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ABSTRACT: Facilitative carbohydrate transporters (GLUTs, 
SLC2 gene family) are transmembrane proteins transporting 
hexoses and other sugars based on cellular metabolic demands. 
While a direct link between GLUTs and metabolic disorders has 
framed them as important biological and medicinal targets, tar-
geting disease-relevant GLUTs remains challenging. In this 
study, we aimed to identify substrate-GLUT interactions that 
would discriminate between major fructose transporters. We 
examined the uptake distribution for conformational and con-
figurational isomers of fructose using the corresponding con-
formationally-locked fluorescently-labeled mimetics as probes 
for assessing GLUT preferences in real time. Through compar-
ative analysis of the uptake of the probes in the yeast-based sin-
gle GLUT expression systems and multi-GLUT mammalian cell 
environment, we established the ability of fructose transport-
ers to discriminate between fructose conformers and epimers. 
We demonstrated that recreating the conformational and con-
figurational mixture of fructose with molecular probes allows 
for the specific probe distribution, with fructofuranose mimetic 
being taken up preferentially through GLUT5 and β-D-fructo-
pyranose mimetic passing through GLUT2. The uptake of α-D-
fructopyranose mimetic was found to be independent of 
GLUT5 or GLUT2. The results of this study provide a new ap-
proach to analyzing GLUT5 and GLUT2 activity in live cells, and 
the findings can be used as a proof-of-concept for multi-GLUT 
activity screening in live cells. The research also provides new 
knowledge on substrate-GLUT interactions and new tools for 
monitoring alterations in GLUT activities. 

Introduction 

The family of GLUTs (SLC2 gene family) includes 14 
members that mainly transport glucose through the cellu-
lar membrane.1 In addition, GLUTs transport galactose, 
fructose, and other carbohydrates. Most GLUTs are pro-
miscuous. These transporters have different distribution 
patterns and expression levels across tissues.2 Among 
GLUTs, a selected few show specific links with diseases, 
suggesting that targeting them can improve 

discrimination between normal and diseased cells. 
Deregulation in non-specific glucose/fructose transporter  
GLUT2 is linked to obesity and diabetes3 and is a prognos-
tic factor for liver cancers.4 Glucose-transporting GLUT3 
exhibits increased expression in various types of cancer 
while primarily expressed strictly in the brain.5 Fructose-
specific GLUT5 is associated with various cancers, as well 
as obesity, fatty liver disease, and other metabolic deregu-
lations.6 The non-specific glucose and fructose transporter 
GLUT12 is linked to early-stage and late-stage breast can-
cers.7  

Among GLUTs, fructose transporters have been partic-
ularly investigated as important biological and medicinal 
targets8, 9 due to their connection to the development of 
various metabolic disorders. Between fructose-transport-
ing GLUTs, only GLUT5 has been established as fructose-
specific (Km ~ 11-16 mM).10, 11 GLUT2 is a non-specific low 
affinity and high capacity transporter12 that can transport 
glucose (Km ~ 17 mM), fructose (∼ 76 mM), galactose (~ 
92 mM), and glucosamine (0.8 mM).13 Interestingly, de-
spite low sensitivity to fructose, the high-capacity GLUT2 
is a primary fructose transporter in the liver (where 
GLUT5 is absent). Furthermore, GLUT12 has been sug-
gested to significantly contribute to fructose uptake even 
in the presence of GLUT5.14 While the need for fructose 
transporters is primarily justified by its nutritional prop-
erties, the impact of fructose appears to be much broader. 
As a nutrient, fructose directly participates in glycolysis 
and increases cell proliferation and migration.15, 16 Fruc-
tose also acts as a signaling molecule in cell proliferation. 
Moreover, short-term exposure to fructose appears to play 
a protective antiapoptotic role in cancers by inhibiting 
ROS production.17 All these multidirectional effects are 
hallmarks of fructose metabolism for different cancer 
types and subtypes.  

Despite the essential role that GLUTs play in health and 
disease, our understanding of each GLUT’s roles and the 
ability to target relevant GLUTs for disease diagnosis and 
therapy are very limited. Efforts toward GLUT-targeted 
delivery of imaging and bioactive agents have identified 
the need to target disease-relevant GLUT(s) to achieve 



 

discrimination in diagnostic and therapeutic applications. 
Current developments towards specific targeting of indi-
vidual disease-relevant GLUTs encompass screening for 
high-affinity ligands as GLUT inhibitors.11, 18, 19 Some pro-
gress has been made toward designing substrates that 
pass through a particular transporter and serve as analyt-
ical tools. For example, specific targeting of fructose trans-
porter GLUT5 has been achieved using 2,5-anhydro-D-
mannitol as a cargo carrier.10, 20, 21 Specific targeting of any 
other individual GLUT transporter, however, remains a 
challenge. 

In this work, we explored the feasibility of discriminat-
ing between fructose transporters through conforma-
tional and configurational isomers of fructose. A signifi-
cant difference between the two major fructose transport-
ers – GLUT5 and GLUT2 – is their substrate specificity 
(GLUT5) or their lack thereof (GLUT2). We hypothesized 
that the configurational diversity of fructose might play a 
leading role in directing fructose through different GLUTs. 
To assess this hypothesis, we designed conformationally- 
and configurationally-locked fructose mimetics and ex-
plored their uptake efficiencies and transporter specifici-
ties using yeast-based single-GLUT expression models and 
multi-GLUT environment of mammalian cells. As a result, 
we demonstrate that locking the conformational flexibility 
of fructose through the removal of the anomeric hydroxyl 
and limiting its position within the GLUT5 binding site 
through derivatization promotes substrate discrimina-
tion. When used as a mixture representing the nutrition-
like, configurationally-rich fructose environment, the re-
spective coumarin derivatives enable probe distribution 
between specific and non-specific fructose GLUTs and al-
low us to delineate the activity of GLUT2. The outcomes 
provide important insight into substrate distribution be-
tween GLUTs during fructose uptake in mammalian cells 
and set the basis for developing GLUT2-specific analytical 
probes or activity modulators using configurational iso-
mers of fructopyranose. The results also show experi-
mental conditions for simultaneous fluorescence activity 
screening for specific and non-specific fructose GLUTs in 
live cells.  

 
Results and Discussion 

Probe Design. It is noteworthy that, unlike configuration-
ally stable glucose, a solution of fructose represents the α- 
and β-mixture of pyranose (six-membered ring) and 
furanose (five-membered ring), with β-fructopyranose 
tautomer being the most dominant (~70%) in deuterated 
aqueous media (Figure 1).16, 22 The pyranose form is stabi-
lized by the internal hydrogen (H-) bonding of the chair 
configuration, while the furanose form may be energeti-
cally stabilized upon the solvation, forming intermolecular 
H-bonding.23 In addition to β-anomers, α-anomers were 
found to appear over time upon the change of the solution 
to ethanol/DMSO, showing that the fructose configuration 
and anomeric equilibrium depend on the environment,24 
and suggesting the existence of fructofuranose and fructo-
pyranose in both anomeric forms within the cellular envi-
ronment.  

Within the mammalian cell, the fructose uptake by 
GLUT5 was well studied. It has been shown that, while 
GLUT5 can transport fructose in the furanose and pyra-
nose conformation with similar relative efficiency,25 the 
uptake of the furanose conformation appears to be GLUT5-
specific.20, 21, 25 Considering the specific uptake of furanose 

through GLUT5 and the ability of non-specific transporters 
to pass hexoses predominately in a pyranose configura-
tion (ex., glucose, galactose), we hypothesized that config-
urational restrictions might play a leading role in directing 
fructose through non-specific vs. specific GLUTs and may 
provide an approach to targeting non-specific GLUTs.  

To explore the uptake distribution of fructose isomers 
(Figure 1A), we designed the corresponding configura-
tionally locked mimetics (Figure 1B). The design of probes 
accounted for the lack of contribution from the anomeric 
hydroxyl on fructose uptake and the prospect of achieving 
configurationally locked substrates upon its removal, as 
exemplified by the GLUT5-targeting furanose mimetic 2,5-
anhydro-D-mannitol25 (Figure 1B, 1). Additionally, the 
presence of the primary hydroxyl provides a convenient 
site for functionalization by the fluorophore to obtain the 
target fluorescently labeled sugar mimetics. Hence, we 
have applied this strategy to pyranose isomers and de-
signed configurationally locked pyranose mimetics (Fig-
ure 1B, compounds 2 and 3) by removing the anomeric hy-
droxyls and installing a fluorescent label at position C1.  
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Figure 1. Fluorescently labeled stable furanose and pyranose 
mimetics of fructose as probes to assess GLUT transport pref-
erence.  

Fluorescently labeled furanose mimetic of fructose – β-
D-FurCou (Figure 1C, P1) was synthesized from D-glu-
cosamine according to the previously reported proce-
dure.21 Configurationally-locked pyranose mimetic of β-D-
fructopyranose (Figure 1C, P2) and α-D-fructopyranose 
(Figure 1C, P3) were synthesized from α-methyl D-man-
nopyranoside (4) and α-methyl L-gulopyranoside (5), re-
spectively (Scheme 1, see SI for synthesis details). Initially, 
the α-methoxy group of the corresponding α-methyl glu-
coside (4 or 5) was cleaved off through a sequential silyla-
tion/reduction in the presence of BSTFA and 
Et3SiH/TMSOTf accordingly.26 The subsequent silylation 
of 6 or 7 allowed for selective protection of secondary hy-
droxyls (8 or 9) due to the selective recovery of the 



 

primary hydroxyl during compound purification on silica 
gel. The primary hydroxyl was then oxidized using 
TPAP/NMO (10 or 11),27 and the resulting pyranose mi-
metic was conjugated with 7-amino-4-methylcoumarin 
through reductive amination.21 The mild acidic conditions 
of reductive amination also ensured the deprotection of all 
hydroxyls, yielding fluorescently labeled probes (P2 or 
P3). The presence of the fluorescent tracer on each of the 
synthesized probes allowed us to monitor and assess their 
uptake directly in live cells and engineered GLUT-
expressing yeast systems.  
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Scheme 1. Synthetic routes to P2 and P3. Reagents and conditions: 
(a) BSTFA, Ar, 80 °C, 5.5 h (step 1), Et3SiH, TMSOTf, Ar, rt, 16-21 h 
(step 2); (b) Pyridine, TMSCl, rt, 14 h; (c) NMO, MgSO4, TPAP, 
CH2Cl2, rt, 1-2 h; (d) 7-amino-4-methylcoumarin, NaBH3CN, MeOH, 
AcOH, pH < 6, rt, 20 h. See SI for experimental details. 

P1-P3 exhibit metabolism-coupled uptake. The prelim-
inary assessments focused on establishing the ability of an 
individual probe to pass into live cells. Probe uptake was 
evaluated in mammalian breast cancer MCF7 cells, known 
to express GLUT2, GLUT5, and GLUT12.14, 28, 29 For uptake 
studies, cells were treated with each probe using complete 
cell culture media solutions for 15 minutes at 37 °C, fol-
lowing the subsequent removal of probe-containing media 
and cell wash.21 Fluorescence was recorded using a confo-
cal microscope and quantified using ImageJ. Relative fluo-
rescence was derived as CTCF/area, where CTCF = Inte-
grated Density − (Area of selected cell × Mean fluorescence 
of background readings). The acquired blue fluorescence 
(Figure 2A) was detected at concentrations as low as 25 
μM. The overall fluorescence levels were highest for P3, 
followed by P2 and P1, suggesting differences in their up-
take capacities. Altering probe concentrations revealed 
the concentration-dependence of the uptake that leveled 
around ~ 200 μM concentration (Figure 2B). The Km val-
ues for the probes’ uptake were ~ 43 μM, 47 μM, and 51 
μM, respectively (Figure S2). 

The effective accumulation of P1-P3 in mammalian 
MCF7 cells after a short incubation and distinctive contri-
bution from the differences in their binding affinities sug-
gested a facilitative uptake and provided the basis for as-
sessing the participation of GLUTs. The GLUT activity has 
been shown to loosely depend on phosphorylation, reflect-
ing the dependence on cellular metabolism.30 To delineate 
the GLUT involvement in the uptake of P1-P3, we adjusted 
the incubation temperature to 4 °C to lower the cell’s met-
abolic activity.14, 31 Hence, MCF7 cells were pre-incubated 
for 30 min. at 4 °C and treated with probe solutions for 15 

min. at 4 °C. Fluorescence images obtained for this set of 
cells showed only basal levels of fluorescence (Figure S3). 
The abolished accumulation of probe-induced fluores-
cence at the low temperature (Figure 2C) highlighted the 
direct involvement of metabolically-driven uptake by 
GLUTs. Moreover, the lack of probe uptake, even at pro-
longed incubation times (1 h), further excluded the contri-
bution from passive diffusion in the probe uptake. 

P1: β-D-FurCou P2: β-D-PyrCou P3: α-D-PyrCou
A

B C

 
Figure 2. Analysis of probe uptake efficiency and GLUT in-
volvement in MCF7 cells. A) Confocal fluorescence images of 
MCF7 cells treated with P1-P3 for 15 min (P1, 50 μM; P2 and 
P3, 25 μM). Images acquired using 60× objective and DAPI fil-
ter (exc. 405 nm / em. 461 nm) at the same laser intensity and 
exposure time. Images are presented in gray-scale for clarity. 
B) Concentration-dependent uptake of P1-P3. CTCF was de-
rived as probe-induced fluorescence corrected by the back-
ground and cell area (Figure S1). C) Impact of the incubation 
temperature on the uptake of P1-P3. Relative fluorescence 
calculated as the ratio between CTCF/area for P1-P3 with re-
spect to the corresponding CTCF at 37 ℃. CTCF values were 
derived from quantifying the fluorescence images of probe-
treated cells (Figure S3). Quantitative fluorescence data was 
derived from fluorescence images of probe-treated cells using 
ImageJ. Graphical data represents an average fluorescence. 
Error bars represent deviations in fluorescence of 7-20 cells 
per data point from two independent experiments. The scale 
bar for all images is 20 μm. 

Single substrate uptake reflects the probe preference 
of GLUT5 vs. GLUT2. We further focused on assessing the 
uptake paths for individual probes. Earlier reports have 
suggested that GLUT5 can transport D-fructose in both 
configurational forms.25 Likewise, the ability of GLUT2 to 
transport the fructofuranose mimetic 2,5-anhydro-D-
mannitol has also been reported.32 In turn, stereochemical 
alterations of fructose hydroxyls impact the uptake by 
fructose GLUTs, highlighting the critical role of the special 
orientation of sugar hydroxyls in substrate recognition.33 
The ability of these two transporters to perform as major 
fructose transporters in different tissues also suggested 
the possibility that each of these GLUTs may transport 
multiple forms of fructose. To experimentally demonstrate 
the uptake preferences of P1-P3, we used Hxt0 yeast cells 
engineered to express a GLUT transporter of interest. The 



 

Hxt0 is a hexose transporter deficient yeast system, where 
14 genes responsible for hexose transporters were 
knocked out. As a result, the expression of any specific 
GLUT gives a single-GLUT environment, allowing for a di-
rect assessment of transporter capabilities and substrate 
specificities directly. Thus, for the studies, the hexose 
transporter-deficient (hxt0)  yeast cells expressing func-
tional GLUT534 or GLUT2 were used.18 Sugar uptake in hxt0 
yeast cells occurs only through the specifically expressed 
transporter. The GLUT5-expressing hxt0 yeast cells take up 
only fructose, while the GLUT2-expressing hxt0 yeast cells 
take up glucose and fructose. GLUT1-expressing yeast cells 
were used as a control representing the glucose-uptake ac-
tive and fructose-uptake inactive system. 
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Figure 3. Uptake of P1-P3 in GLUT5- or GLUT2-expressing 
hxt0 yeast cells. A) Time-dependent uptake of P1 (0.1 mM) by 
GLUT5, in the presence (squares) or absence (circles) of 100 
mM fructose. The uptake represented the fluorescence accu-
mulated into whole cells for the specified time intervals. B) 
Probe (0.1 mM) uptake after 20 minutes of incubation in 
GLUT5-expressing cells (black and grey bars) in the presence 
or absence of 100 mM fructose, or in GLUT1-expressing cells 
(white bars), the presence or absence of 100 mM glucose. C) 
Probe (1 mM) uptake after 20 minutes of incubation in 
GLUT2-expressing cells in the presence or absence of 100 µM 
phloretin. D) Effect of P1-P3 (0.1 mM or 1 mM) on the uptake 
of 14C-fructose (10 mM) through GLUT5 (black) and 14C-glu-
cose (15 mM) through GLUT2 (white). Hexose concentrations 
were used at the levels corresponding to respective Km values 
(i.e., 10 mM fructose for GLUT5 and 15 mM glucose for 
GLUT2). Fluorescent probe uptake (A-C) and effect on relative 
transport activity (D) were determined in EBY.VW4000 yeast 
cells expressing GLUT5S72Y or EBY.S7 yeast cells expressing 
GLUT2ΔloopS_Q455R. EBY.S7 cells expressing GLUT1 were used as 
a control for P1 uptake (B). Unless specified, probe concentra-
tion was 0.1 mM for GLUT5-expressing cells (A, B) and 1 mM 
for GLUT2-expressing cells (C). More details are in Materials 
and Methods. Fluorescence data are in Supplementary Fig-
ures S4 and S6. Error bars represent standard deviations from 
three measurements.  A two-tailed t-test was used to detect 
statistically significant differences: *p~0.001, **p<0.0001.  

For analyses with single-GLUT hxt0 yeast cells-based 
expression systems, each probe was examined separately. 

By monitoring probe fluorescence amassed in whole hxt0 
yeast cells, P1 (0.1 mM) was found to pass through GLUT5 
in a time-dependent manner (Figures 3A and S4A), with 
accumulation continuing over 90 min. GLUT5 uptake of P1 
was competitive with fructose, with high levels of fructose 
(100 mM) diminishing the overall levels of probe accumu-
lation but not hindering the continuity of the uptake. The 
lack of probe accumulation in yeast cells expressing glu-
cose transporter GLUT1 (Figure 3B) highlighted the im-
portance of GLUT5 in the uptake of P1 and excluded the 
GLUT-independent passage of the probe through the cel-
lular membrane.  

The continuity of the uptake observed for P1 resem-
bled that of fructose,28 suggesting the metabolic trapping 
of this probe inside the cell. To assess the feasibility of met-
abolic trapping for P1, we measured probe efflux from the 
probe-treated MCF7 cells. For comparison, we used P2 
and P3 as a probe showing saturable uptake. To measure 
probe efflux, we monitored fluorescence amassed in the 
fresh dye-free culture medium supplemented to MCF7 
cells post-treatment with probes (Figure S5). Over 20 min, 
we observed no significant difference in fluorescence of 
the culture media collected from MCF7 cells treated with 
P1. In contrast, a strong increase in media fluorescence 
was measured for P2 and P3, reflecting the leaching of the 
probes. The differences between P1 and P2-P3 efflux sug-
gest the former is trapped inside the cell, reflecting the 
metabolic involvement in probe uptake. With 2,5-anhy-
dro-D-mannitol being a substrate for metabolic kinases,35, 

36 it is plausible that due to the symmetry, the sugar pro-
vides a primary hydroxyl amenable to phosphorylation 
even after conjugation to the coumarin. The evident efflux 
measured for P2-P3 under the same conditions further 
highlighted the differences in the metabolic fate between 
the probes.  

In contrast to P1, the accumulation of P2 was ~ 5-fold 
lower (Figure 3B) and showed a saturable uptake profile 
(Figure S4C). Moreover, the α-D-fructopyranose mimetic 
P3 was not taken up through GLUT5, reflecting discrimi-
nation against the α-anomer of fructose. The uptake of P1 
and P2 was inhibited by fructose, and inhibition remained 
active over 90 min (Figures S4B and S4D), reflecting com-
petition between the two substrates. The overall levels of 
probe uptake after 20 min were ~4-fold and 2-fold higher 
for P1 and P2, respectively, compared to their uptake in 
the presence of 100 mM fructose (Figure 3B).  

The GLUT2-expressing hxt0 yeast system demon-
strated the ability of this non-specific transporter to trans-
locate all three probes (Figure 3C and S6). However, the 
uptake of probes through GLUT2 was significantly less ef-
ficient. In fact, while P1 uptake through GLUT5 was ob-
served using a 0.1 mM probe solution, GLUT2 required an 
increase in probe concentration to 1 mM. The lesser effi-
cacy of probe uptake measured for GLUT2 agrees with ~ 
8-fold lower affinity of GLUT2 to fructose than GLUT5 (76 
mM vs. 11 mM, respectively18, 34). At the 1 mM probe con-
centration, the highest uptake through GLUT2 was ob-
served for P1, followed by P2, and P3, giving the respec-
tive uptake ratio of 5:1.9:1. Similarly, to GLUT5, the uptake 
of P1 through GLUT2 was time-dependent (Figure S6), re-
flecting metabolic trapping of the probe, while the uptake 
of P2 and P3 was saturable. Blocking GLUT2 transport 
with phloretin (IC50 < 4 μM37) inhibited the uptake of all 
probes validating the GLUT2-mediated uptake (Figure 3C).  



 

Thus far, the probe uptake through the individual 
GLUT isoforms showed that GLUT5 and GLUT2 uptake P1 
with the highest efficacy. The uptake of P2 can proceed 
through both transporters, and the uptake of P3 was de-
tected only for GLUT2. To better understand the basis for 
discrimination between probes, we have assessed the 
strength of probe-transporter interactions by evaluating 
P1-P3 as inhibitors of sugar uptake (Figure 3D). Transport 
activity was monitored with C14-labeled substrates at hex-
ose concentration matching the corresponding Km (i.e., 10 
mM fructose for GLUT5 and 15 mM for glucose); fructose 
(Km ~ 11 mM34) was GLUT5 substrate, and glucose (Km ~ 
15 mM37) was used as a substrate for GLUT2.  

For GLUT5, a 25-30% drop in fructose uptake was 
measured with P1 and P2 (0.1 mM). Increasing the probe 
concentration to 1 mM resulted in a 55-60% inhibition of 
fructose uptake through GLUT5. Notably, the equivalent 
inhibition of fructose uptake through GLUT5 was also ob-
served in the presence of P3, despite the lack of its uptake 
in GLUT5-expressing yeast cells. Relatively similar levels 
of fructose uptake inhibition reflected a similarity in the 
binding efficiency of P1-P3 to GLUT5. The inhibitory effect 
from P1-P3 was also observed for the uptake of 14C-la-
beled D-glucose through GLUT2. As with GLUT5, P1-P3 
showed similar inhibitory potency, suggesting no signifi-
cant differences in the binding affinities for probes to 
GLUT2. The inhibitory effects averaged to ~ 50% with 1 
mM probe but were not detected with 0.1 mM probe con-
centrations, probably due to the lower affinities of P1-P3 
for GLUT2.  

Overall, the probes appear to have similar binding af-
finities for the individual transporter, as reflected by the 
same levels of inhibition exerted on sugar uptake (Figure 
3D). Yet, the uptake efficiency of probes differs signifi-
cantly (Figures 3B-C), indicating differences in the interac-
tions of P1-P3 with uptake-relevant residues.  
   

Differences in P1-P3 interaction with GLUTs 2 and 5 
relate to the probe uptake behavior. The differences in 
uptake efficiencies of P1-P3 through GLUTs 5 and 2 vs. 
similarities in their binding efficiencies suggest the 
probes’ uptake relies on interactions beyond transporter 
binding. Furthermore, the observed discrimination of P3 
uptake despite the effective binding to GLUT5 suggested 
the presence of transport-inhibiting interactions. In con-
trast, the passage of all probes through GLUT2 reflected a 
less discriminatory environment of this transporter. To 
explore the structural basis driving the discrimination in 
probe uptake, we performed molecular docking analysis 
using the human outward GLUT5 model (GLUT5out) and 
human outward GLUT2 model (GLUT2out). Human 
GLUT5out was modeled based on the available crystal 
structure (PDB:4YBQ).38 Human GLUT2out was modeled 
using an outward GLUT3 crystal structure (PDB:4ZWC).39 
Energy minimization of the analyzed proteins were per-
formed using YASAR online server.40 The structures of P1-
P3 ligands and fructose tautomers were drawn in 
ChemDraw 20.1.1. The energies of all ligands were mini-
mized in Avogadro.41, 42 Gasteiger charges were added to 
ligand/protein structures. AutoDockTools (ADT) version 
1.5.643, 44 was used to add Gasteiger charges and polar hy-
drogens and prepare the ligand and protein for further 
docking in AutoDockVina.45 Docking in AutoDockVina was 
performed with default parameters using pdbqt files of 

protein and ligand as input. The visualization of docked 
complexes was carried out in DS Visualizer.  

The molecular docking with GLUT5out positioned the 
coumarin residues toward the GLUT5out exit vestibule and 
the sugar moieties within the sugar-binding site (Figure 
4A). All three probes showed similar binding affinities to 
GLUT5 (8.0-8.5 kcal/mol, Figure S7), suggesting a lack of 
discrimination between P1-P3 based on their binding. The 
results correlate with the equal inhibitory effects that 
these probes exert on fructose uptake through GLUT5 
(Figure 3D).  

 
Figure 4: Different orientations of docked P1, P2, and P3 in 
the fructose binding site of human outward GLUT5 (A), and 
GLUT2 (B) models. GLUT5 model is based on rat outward 
GLUT5, PDB: 4YBQ; GLUT2 model is based on human outward 
GLUT3, PDB: 4ZWC. Probes are visualized via ball and stick 
model, while protein residues – stick model. Carbons of P1, 
P2, and P3 are colored orange, green, and cyan, respectively. 
Carbons of protein residues are gray. Other atoms’ color: O – 
red; H – white; N – deep blue. Visualization was carried out in 
Discovery Studio Visualizer. 

While binding correlates with the inhibitory efficien-
cies of P1-P3, it does not address the discrimination be-
tween probes by GLUT5 for the uptake (Figure 3B). For 
this part, we analyzed the differences in the probe orienta-
tion within GLUT5 (Figure 4) and interactions that could 
promote or diminish the uptake (Figure S7). For P1, the 
interaction with GLUT5 was found to involve H-bonding 



 

residues important for substrate recognition and uptake: 
Tyr32, His419, Gln167, Ser392, and Ser143 (Figure 
S7A).38, 46 For P2, the pyranose conformation induced dis-
favored interaction with Ser392 and Ala396 (GLUT5-
specific uptake-relevant residue38) that could limit the 
probe uptake capacity. In addition, the modeling reflected 
that the change in the orientation of coumarin of P2 results 
in the interaction with Asn294 (Figure S7B). The interac-
tion with Asn294 has been previously identified to induce 
transport inhibition11, 47 and may contribute to the lesser 
uptake efficacy measured for P2 through GLUT5. The 
docking analysis of P3 reflected the change in sugar posi-
tion within the substrate-binding site. While interactions 
with both uptake-promoting and uptake-limiting residues 
were identified (Figure S7C), the altered position in the 
binding site could be the major factor precluding the up-
take of P3 through GLUT5.  

The docking analysis of P1-P3 within the human 
GLUT2out showed the probes to be more uniformly posi-
tioned (Figure 4B). P1 and P2 were found to sustain H-
bonding interactions with Gln314 and Asn443 through the 
sugar moiety and Asn447 through the coumarin (Figure 
S8A and B). A larger network of secondary interactions 
with aromatic and hydrophobic residues identified for P2 
appears to contribute to this probe’s relatively stronger 
calculated affinity than P1. While the information on 
transport-relevant residues for GLUT2 is limited, similarly 
to GLUT5, stabilization of binding with the protein could 
lessen the uptake efficiency measured for P2 through 
GLUT2 (Figure 3C). Destabilization of transport-relevant 
binding interactions could also be contributing to the 
lesser uptake efficiency of P3 (Figure S8C). Furthermore, 
the disfavored interaction with the transport-relevant 
Asn443 (and Trp420) may contribute to the lesser efficacy 
of P3 uptake compared to P2.  

Fructopyranose uptake is distributed between non-
specific GLUTs. Thus far, the analysis of probes in the 
yeast cell-based GLUT5 and GLUT2 systems (Figure 3) 
showed the ability of all three probes to bind to either 
transporter. The uptake of the probes, however, was more 
discriminating. Namely, both transporters preferred P1, 
and GLUT5 discriminated against P3. Moreover, GLUT5 
showed higher efficacy in P1 and P2 uptake over GLUT2. 
To identify the transporter preferences in a multi-GLUT 
environment of a mammalian cell, we measured the up-
take of probes in MCF7 cells in the presence of native GLUT 
substrates and inhibitors. Prior to the studies, MCF7 cells 
were verified to express major fructose transporters 
GLUTs 2, 5, and 12 through immunofluorescence analysis 
(Figure S9), in agreement with prior reports.29  

MCF7 cells were incubated with probe solutions con-
taining fructose or glucose to delineate the role of fructose 
vs. glucose GLUTs in the uptake of P1-P3. The resulting 
data suggested the probes pass into MCF7 cells through 
different paths (Figure S10). Specifically, fructose inhib-
ited the uptake of all three probes, reflecting the participa-
tion of fructose-transporting GLUTs in the uptake of all P1-
P3. The inhibitory effects differed between probes, with 
the most prominent impact measured for P1 (~70% inhi-
bition). In contrast, inhibition by glucose impacted P2 
(~70%) predominately. P1 uptake was not affected by glu-
cose, and inhibition of P3 uptake was ~20%. Considering 
that except GLUT5, all other GLUT transport glucose, the 
difference in responses to fructose vs. glucose indicated 
that P1 is taken up through fructose-specific transport, 

implicating the preferential involvement of GLUT5 in the 
uptake of fructofuranose. In contrast, P2 and P3 appear to 
be taken up by non-specific fructose GLUTs. Moreover, the 
measured differences in inhibitory response to glucose 
suggest different uptake pathways for P2 and P3 in MCF7 
cells. 

Further, the uptake of probes was evaluated in the 
presence of GLUT inhibitors. For GLUT5 inhibition, we 
used a high-affinity GLUT5-specific ligand MSNBA 
(IC50(fructose) ~5.8 μM in MCF7 cells).11 To assess the in-
volvement of non-specific GLUTs, we used cytochalasin B 
(CytB) known to inhibit non-specific glucose GLUTs 1-4, 6, 
10 and 12.48, 49 To distinguish the involvement of GLUT2, 
we used a GLUT2-specific ligand G2iA (IC50(glucose) ~0.6 μM 
in GLUT2 yeast system18) and a high-affinity GLUT2 sub-
strate glucosamine (GluAm, Km ~0.8 mM50). To delineate 
glucose transport, we used fasentin as a GLUT1 and GLUT4 
inhibitor in mammalian cells (IC50(glucose) ~68 μM).51 For 
the competitive uptake experiment, MCF7 cells were 
treated with the combination of a probe with each inhibi-
tor using corresponding complete culture media solutions. 
All probes were used at 25 μM concentration. All inhibitors 
and competitive substrates were used at concentrations 
surpassing their Km or IC50 values: P1-P3, MSNBA, G2iA, 
and CytB were used at 25 μM concentration, GluAm at 100 
mM concentration, and fasentin at 300 μM concentration. 
The probe uptake without the inhibitor was used as a con-
trol. The probe uptake was recorded using a confocal mi-
croscope (Figure S11), and the corresponding fluores-
cence images were quantified using ImageJ.  

As a result of inhibition studies (Figure 5), we observed 
significant differences in P1-P3 uptake depending on the 
inhibitor present. For P1, we observed a ~ 90% inhibition 
of uptake by MSNBA, indicating GLUT5-mediated uptake. 
The insignificant inhibitory effects from CytB or GluAm 
specified the limited (if any) involvement of GLUT2 and 
other non-specific GLUTs in the uptake of P1. Data corre-
late with the lack of inhibitory impact on P1 uptake from 
glucose (Figures S10D and F). Thus, despite the ability of 
GLUT2 to pass P1 (Figure 3B), in the multi-GLUT environ-
ment of mammalian cells, the furanose conjugate appears 
to be taken up preferentially through the higher affinity 
GLUT5, in agreement with prior reports.20, 21  

For P3, the uptake inhibition in MCF7 cells was only 
observed in the presence of CytB (Figure 5). No inhibition 
was detected for P3 in the presence of MSNBA or fasentin, 
allowing to exclude GLUT5 and non-specific glucose 
GLUTs from consideration. The lack of uptake inhibition 
for P3 by MSNBA agreed with the lack of GLUT5-mediated 
uptake for this probe measured using the yeast cell-based 
GLUT5 expression system. Overall, the inhibitory out-
comes delineated non-specific fructose GLUTs as trans-
porters for P3. Further analysis focused on assessing 
GLUT2 involvement. Here, despite the ability of P3 to pass 
through GLUT2 in the yeast cell-based GLUT2 expression 
system (Figure 3D), G2iA or GluAm had no impact on P3 
uptake in MCF7 cells. The data allowed to exclude GLUT2 
from consideration and suggested an alternative metabol-
ically-coupled uptake path for this α-D-fructopyranose mi-
metic. As from non-specific fructose GLUTs, MCF7 cells ex-
press only GLUTs 2 and 12,29 and both transporters were 
reported to be inhibited by CytB,48, 50, 52 it is probable that 
the uptake of P3 proceeds preferentially through GLUT12. 
The suggested high capacity of GLUT12 for fructose53 
could also contribute to high efficacy in the accumulation 



 

of P3 measured in MCF7 cells. Further studies are in pro-
gress to validate GLUT12’s preference for P3.   

 
Figure 5. Changes for P1-P3 uptake in MCF7 cells in the pres-
ence of inhibitors: MSNBA, CytB, GluAm, G2iA, and fasentin. 
Cell fluorescence was recorded using confocal microscopy. 
Fluorescence images (Figure S11) for every condition (DAPI, 
60× objective, same laser intensity and exposure time) were 
quantified using ImageJ. Graphical data represents an average 
fluorescence of 7-20 cells from two repeats. Relative fluores-
cence for every probe in every condition was derived by nor-
malizing the derived CTCF/area value for probe + inhibitor 
combination by the CTCF/area of the corresponding control 
(P1, P2, or P3).  Error bars represent relative standard devia-
tion between two independent experiments. A two-tailed t-
test was used to detect statistically significant differences: 
*p~0.01-0.001, **p~0.001-0.0001.  

The inhibitor impact on P2 accumulation in MCF7 cells 
reflected an intriguing interplay between GLUT2 and 
GLUT5 in the uptake of this probe. Comparably to P3, we 
observed the uptake of P2 to be strongly inhibited by CytB 
and not inhibited by fasentin – a combination reflecting 
the involvement of non-specific fructose GLUTs. However, 
when GLUT2-specific inhibitor G2iA was used, we ob-
served an unexpected enhancement of the probe uptake 
(Figure 5). Uptake enhancement was also measured upon 
GLUT5 inhibition by MSNBA. The change in P2 uptake in 
response to a high-affinity GLUT2 substrate GluAm was 
subtle, plausibly due to the ability of GluAm to pass 
through other GLUTs.48 The comparative analysis of re-
sponses to GLUT inhibitors shows the increased uptake 
only for P2. Considering the ability of P2 to pass through 
both GLUT5 and GLUT2 in yeast cell-based GLUT expres-
sion models, it is feasible that P2 alters its uptake paths 
between the two transporters depending on their accessi-
bility. Namely, P2 passes through GLUT2 when GLUT5 is 
occupied (conditions with MSNBA) or through GLUT5 
when GLUT2 is occupied (conditions with G2iA). On these 
bases, the uptake behavior of P2 appears to reflect the up-
take of β-D-fructopyranose in mammalian cells, especially 
considering the reported lack of uptake inhibition by 
MSNBA observed for the C6-fluorinated analog of fruc-
tose.54  

Comparative analysis of P1-P3 uptake allows for dis-
secting fructose GLUT activities. Based on the ability of 
P2 to pass through both GLUT5 and GLUT2, we hypothe-
sized that when the more favored D-fructofuranose occu-
pies GLUT5, the delivery of β-D-fructopyranose (here P2) 
through GLUT2 and the subsequent characterization of 
GLUT2 activity could be feasible. To test this hypothesis, 
we evaluated the uptake of P1 and P2 as a mixture with 

the expectation that GLUT5 will be occupied by the pre-
ferred P1, and the uptake of P2 will be directed through 
GLUT2.  

 
Figure 6: Uptake of P+NBDM mixture in MCF7 cells correlates 
with GLUT5 and GLUT2 activity. A) Uptake distribution for 
NBDM and P2. B) Uptake distribution for NBDM and P3. Flu-
orescence is expressed as CTCF per cell area. Data derived 
from confocal microscopy images of MCF7 cells treated with 
probes and probe mixtures (Figure S12). Fluorescence quan-
tification was done for 7-15 cells per experiment using ImageJ. 
Fluorescence values corrected by quantum yields of the re-
spective probe (P2, P3 or NBDM). Experiments carried in du-
plicates. Error bars represent standard deviation. Normality 
test in Figure S11B. C) Relative levels of GLUT5 and GLUT2 ex-
pression in MCF7 cells; D) Alterations in NBDM and P2 uptake 
as a measure for GLUT2 activity. A two-tailed t-test was used 
to detect statistically significant differences: *p~0.03-0.01, 
**p<0.0001.  

 



 

 
To enable the independent analysis of P2 fluorescence 

within the representative furanose/pyranose mixture, we 
substituted the blue-fluorescent P1 with NBDM – a green 
fluorescent conjugate of 2,5-anhydro-D-mannitol that 
shows specificity for GLUT5 and exhibits uptake efficiency 
similar to P2 (Km ~ 22 μM) in MCF7 cells.20 The differences 
in fluorescence excitation and emission between P2 and 
NBDM (488exc nm/525em, eGFP) allowed for direct evalua-
tion of uptake efficiencies for each probe in the mixture 
(Figure S12). Consequently, MCF7 cells were treated with 
P2+NBDM and P3+NBDM (Figure 6, P+NBDM). To com-
pare the uptake efficiency of probes carrying different 
fluorophores, the CTCF values derived from fluorescent 
images were corrected by quantum yields of Cou-CH3 (P2 
and P3)21 and NBD55 fluorophores – 0.3 and 0.16, respec-
tively. All probes were used at 25 μM concentration. The 
uptake of an individual P2, P3, or NBDM was used as a con-
trol. Considering that GLUT5 is a high-affinity fructose 
transporter, we expect the control NBDM and P1 uptake to 
represent the GLUT5 activity and P3 to reflect the uptake 
independent of GLUT5 or GLUT2. 

When the P+NBDM mixture was introduced to MCF7 
cells, the uptake changed significantly for NBDM (as a 
stand-in for P1) and P2 but not P3 (Figure 6). For 
P2+NBDM (Figure 6A), a significant change in uptake lev-
els of both probes was observed. Notably, the NBDM up-
take was reduced by ~ 30%, suggesting the competition 
from P2 for GLUT5. Remarkably, the uptake of P2 in the 
presence of NBDM increased by ~28%. The NBDM-
induced uptake enhancement for P2, analogous to that ob-
served in the presence of MSNBA (Figure 5), further sug-
gested the involvement of a high-capacity transport for β-
D-fructopyranose. In turn, the lack of competition between 
NBDM and P3 (Figure 6B) supported independent path-
ways for these two probes, as suggested by the yeast-
based GLUT models and inhibition studies.  

To confirm the involvement of GLUT2 in the uptake of 
P2 from the P2+NBDM mixture, we used GluAm as a com-
petitive substrate (P+NBDM+GluAm, Figure 6). In contrast 
to the subtle impact on P2 in a single probe setting (Figure 
5), GluAm induced >50% inhibition in P2 uptake when 
NBDM was present (Figure 6A). It is notable that along 
with the P2 uptake inhibition, we also measured ~30% in-
hibition for NBDM uptake. Considering the competition 
between the two probes for GLUT5, inhibition in NBDM 
uptake would be expected as the amount of P2 amasses 
upon GluAm-induced inhibition of GLUT2. Noting that, to 
date, among fructose transporters, only GLUT2 was found 

to pass GluAm,48, 50  the evident inhibition of P2 uptake by 
GluAm indicated a direct involvement of GLUT2 in the up-
take of this 𝛽𝛽-D-pyranose mimetics from the P2+NBDM 
mixture. The evident loss in P2 uptake upon hindering 
both GLUT5 and GLUT2 with competitive substrates, as 
well as an evident competition of the amassed P2 for 
GLUT5, provides further support for GLUTs 2 and 5 as pre-
dominant passage paths for β-D-fructopyranose.  

As expected, the uptake of the P3+NBDM mixture was 
not impacted by GluAm (Figure 6B). The results validated 
the lack of GLUT2 involvement and the existence of the al-
ternative uptake path (plausibly GLUT12) for the α-D-fruc-
topyranose. 

Considering the apparent involvement of GLUT2 in the 
uptake of P2 and distribution of P2 uptake between 
GLUT5 and GLUT2 in the presence of a GLUT5-specific 
substrate, the comparative analysis of the individual probe 
uptake (Ctr) vs. the NBDM+P2 mixture can be applied to 
characterize GLUT2 activity in cells. Immunofluorescence 
analysis of GLUT5 and GLUT2 expression in MCF7 cells us-
ing respective specific antibodies (Figure S9) reflected the 
4:1 ratio between GLUT5 and GLUT2 (Figure 6C), agreeing 
with prior reports.56 The measured change in the P2 up-
take for NBDM+P2 mixture (Figure 6D) appears to closely 
reflect the difference between GLUT5 and GLUT2 levels. 
Validation of GLUT5:GLUT2 expression ratios using 
furanose and pyranose mimetics in different cell types is 
underway.  

 
Conclusions 

In conclusion, with the novel fluorescently labeled mi-
metics of fructose isomers, we experimentally demon-
strated that bulking the C6-position of fructofuranose and 
fructopyranose conformers locks the orientation of sugar 
within the binding site of a GLUT transporter leading to 
discrimination in the uptake between conformers and con-
stitutional isomers. We showed that in mammalian cells, 
while fructofuranose retains GLUT5-specific uptake re-
gardless of other fructose GLUTs, the β-D-pyranose can al-
ter the uptake path between GLUT5 and GLUT2 depending 
on the availability of the transporter. We also established 
that, despite the ability of GLUT2 to recognize β-D-pyra-
nose and α-D-pyranose isomers of fructose, the uptake of 
the α-D-fructopyranose in the multi-GLUT environment of 
a mammalian cell is independent of GLUT2 and proceeds 
through the alternative GLUT pathway. By exclusion, this 
alternative pathway in MCF7 cells appears to be GLUT12. 
By inducing the distribution of fructose mimetics between 
different GLUTs, we demonstrated the feasibility of as-
sessing relative activities of non-specific fructose GLUTs 
through multi-color fluorescence analysis. Using the com-
parative analysis of the uptake of the green-fluorescent β-
D-fructofuranose and blue-fluorescent β-D-fructofuranose 
vs. their mixture, we demonstrate the first-time analysis of 
GLUT2 activity in live cells. While we presented the simul-
taneous analysis of GLUT activity with two probes, the re-
ported diversity of coumarin fluorescence colors allows 
the probe combination to include the P3 for the subse-
quent three-component analysis. Overall, considering the 
important role that GLUTs play in health and disease, the 
molecular probes described herein provide essential tools 
for monitoring alterations in GLUT activity in live cells in 
biochemical and biomedical applications. The structure 
uptake relationships derived in this work provide the 



 

basis for further development of GLUT2- and, plausibly, 
GLUT12-specific substrates as activity reporters. 

METHODS 

Materials and Methods: All reagents were used as received 
unless otherwise stated from Sigma-Aldrich, TCI America, Alfa 
Aesar, Ark Pharm, or Chem-Impex International. L-Gulose was 
obtained from TCI America, and 7-amino-4-methylcoumarin 
from Sigma-Aldrich. Analytical TLC was carried out on com-
mercial SiliCycle SiliaPlate® 0.2 mm F254 plates. Preparative 
silica chromatography was performed using SiliCycle 
SiliaFlash® F60 40-63 μm (230-400 mesh). Final purification 
of compounds was achieved with Agilent-1200 HPLC (high-
pressure liquid chromatography) using reversed phase semi-
preparative column (Phenomenex® Luna® 10 µm C18(2) 100 
Å, LC Column 100 × 10 mm, Ea). 1H and 13C NMR spectra were 
recorded at room temperature with a Varian Unity Inova 400 
MHz spectrometer. CD3OD, acetone-d6, and D2O were used as 
solvents and referenced to the corresponding residual solvent 
peaks (3.31 and 49.0 ppm for CD3OD, respectively; 2.05 and 
29.84 ppm for acetone-d6, respectively; 4.79 ppm for D2O). The 
following abbreviations are used to indicate the multiplicity: s 
- singlet; d - doublet; t - triplet; q - quartet; m - multiplet; b - 
broad signal; app - approximate. The coupling constants are ex-
pressed in Hertz (Hz). The multiplicity of carbon atoms was de-
termined by DEPT-135 experiment. The high-resolution (HR) 
MS data (ESI) were obtained using a Thermo Fisher Orbitrap 
Elite Hybrid Ion Trap-Orbitrap Mass Spectrometer at Chemical 
Advanced Resolution Methods (ChARM) Laboratory at Michi-
gan Technological University. Cytochalasin B (CytB), MSNBA, 
glucosamine (GluAm), and fasentin were purchased from 
Sigma-Aldrich, MolPort, Chem-Impex International, and Med-
ChemExpress, , respectively. G2iA was kindly provided by Dr. 
Choe. Confocal images were taken with Olympus FluoView 
FV1000 using the FluoView software. RPMI-1640, Penicil-
lin/Streptomycin, FBS (Fetal Bovine Serum), and 0.25% Tryp-
sin-EDTA (1X) were purchased from Life Technologies, USA. 
Sterile DMSO (25-950-CQC, 250mL) was purchased from 
Sigma-Aldrich. 10 cm cell culture dishes treated for increased 
cell attachment and poly-D-Lysine coated 35 mm confocal 
plates were purchased from VWR and MatTek, respectively. 
MCF7 cells were obtained from ATCC, USA and cultured accord-
ing to the suggested growth methods. Hexose transporter-defi-
cient yeast strains, EBY.VW4000 (doi: 10.1016/S0014-
5793(99)01698-1) and EBY.S7 (doi: 10.1159/000071863), 
and the plasmids for functional expression of GLUT1, GLUT2, 
and GLUT5, were from the laboratories of Drs. Eckhard Boles 
and Oreb Mislav at Goethe University Frankfurt, Germany. 

Ligand uptake studies in GLUT-expressing hxt0 yeast cells: 
Culturing of GLUT-expressing hxt0 yeast cells: Yeast cell 
growth was done at 30 ºC with shaking (180-220 rpm). The 
plasmids with the functional constructs of GLUT1 
(p426H7_GLUT1),18 GLUT2 (pRS62K_GLUT2ΔloopS_Q455R),18 and 
GLUT5 (pRS72K_GLUT5S72Y)34 were transformed in the corre-
sponding hxt0 yeast strains (EBY.S7 for GLUT1 and 
GLUT2ΔloopS_Q455R, and EBY.VW4000 for GLUT5S72Y) and grown 
on 2% (w/v) agar plates of the respective media supplemented 
with 1% (w/v) maltose. The main media was YEP [1% (w/v) 
yeast extract and 2% (w/v) peptone] supplemented with 100 
µg/mL geneticin (G418) for GLUT2 and GLUT5 or complete 
synthetic media without uracil (SC-uracil) for GLUT1. An initial 
culture of ~ 10 mL was started with a few colonies and grown 
for one day (GLUT2 and GLUT5) or two days (for GLUT1). Cells 
were washed once in the corresponding media in which 

maltose was substituted with the corresponding hexose sub-
strate for the expressing GLUT (2% (w/v) glucose for GLUT1, 
0.2% (w/v) glucose for GLUT2, and 2% (w/v) fructose for 
GLUT5). Then, cells were transferred in the same media to 
OD600nm ~ 0.5 and grown further for 1-2 days. 

Fluorescent probe uptake measurement: Each transport as-
say reaction had 100 µl of cell solution at a cell density corre-
sponding to OD600nm of 50 in PBS buffer (10 mM Na2HPO4, 1.8 
mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4). The cells were 
incubated with P1, P2 or P3 probes dissolved in PBS, at concen-
trations of 0.1 mM for GLUT5-expressing cells or 1 mM for 
GLUT2-expressing cells, for different time intervals. The uptake 
was stopped with 2 mL ice-cold Quench buffer (0.1 M KPi, 0.1 
M LiCl, pH 5.5) followed by immediate filtering of the cell solu-
tion onto glassfiber filters (GE healthcare GP120) and three 
more washes (2 mL each time) of the filter with the Quench 
buffer. The filter was then transferred to a glass vial containing 
3 mL PBS buffer and mixed vigorously with a vortex to detach 
the cells from the filter. Then, 2 mL of the solubilized cells were 
transferred into a cuvette to determine their fluorescence level 
on Shimadzu (GLUT5) or Horiba (GLUT2) fluorometers. For 
competition experiments, the incubation was done in the pres-
ence of 100 mM fructose (for GLUT5), or 100 µM phloretin (for 
GLUT2).  

Radioisotope transport assay: 14C-fructose or -glucose were 
from Moravek Inc (Brea, CA, USA).  For transport activity assay, 
cells in the hexose media were centrifuged (1000 × g, 5 min., 
room temperature), washed once with PBS buffer, and resus-
pended in the same buffer at an OD600nm ~ 10; each assay con-
tained 100 µl of this cell solution. The transport activity assay 
was started by adding 10 mM fructose (for GLUT5) or 15 mM 
glucose (for GLUT2); the substrate stock solution was a combi-
nation of the 14C-labeled and unlabeled substrate totaling to 
250 mM concentration for fructose and 375 mM concentration 
for glucose (i.e., 25X). Transport activity assay was stopped af-
ter 10 minutes by adding 3 mL ice-chilled Quench buffer, fol-
lowed by filtration through a glass fiber channel (GC50; Advan-
tec, Tokyo, Japan) under vacuum and another wash with 3 mL 
Quench buffer and filtration. The filtration membranes were 
transferred into scintillation vials, combined with 10 mL of 
Scintillation Solution (BioSafeII; Research Products Interna-
tional, Mount Prospect, IL, USA), and vortexed briefly. The ra-
dioactivity was determined with a scintillation counter (Tri-
carb 2900TR, Perkin Elmer, USA). When checking the effect of 
P1-P3 on the transport assay, the assay reactions contained the 
probes at 0.1 mM or 1 mM concentration. The inhibitors and 
high concentrations of fluorescent probes (as needed in exper-
iments with 1 mM probes) were solubilized in DMSO so that the 
final DMSO concentration in the transport assay was under 1% 
(v/v). Thus, controls for determining the relative transport ac-
tivity included 1% (v/v) DMSO, representing the normal GLUT 
activity (100%), and known inhibitors (200 µM phloretin for 
GLUT2, and 100 µM MSNBA for GLUT5), representing fully in-
hibited activity. 

Ligand uptake studies in the mammalian MCF7 cell: MCF7 
cell culture and plate preparation: For all fluorescence anal-
yses, adenocarcinoma MCF7 cell line was cultured using RPMI-
1640. Complete RPMI-1640 medium contained 10 % fetal bo-
vine serum (FBS) and 1 % penicillin/streptomycin. Cells were 
cultivated in 10 cm cell culture dishes (VWR) at 37 °C in 5% CO2 
and under 65% relative humidity. Cells were cultured from the 
initial passage, and passages 15-25 were used for all studies. 
MCF7 cells were collected at ~ 80% confluence of the 10 cm 



 

tissue culture plate using 0.25% Trypsin-EDTA (2 mL). The 
trypsin fraction was diluted with culture media to 5 mL. Then, 
cells were palleted by centrifugation (1600 rpm, 5 min.), recon-
stituted in the complete culture media (5 mL), and plated with 
a seeding density of 150,000 cells per 35 mm glass-bottom con-
focal dishes (MatTek). The total volume in the plate was 
brought to 2 mL with corresponding media when needed. After 
12 h, the culture media was exchanged, and cells were allowed 
to grow for 48 hours from the moment of cultivation. 

Cell imaging and fluorescence image processing: MCF7 cell 
images were taken with Olympus FluoView FV1000 using the 
FluoView software. 60× oil suspended lens were used to ob-
serve fluorescent activity with the following conditions: DAPI 
(ManCous) and eGFP (NBDM) filters; lasers 405 nm (35% in-
tensity), 450/490 nm (35% intensity); 20 µs/pixel. Z-stacking 
was done with FluoView software and depth command. The ob-
tained fluorescence images were quantified using ImageJ. Flu-
orescence was calculated as Corrected Total Cell Fluorescence 
(CTCF) (CTCF = Integrated Density−(Area of selected cell × 
Mean fluorescence of background readings).57 CTCF was nor-
malized by the area of the selected cell (CTCF/area of the se-
lected cell). This procedure was done for cells by selecting re-
gions of interest in the single image. The finalized values repre-
sent an average fluorescence of 7-30 cells per image. At least 
two images per sample were processed.  

Uptake analysis: Probe solutions (25, 50, 75, 100, 200, 500 
μM) were prepared in the complete cell culture media (2 mL) 
using 5 mM probe stock solutions in DMSO. DMSO concentra-
tion was kept below 10%. For treatment, cells seeded in glass-
bottom confocal dishes were used. Cell media was removed, 
and a probe solution (2 mL) was added. Cells were incubated 
with P1-P3 at 37 °C for 15 min. After incubation, probe solution 
was removed, cells were washed with complete culture media 
(2 × mL) to remove residual probe and replenished with 2 mL 
of complete culture media for imaging.  

Temperature studies: To explore GLUT transporters involve-
ment in the P1-P3 uptake and exclude passive diffusion 
through the membrane, the uptake of probes was evaluated at 
4 °C. For this, MCF7 cells were seeded in confocal plates as de-
scribed above. Prior to treatment with probes, confocal plates 
with the seeded cells were kept in a fridge at ~ 4 °C for 30 min. 
After that, the culture media was discarded and a cooled solu-
tion of a corresponding probe (25 μM) in the complete culture 
media was added. Cells were kept in the fridge at ~ 4 °C for 15 
min to assess the involvement of GLUTs and for 1 h to assess 
the involvement of passive diffusion. After treatment, probe-
containing media was removed, cells were washed with the 
complete cell culture media (2 × 1 mL) and replenished with 2 
mL media for fluorescence imaging. 

Efflux analysis: MCF7 cells were incubated in 2 mL complete 
RPMI-1640 media supplemented with 25 μM probe (P1-P3) at 
37 °C, 5 % CO2 for 15 min. After incubation, media containing 
the probe was removed, and cells were washed with 2 × 1 mL 
of phenol red free RPMI-1640 media. Then cell plates were re-
plenished with phenol red free media and left for 5 min. and 20 
min. at the incubation conditions. After efflux time, media was 
transferred to the 15 mL tube, followed by centrifugation for 3 
min at 3000 rpm to get rid of cell floaters and debris. The su-
pernatant was transferred to a fresh tube and shielded from the 
light by foil. Samples were transferred into cuvettes, and fluo-
rescence emission spectra were obtained in FluoroMax-4 spec-
trophotometer using FluorEssence software with excitation at 

385 nm and slit size of 5 nm. The background fluorescence of 
media was subtracted in each time test using FluorEssence. 

Competitive uptake inhibition analysis: For uptake inhibi-
tion analysis, 5 mM CytB, MSNBA, and G2iA, and 10 mM fasen-
tin stock solutions in DMSO as well as 200 mM GluAm in com-
plete media were prepared. For treatment, each inhibitor solu-
tion was used to prepare inhibitor/probe mixture in the com-
plete cell culture media (2 mL) that was introduced to cells 
seeded in glass-bottom confocal dishes after removal of the in-
itial culture media. Cells were incubated at 37 °C for 15 min. 
After incubation, probe+inhibitor solution was removed, and 
cells were washed with the complete culture media (2 × 1 mL) 
and replenished with 2 mL media for fluorescence imaging. 
CytB and MSNBA were co-incubated with P1-P3 probes, 
GluAm, G2iA and fasentin with P2-P3 probes. 25 µM P1-P3 
treatment was used as a control. 

Co-incubation with NBDM: Stocks of 5 mM NBDM stock solu-
tion in DMSO as well as 200 mM glucosamine in RPMI-1640 
were prepared. Equimolar Probe/NBDM (25 µM) or 
Probe/NBDM (25 µM)/glucosamine (100 mM) mixtures in me-
dia (2 mL) were introduced to cells seeded in glass-bottom con-
focal dishes after removal of the initial culture media and fol-
lowed by incubation at 37 °C for 15 min. After incubation, probe 
solution was removed, cells were washed with the complete 
cell culture media (2 × 1 mL) and replenished with 2 mL media 
for fluorescence imaging. 25 µM P2 and P3, 25 µM NBDM treat-
ments were used as a control.  

GLUT2 and GLUT5 immunofluorescence analysis: MCF7 
cells were cultured in confocal plates using complete RPMI-
1640. Then, cells were fixed using 4% PFA for 20 min and 
washed with PBS (3 × 2 mL) for a total of 15 min. Bovine serum 
albumin was used for overnight protein blocking of the fixed 
cells at 4 °C. After that, blocking solution was discarded, and 
cells were incubated with appropriate primary antibody 
(GLUT2, Santa Cruz Biotechnology, sc-518022; GLUT5, Santa 
Cruz Biotechnology, sc-2710) at a dilution of 1:200. Cells were 
washed with PBS (2 × 2 mL) and incubated for 2 h with the sec-
ondary antibody conjugated to Alexa 488 (Invitrogen, Thermo 
Fisher Scientific, A32723) at a dilution of 1:1000. Antibodies 
were washed off.  Immunostained cells were imaged using 
Olympus FluoView FV1000 confocal microscope with 60× ob-
jective and Alexa488 filter.  

Quantification, statistical and kinetic analysis: Sample size 
of all image-derived data point was set as 7-30 cells. Quantified 
fluorescence reported as CTCF/cell area. Data is presented as + 
standard deviation of the average fluorescence, calculated by 
Excel. Statistical significance calculated using 2-tail T-test and 
is indicated in figures using the following denotation: *p < 0.01-
0.001, **p < 0.001-0.0001. Km values were derived using Quest 
Graph™ EC50 calculator and a four-parameter logistic regres-
sion model. Normality test was performed using GraphPad 
Prism 9.4.1. 
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