporosis, diabetes and cancer,8 very few approaches exist with 

which to study functional and regulatory properties of GLUTs and 

other solute carriers that transport uncharged substrates. As we 

demonstrate here, facilitated transport of soluble uncharged 

molecules, such as glucose, can be successfully coupled to multi-

component enzymatic reactions inside giant vesicles with 

fluorescence as readout accessible by microscopy. These results 

strongly suggest that this approach might serve as a powerful 

platform for GLUT1 antagonist screening in the future. 

 

 

Figure 4. The rate of fluorescence increase in GLUT1-swelled giant 

vesicles exposed to different exterior glucose concentrations. (A) 

The image sequence shows a single giant vesicle at intervals of 1 

min after addition of 1 mM glucose. (B) Plot depicting the mean 

pixel intensity of interior vesicle area normalized to the maximal 

fluorescence response observed upon saturation of resorufin for 1 

mM glucose (circles, n=5) compared to the fluorescence response of 

4 mM glucose (triangles, n=10). The mean linear rate constants were 

calculated to 0.286 min-1 for 4 mM glucose and 0.167 min-1 for 1 

mM glucose, respectively. Error bars represent standard deviations.  

 

Conclusions 

 In summary, this work describes the very first reconstitution 

of a purified glucose transporter into giant vesicles capable of 

reporting its function. Thus, we can finally start investigating 

the mechanism of action for these transporters within the lipid 

bilayer, using fluorescence microscopy. Besides providing a 

novel system where the transport and metabolism of glucose 

can be studied, we believe the broader implications are key for 

the development of future artificial cell mimics.24 Moreover, 

the system has central implications for future strategies aimed 
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at preventing or modulating the activity of glucose transport, 

which is of specific interest for cancer research. 
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