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ABSTRACT 

We have developed a new approach to quantify the equilibrium-exchange kinetics of 

carrier-mediated transmembrane transport of fluorinated substrates. The method is 

based on adapted kinetic theory that describes the concentration dependence of the 

transmembrane-exchange rates of two competing, simultaneously transported species. 

Using the new approach, we quantified the kinetics of membrane transport of both 

anomers of three monofluorinated glucose analogues in human erythrocytes (red blood 

cells: RBCs) using 19F nuclear magnetic resonance (NMR) exchange spectroscopy 

(EXSY). An inosine-based glucose-free medium was shown to promote survival and 

stable metabolism of RBCs over the duration of the experiments (several hours). Earlier 

NMR studies only yielded the apparent rate constants and transmembrane fluxes of the 

anomeric species, whereas we could categorize the two anomers in terms of the 

catalytic activity (specificity constants) of the glucose transport protein GLUT1 

towards them. Differences in the membrane permeability of the three glucose analogues 

were qualitatively interpreted in terms of local perturbations in the bonding of 

substrates to key amino-acid residues in the active site of GLUT1. The methodology of 

this work will be applicable to studies of other carrier-mediated membrane transport 

processes, especially those with competition between simultaneously transported 

species. The GLUT1-specific results can be applied to the design of probes of glucose 

transport, or inhibitors of glucose metabolism in cells including those exhibiting the 

Warburg effect. 
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INTRODUCTION 

Glucose transport via GLUT proteins 

D-Glucose (Glc) metabolism is essential to all living systems (1). Due to the marked 

hydrophilicity of Glc, lipid-bilayer membranes impose a significant barrier to its 

exchange into and out of cells. Consequently, most organisms have evolved specialized 

membrane proteins that catalyze this process (2). In humans, the GLUT family of 

integral membrane proteins, consisting of 14 known isoforms (3, 4), perform this 

function. Of these, GLUT1 (UniProt Accession ID: P11166) is the most abundant and, 

of relevance to the present work, is the major glucose transporter in the human 

erythrocyte (red blood cell; RBC), where it is essential for cell viability (5). 

GLUT1 and some other GLUT isoforms are overexpressed in cancer cells and this 

correlates with the increased demand for Glc that defines the Warburg effect (6, 7). 

This makes members of this class of proteins appealing as therapeutic drug targets (8, 

9), so there is a considerable interest in the development of novel compounds that bind 

to and inhibit GLUT1 (10, 11). In order to improve the molecular recognition of drug 

candidates by GLUT proteins, various means of incorporating Glc into larger 

molecules, or mimicking the Glc scaffold, are being actively explored (12). 

The crystal structure of GLUT1 was reported by Deng et al. in 2014 (13). The 

crystallized protein had n-nonyl--D-glucopyranoside in the binding pocket, which 

allowed the transporter to be captured in the inward-open conformation. In 2015, the 

same group reported a high-resolution structure of GLUT3 complexed with Glc in an 

outward-occluded conformation (14). Two additional crystal structures of GLUT3 with 

the exofacial inhibitor maltose, captured in outward-open and outward-occluded 

conformations, were also reported (14). These developments enabled a schematic 

interpretation of the molecular recognition forces that govern binding and transport of 

Glc by the GLUTs. On the other hand, there have been few quantitative results that 

describe these proteins “in action” (in real time) as they bind and discharge their 

substrates, thus mediating transmembrane Glc flux. 

F-substituted glucoses as substrates 

A fluorine atom can serve as a hydrogen-bond acceptor, but unlike an -OH group, it 

cannot be a hydrogen-bond donor (15). Therefore, systematic substitutions of -OH 

groups by H or F atoms in carbohydrates can be used to probe the participation of 
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specific -OH groups in the binding of carbohydrates to enzymes (16-18). Several 

fluoro-deoxy-glucoses (FDGs) have been assessed as GLUT1 substrates using 19F-

NMR spectroscopy (19-22). However, only apparent rate constants for transport using 

a single substrate concentration were estimated, without taking into account Michaelis-

Menten kinetics and substrate saturation effects. In the present work, we adapted a 

previously developed kinetic theory based on the ‘single-site alternating-access’ model 

and studied the transport of monofluorinated glucoses in human RBCs at a range of 

different substrate concentrations. This allowed interpretation of the results in terms of 

the specificity constants of GLUT1 towards these fluorosugars as it operates in situ, in 

the membranes of fully viable RBCs. 

MATERIALS AND METHODS 

Materials 

The three studied monofluoro-deoxy-D-glucoses (Fig. 1) were obtained from 

Carbosynth (Compton, West Berkshire, UK). Stock solutions were prepared in 

deuterated saline (154 mM NaCl in D2O). The 99% pure D2O was from the Australian 

Institute of Nuclear Science and Engineering (Lucas Heights, NSW, Australia). 

The ‘inosine saline’ medium used for RBC suspensions (300 mOsm kg-1; pH 7.4), 

consisted of 10 mM inosine; 10 mM sodium pyruvate; 5 mM NaH2PO4; 4.5 mM NaOH; 

10 mM KCl and 133 mM NaCl in Milli-Q H2O. The osmolality of the saline solutions 

was measured with a vapor-pressure osmometer (model 5520, Wescor Instruments, 

Logan, UT, USA). All stock saline solutions were isotonic with RBCs. The solutions 

were passed three times through a cellulose acetate filter with a pore size of 0.2 µm 

(Millipore, MA, USA) and stored at 4˚C. 

Cytochalasin B (cytoB) was purchased from Sapphire Bioscience (Redfern, NSW, 

Australia). Its 20 mM stock solution was prepared in DMSO-d6 and typically 2.5 µL 

of this solution was added to 0.5 mL of an NMR sample in GLUT1 inhibition studies; 

this led to a final concentration of 0.1 mM. All other fine chemicals were from Sigma-

Aldrich (St Louis, MO, USA). 
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FIGURE 1 The three studied monofluorinated glucose analogues. 

RBC sample preparation 

Fresh blood samples were taken from a single donor by cubital-fossa venipuncture 

(informed consent was obtained from the subject and approval was given by The 

University of Sydney Human Ethics Committee). Heparin was used as an anti-

coagulant at a concentration of 15 IU (mL blood)-1 (23). Each blood sample (~20 mL) 

was centrifuged at 3000 g for 5 min at 10˚C, which allowed the separation of RBCs by 

vacuum-pump aspiration of the blood plasma and buffy coat. 

The RBCs were washed twice in saline (154 mM NaCl in Milli-Q H2O) and then twice 

in ‘inosine saline’. Washing involved re-suspending the cells in ~5 volumes of the 

washing medium, centrifuging at 3000 g for 5 min at 10˚C and removing the 

supernatant by vacuum-pump aspiration. Before the last washing step with saline, the 

cells were bubbled with carbon monoxide for 10 min to convert the RBC hemoglobin 

into its stable diamagnetic form for optimal resolution and signal-to-noise in the 

subsequent NMR spectra. 

The obtained RBC suspensions were mixed with various amounts of fluorosugars in 5-

mm NMR tubes. In all 19F-NMR experiments, the final volume of the sample in an 

NMR tube (𝑉tot) was 0.5 mL, which had 10% (v/v) D2O and hematocrit (𝐻𝑡) = 60-

70%. In each individual case, the 𝐻𝑡 value was measured using a capillary centrifuge 

(Clements, North Ryde, NSW, Australia) and taken into account when calculating the 

total aqueous volume of the sample (Eq. S1 in the Supporting Material). All molar 

substrate concentrations in the NMR samples were calculated with respect to the total 

aqueous volume of the sample (𝑉aq), rather than the total volume of the RBC suspension 

in the NMR tube (𝑉tot). 
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O

CH
2
OH

F

OH

OH OH

O

CH
2
OH

OH

OH

F OH

O

CH
2
OH

FDG-2 FDG-3 FDG-4

OH

F

HO OH



 

 

6 

The microscopy images were acquired using a 100 objective on an Olympus BX51 

light microscope (Olympus Corporation, Tokyo, Japan) using the differential 

interference contrast (DIC) mode. Image analysis was done with Olympus image 

analysis software. 

NMR spectroscopy 

General. All NMR spectra were acquired on a Bruker Avance III 400 spectrometer 

(Bruker BioSpin, Karlsruhe, Germany) using either 5-mm dual 19F/1H or 10-mm BBOG 

probes (Bruker). 10% (v/v) D2O was used for locking the spectrometer’s magnetic field. 

In all NMR experiments, the sample temperature was 37˚C, which was calibrated using 

a standard sample of neat methanol-d4. Spectra were recorded and processed using 

Bruker TopSpin 3.5 software.  

2D EXSY. The pulse sequence used for the 2D EXSY experiments is shown in Fig. 

2 A. 1H decoupling during the direct and indirect acquisition periods was achieved with 

WALTZ-16 composite-pulse decoupling (24) (90˚ decoupler-pulse duration of 90 µs 

centered at 4 ppm), and a high-power 180˚ 1H pulse, respectively. Two transients were 

accumulated per free induction decay (FID), in order to suppress axial peaks by a two-

step phase cycle of the first 90˚ pulse (viz., x, -x; acquire: x, -x) (25). The inter-transient 

delay was 1 s, the mixing time 𝑡m was set to 0.5 s. The acquired data matrix consisted 

of 256 and 32 complex points in the direct and indirect acquisition dimensions, 

respectively. The spectral width varied from 3 to 6 ppm, depending of the chemical 

shift dispersion of 19F-NMR signals of individual sugars. Spectra were processed with 

a cosine-squared window multiplication function in both frequency dimensions, and 

the data were extended to 128 complex points in the indirect acquisition dimension by 

the standard linear prediction algorithm in TopSpin. 

 

 

FIGURE 2 NMR pulse sequences used in this study: (A) 19F 2D-EXSY with 1H decoupling in the two 

dimensions; (B) 19F 1D-EXSY: the incremented period (t1) is replaced by a fixed delay 1/(2Δν), where 
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Δν is the difference in chemical shift between the resonances (in Hz) of the two exchanging populations. 

Horizontal lines labelled ‘1H’ and ‘19F’ represent separate radio-frequency (RF) channels tuned to the 

resonance frequency of 1H and 19F, respectively. Narrow and wider black rectangles represent 90° and 

180° hard RF pulses, respectively, applied at the frequency of the corresponding channel. The decaying 

oscillating curve denotes signal (FID) acquisition, while the open rectangles represent WALTZ-16 

composite pulse decoupling (24). 

1D EXSY. The pulse sequence used for the 1D EXSY experiments is shown in Fig. 2 

B. Four or eight transients were acquired per FID (the larger number was used for lower 

concentrations of FDG), and a four-step phase cycle of the last 90˚ pulse was used to 

select the zero-order spin coherence during the mixing time (x, y, -x, -y; acq: x, y, -x, -

y). Each FID was recorded using 4096 complex points with a spectral width of 35.9 

ppm and an acquisition time of 0.3 s. The radio-frequency transmitter was set ‘on 

resonance’ with the intracellular spin-population in order to achieve the selective 

inversion of its magnetization at the beginning of the experiment. The longitudinal 

relaxation time constants (T1) were estimated from an inversion-recovery experiment; 

in all cases, the values were less than 1.5 s, therefore, an inter-transient delay of 8 s (> 

5 T1 values) was used to yield spectra that were suitable for quantitative kinetic analysis. 

Spectra were processed with exponential line-broadening of 3 Hz, zero-filled to 32768 

complex points and phase-corrected in TopSpin. Acquisition and processing of spectra 

was repeated for 16 different mixing times ranging from 0 to 5 s (0, 0.025, 0.05, 0.1, 

0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0 and 5.0 s), and with five different 

substrate concentrations (6.2, 9.3, 12.4, 18.6 and 24.8 mM). 

1H spin-echo. 1H spin-echo NMR spectra of RBCs in various media were recorded for 

5 min (using spin-echo delay 𝜏 = 67 ms) in 1-hour intervals using the experiment 

described in (26). 128 transients were recorded with an inter-transient delay of 2 s per 

spectrum. Each FID was acquired using 1024 complex points, spectral width of 10 ppm 

and acquisition time of 0.256 s. The water resonance was suppressed by using pre-

saturation during the inter-transient delay. 

Six spectral time points were acquired for each of the samples in experiments conducted 

for 5 h. In order to quantify the lactate production rates, an internal standard of a non-

metabolized inert compound (5 mM acetate) was added to each sample (peak 3 in Fig. 

3 A). Also, a separate sample with known quantities of acetate (5 mM) and lactate 

(10 mM) was used to acquire a 1H spin-echo NMR spectrum under the same 

experimental conditions. This allowed us to calculate the coefficients of 
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proportionality, required for the conversion of the measured lactate peak intensities to 

the corresponding concentrations in mM.  

Computation and statistical analysis 

1D-EXSY spectra were imported into Mathematica (Wolfram, Champaign, IL) (27), 

where peak integration and subsequent numerical data analysis were performed. The 

integrals of the two NMR signals were measured at each mixing time; this generated 

time-course plots for the two exchanging magnetizations as functions of the mixing 

time, viz., 𝑀e(𝑡m) and 𝑀i(𝑡m). The model of Eqs. 1-2 was fitted to the obtained time 

courses using Mathematica’s routine 'NonlinearModelFit' with a Levenberg-Marquardt 

algorithm, which allowed estimation of the exchange-rate constants with their 

corresponding standard errors. Selective inversion of the intracellular NMR signal 

specified a key initial condition for the solution of Eqs. 1-2: 𝑀e(0) = 𝑀e
eq

 and 𝑀i(0) =

−𝑀i
eq

. 

Lactate production rates were quantified for the initial linear period of the reaction (0-

3 h) by fitting a straight line to the experimental data using Mathematica’s routine 

‘LinearModelFit’. For testing the statistical significance of the difference between the 

slopes of any two lines, the standard two-tailed t-test was used. 

RESULTS 

Stability of RBCs in inosine medium  

Accurate membrane transport studies of GLUT1 require that the RBCs are maintained 

in a stable morphological and metabolic state in a glucose-free medium prior to the 

experiments (and then in the presence of the glucose analogues during the experiment). 

Therefore, given the prolonged incubations (up to 3 hours) used for many of the 

experiments, we first aimed to establish and verify an optimal glucose-free medium, 

that was composed to prolong the integrity of metabolically-active human RBCs during 

the fluorosugar 19F-NMR EXSY experiments. 

In order to provide a non-glucose-based energy source that is required for RBC survival 

over several hours, an inosine-based saline with additional pyruvate, phosphate and 

KCl was employed. Pyruvate, as the oxidized counterpart of lactate in the lactate 

dehydrogenase (E.C. 1.1.1.27) reaction, helps to maintain a higher concentration of 

NADH that promotes flux through the second half of glycolysis, starting with 

glyceraldehyde-3-phosphate dehydrogenase (E.C. 1.2.1.12) and reduces spontaneous 
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oxidation reactions. KCl provides the extracellular cation for continual activity of 

Na+,K+-ATPase, the dominant site of adenosine triphosphate (ATP) hydrolysis in the 

cell and, therefore, a major determinant of glycolytic flux. 

In order to assess the stability of RBCs in the medium, we used 1H spin-echo NMR 

experiments (26) to monitor ongoing production of lactate from glycolysis by RBCs in 

four different media: (I) ‘normal’ saline (150 mM NaCl + 10 mM KCl); (II) ‘normal’ 

saline with addition of 10 mM Glc; (III) the ‘standard’ ascorbate saline that was used 

in some previous 19F-NMR studies of fluorosugars with RBCs (21, 28, 29); and (IV) 

the developed inosine saline. The obtained 1H spin-echo NMR spectra are shown as 

stack plots in Fig. 3 A. 

 

FIGURE 3 Lactate production by RBCs in four suspension media. (A) 400.13 MHz 1H NMR spin-echo 

spectral time courses of RBC suspensions of the four studied media (see text). The following assignments 

were made by adding individual substances to the samples in a separate experiment and using previously 

published data (30): 1 (1.34 ppm) – CH3 of lactate; 2 (1.49 ppm) – CH3 of alanine and/or pyruvate 

hydrate; 3 (1.93 ppm) – CH3 of acetate; 4 (2.18 ppm) – CH2(β) of the glutamyl residue in reduced 
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glutathione; 5 (2.39 ppm) – CH3 of pyruvate (keto-form); 6 (2.57 ppm) - CH2(𝛾) of the glutamyl residue 

in reduced glutathione; 7 (3.74 ppm) – CH2 – of Tris buffer. The spectra were scaled so that the intensities 

of the acetate peak were the same in each series. (B) Production of lactate by RBCs, as calculated from 

the spectra of (A), over the duration of the experiment (5 h at 37˚C). Coefficients of variation in 

concentration estimates were uniformly less than 5%. 

Each of the samples showed ongoing production of lactate (as a steady growth of peak 

1 in Fig. 3 A). Figure 3 B shows the increase in lactate concentration over time in the 

samples in the four different media. The rate of lactate production was significantly 

greater in the samples containing an energy-supply substrate: glucose (II) and inosine 

(IV), in comparison with the substrate-free samples: ‘normal’ saline (I) and the 

ascorbate medium (III) (Fig. 3). We ascribed the production of lactate in samples (I) 

and (III) to the breakdown of endogenous 2,3-bisphosphoglycerate (23BPG). 

There was no statistically significant difference (P < 0.05) in lactate production rates 

between sample (II) (1.74 ± 0.03 mmol (L RBC)-1 h-1) and sample (IV) (1.71 ± 0.03 

mmol (L RBC)-1 h-1) indicating that the glycolytic rate in the inosine-based saline was 

the same as for the glucose-supplied control. In contrast, samples (I) and (III) did not 

have any energy-supply substrate and this clearly led to ‘metabolic starvation’ of the 

cells. 

The samples used for the 1H spin-echo experiments were also examined with 

differential interference contrast (DIC) light microscopy. Digital micrographs of each 

of the samples (in media I-IV) were recorded immediately before the NMR 

measurements, and after 3 and 5 h of incubation at 37˚C; representative micrographs 

are shown in Fig. 4. The images confirmed the integrity (biconcave-disc shape) of the 

RBCs in the glucose and inosine media. This indicated that the RBCs survived well and 

were not adversely affected by any of the solutes and ions in the inosine-saline solution, 

making it a suitable glucose-free medium for the cells. In contrast, there was a notable 

formation of RBCs with irregular shapes (early echinocytes) in the samples that did not 

have energy-supply substrates (these cells are marked with asterisks in Fig. 4). 

Overall, the results indicated that the RBCs were metabolically stable in ‘inosine saline’ 

for at least 3 h at 37˚C. This was sufficient for the readily scheduled acquisition of a 

series of the 19F-NMR EXSY experiments. 
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FIGURE 4 DIC light micrographs of RBCs in samples (in media I-IV) used in the experiment of Fig. 3. 

The micrographs for each sample were obtained: (a) before the acquisition of the 1H spin-echo spectra; 

and (b) upon 3 h and (c) upon 5 h after the start of the incubation at 37˚C. The asterisks indicate the most 

obvious cells of irregular shape, while ‘w’ labels a white blood cell in micrograph (aI). 

1D 19F-NMR experiments 

Initially, we measured 1D 19F-NMR spectra of each of the studied fluorosugars added 

to a suspension of RBCs (Figs. S1-S3 in the Supporting Material). The peaks from both 

anomers present inside and outside the RBCs were clearly visible, and they were 

assigned using previous reports (20, 21). The mutarotation constant 𝐾mut = [𝛽]/[𝛼] 

and anomeric ratio 𝑎 (Eq. 9) of the three sugars inside and outside the cells were readily 

measured from the ratio of the peak integrals, and it was verified that ainside and aoutside 

were equal in all cases (within a ~3% margin of error). The values of the anomeric 

ratios 𝑎 for each of the three fluorosugars are given in the first column of Table 2. 

Measurement of 1D spectra was repeated after incubation of the samples for ~3 h at 

37°C. No new resonances were observed in the spectra, indicating that phosphorylation 

and further metabolism of the fluorinated glucose analogues was slow under the 

particular experimental conditions. 
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2D-EXSY experiments 

2D-EXSY 19F-NMR spectra were recorded from the three studied monofluorinated 

analogues of Glc in RBC suspensions. These spectra showed no cross-peaks between 

the spin populations of the α- and β-anomers (Figs. 5-7 for FDG-2, FDG-3 and FDG-

4, respectively), as observed by O’Connell et al. (21). Importantly, this indicated that 

the anomeric exchange (mutarotation) was negligible on the timescale of the EXSY 

mixing time (0.5 s) and could safely be ignored in the subsequent kinetic analysis. By 

contrast, for each anomer there were prominent cross-peaks between the resonances of 

the corresponding extracellular and intracellular spin populations (Figs. 5-7), reflecting 

the extent of their transmembrane exchange. 

In a control experiment, it was verified that the exchange cross-peaks completely 

disappeared in the presence of 0.1 mM cytochalasin B, a known inhibitor of glucose 

transport in human RBCs (31), as shown in Figs. 5-7. This was consistent with 

transmembrane exchange of the FDGs being mediated by GLUT1, while the 

contribution of passive permeation by diffusion was negligible (in the mixing time of 

the EXSY experiment). 

 

FIGURE 5 2D-EXSY 19F-NMR spectra (376.46 MHz) of 12.4 mM FDG-2 in an RBC suspension in the 

absence (left panel), and presence of 0.1 mM cytochalasin B (right panel). The spectra were recorded 

with the pulse sequence shown in Fig. 2 A, using a mixing time 𝑡𝑚 = 0.5 s. The subscripts o and i denote 

extracellular and intracellular populations of the   and  anomers, respectively. 
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FIGURE 6 2D-EXSY 19F-NMR spectra (376.46 MHz) of 12.4 mM FDG-3 in an RBC suspension in the 

absence (left panel), and presence of 0.1 mM cytochalasin B (right panel). The spectra were recorded 

with the pulse sequence shown in Fig. 2 A, using a mixing time 𝑡𝑚 = 0.5 s. 

 

FIGURE 7 2D-EXSY 19F-NMR spectra (376.46 MHz) of 6.2 mM FDG-4 in an RBC suspension in the 

absence (left panel), and presence of 0.1 mM cytochalasin B (right panel). The spectra were recorded 

with the pulse sequence shown in Fig. 2 A, using a mixing time 𝑡𝑚 = 0.5 s. 

Determination of exchange rates constants 

In order to measure the rate constants for influx (𝑘ei) and efflux (𝑘ie), the 1D-

counterpart of the 2D-EXSY experiment (32) was used. It allowed more precise 

measurements in a shorter experiment time. From Figs. 5-7, it is clear that, for a given 

fluorinated sugar, there are two independent pairs of exchanging spin populations. 
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Thus, the rates of magnetization exchange of each anomer can be described by a pair 

of simultaneous two-site Bloch-McConnell differential equations (33). In the context 

of the 1D-EXSY experiment, the time dependence of longitudinal magnetization of the 

extracellular 𝑀e(𝑡) and intracellular 𝑀i(𝑡) spin populations, during the mixing time 

𝑡𝑚, is given by: 

 
𝑑𝑀e(𝑡)

𝑑𝑡
= −𝑅1

e[𝑀e(𝑡) − 𝑀e
eq

] − 𝑘ei𝑀e(𝑡) + 𝑘ie𝑀i(𝑡)   (1) 

 
𝑑𝑀i(𝑡)

𝑑𝑡
= −𝑅1

i [𝑀i(𝑡) − 𝑀i
eq

] + 𝑘ei𝑀e(𝑡) − 𝑘ie𝑀i(𝑡)    (2) 

where 𝑅1
e and 𝑅1

i  are the longitudinal relaxation-rate constants, characterizing the return 

of the longitudinal magnetizations to the corresponding thermal-equilibrium values, 

𝑀e
eq

 and 𝑀i
eq

. 𝑘ei and 𝑘ie are the rate constants for influx and efflux, respectively, as 

defined by Eqs. S4-S6. 

Solution of the Bloch-McConnell differential equations gives the dependence of the 

intensities of the NMR signals in a magnetization-transfer experiment on the mixing 

time (34). Fitting the numerical solutions of Eqs. 1-2 to the experimental dependencies 

of 𝑀e and 𝑀i on the mixing time yielded estimates of the rate constants 𝑘ei and 𝑘ie for 

both anomers, together with their standard errors. As described in the Supporting 

Material, it is more convenient to work with the efflux rate constants 𝑘ie rather that 

influx rate constants 𝑘ei because the former is not dependent on the hematocrit value 

(21). Due to the variable extent of saturation of GLUT1 with substrate molecules, the 

exchange rate constants are functions of substrate concentration. Examples of 1D-

EXSY spectra and fitted curves are shown in Figs. S4-S9, while the statistically 

estimated 𝑘ie values are given in Table 1. 

TABLE 1 Values of the apparent efflux rate constant 𝒌𝐢𝐞 (s-1) at different substrate 

concentrations 

 Total substrate concentration [S] ([α] + [β]) 

 6.2 mM 9.3 mM 12.4 mM 18.6 mM 24.8 mM 

FDG-2αa 1.44 ± 0.21 1.25 ± 0.11 1.02 ± 0.14 0.91 ± 0.06 0.67 ± 0.07 
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FDG-2βa 1.36 ± 0.24 1.17 ± 0.15 0.95 ± 0.11 0.81 ± 0.03 0.58 ± 0.09 

FDG-3αa 2.21 ± 0.21 1.76 ± 0.05 1.54 ± 0.07 0.98 ± 0.06 0.92 ± 0.03 

FDG-3βa 1.88 ± 0.09 1.49 ± 0.06 1.21 ± 0.03 0.80 ± 0.03 0.74 ± 0.02 

FDG-4αa 1.18 ± 0.13 1.07 ± 0.08 0.91 ± 0.06 0.80 ± 0.04 0.68 ± 0.02 

FDG-4βa 0.40 ± 0.10 0.35 ± 0.04 0.32 ± 0.02 0.26 ± 0.02 0.22 ± 0.02 

Glc-αb     1.20 ± 0.40 

Glc-βb     0.71 ± 0.30 

a
Statistically estimated values that were obtained (along with their standard errors) from the fitting of 

the numerical solutions of the Bloch-McConnell equations (Eqs. 1-2) to the peak intensities of the 19F-

NMR 1D-EXSY experiments conducted at 37˚C 

b
Data, as reported in (35), obtained by using 13C NMR spin transfer experiments at 40˚C for a total 

glucose concentration of 25.5 mM 

Next, we used the values of 𝑘ie for the calculation of the equilibrium-exchange rate 𝜐 

of each anomer (by combining Eq. S4 with Eq. S14): 

 𝜐 =
𝑘ieSi

eq

𝑉aq
         (3) 

where Si
eq

 is the mole quantity of the substrate in the intracellular compartment at 

equilibrium; and 𝑉aq is the total aqeuous volume of the sample. It is convenient to 

normalize the transport rate 𝜐 with respect to the total concentration of the carrier, [C], 

and substrate in the sample. This leads to the following expression: 

 
𝜐

[C][S]
=

𝑘ie𝑠i

[C]𝑉aq[S]
=

𝑘ie𝑠i

𝑐[S]
=

𝑘ie𝑉i

𝑐
=

𝑘ie𝑉i𝑁𝐴

𝜒C𝑁RBC
=

𝑘ie𝑉RBC 𝑓aq 𝑁𝐴

𝜒C
   (4) 

where 𝑐 is the total mole quantity of the active carrier (monomers, although possibly 

operating as a higher oligomer) in the sample; 𝜒C is the number of copies of the carrier 

per cell (~200,000 for GLUT1 (36)); 𝑁RBC is the total number of cells in the sample; 𝑉i 

is the total intracellular volume of the sample, accessible to solutes; 𝑉RBC is the average 

physical volume of one RBC (86 fL in isotonic solution (23)); 𝑓aq = 0.717 is the 
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fraction of the intracellular volume that is aqueous (37); and 𝑁A = 6.02214 ×

1023 mol−1  is Avogadro’s number. From Eq. 4, it is evident that the normalized 

transport rate is directly proportional to the efflux rate constant 𝑘ie and is independent 

of Ht. Nevertheless, because of the saturability of the carrier by substrate, the exchange 

rate constants 𝑘ei and 𝑘ie (and transport rates 𝜐) are nonlinear functions of the 

respective anomer concentrations (Table 1). 

Determination of the catalytic activity of GLUT1 on individual anomers 

The equilibrium-exchange kinetics of GLUT1-mediated transport can be described by 

the Michaelis-Menten steady-state enzyme kinetic equation that has been extended to 

account for competing substrates (see Supporting Material). The kinetics of glucose 

transport in erythrocytes has been studied for at least 50 years. Nevertheless, despite 

the abundance of experimental data on this topic, there is still controversy surrounding 

the mechanism of glucose transport by GLUT1. The two main theories that have been 

proposed to account for the available kinetic data are the ‘simple carrier’ and the ‘fixed-

site carrier’ models (38). The former model assumes that the protein’s binding site at 

any given instant can either be exposed to the inside or outside the cell membrane, while 

the latter model assumes that both binding sites can be occupied by substrate molecules 

at the same time. In 1968, Miller performed a wide range of kinetic experiments (39) 

and concluded that none of the existing theories were able to fully describe the obtained 

data (40). In the 1990s, Naftalin and Rift’s study of rat erythrocytes rejected the simple-

carrier model in favor of the fixed-site carrier (41); however, based on later studies of 

human erythrocytes, Carruthers et al. concluded that neither model of transport is 

consistent with the available experimental data (38). Nevertheless, the recently 

determined crystal structures of GLUTs with bound substrates provide strong 

supporting evidence for the ‘simple carrier’ model (14). Therefore, we modelled the 

overall reaction scheme for transmembrane-exchange of the two anomeric species 

using a kinetic scheme based on the simple carrier model (Fig. S12). The Supporting 

Material describes the details of our derivation, which allowed us to develop the 

equations for equilibrium-exchange kinetics in the most general form, avoiding 

previously used assumptions about the equality of any of the Michaelis-Menten 

parameters for the two anomers (20, 42). In particular, we show that the simultaneous 

presence of α- and β-anomers of a sugar that are competing for transport by a carrier is 
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fully accounted for by introducing factors 
𝐾m

α

𝐾m
β [β] and 

𝐾m
β

𝐾m
α [α] in the denominator of the 

corresponding classical Michaelis-Menten equation (Eqs. S108-S109): 

 𝜐α =
𝑉max

α [α]

𝐾m
α +

𝐾m
α

𝐾m
β

[β]+[α]
=

𝑘cat
α [C][α]

𝐾m
α +

𝐾m
α

𝐾m
β

[β]+[α]
      (5) 

 𝜐β =
𝑉max

β [β]

𝐾m
β

+
𝐾m

β

𝐾m
α [α]+[β]

=
𝑘cat

β
[C][β]

𝐾m
β

+
𝐾m

β

𝐾m
α [α]+[β]

      (6) 

where [C] is the total molar concentration of the carrier. 𝑉max, 𝐾m and 𝑘cat have the 

usual meanings, viz., the maximum velocity, Michaelis constant and the turnover 

number, respectively. Superscripts α and β denote the individual values of 𝑉max, 𝐾m, 

and 𝑘cat that are specific for each anomer under equilibrium-exchange conditions. 𝜐α 

and 𝜐β are the equilibrium-exchange rates of membrane transport.  

It is more convenient to express Eqs. 5-6 in terms of normalized rates of transport, 

which could be readily calculated from 𝑘ie values using Eq. 4: 

 
𝜐α

[C][S]
=

𝑘cat
α [α]/[S]

𝐾m
α +

𝐾m
α

𝐾m
β

[β]+[α]
        (7) 

 
𝜐β

[C][S]
=

𝑘cat
β [β]/[S]

𝐾m
β

+
𝐾m

β

𝐾m
α [α]+[β]

        (8) 

As established earlier using 1D 19F-NMR, at equilibrium, the ratio of the concentrations 

of the two anomers in each compartment is constant and can be defined by the 

parameter 𝑎: 

 
[αo]

[βo]
=

[αi]

[βi]
=

[α]

[β]
=

𝑎

1−𝑎
=

1

𝐾mut
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡     (9) 

Making the substitutions [α] = 𝑎[S] and [β] = (1 − 𝑎)[S] into Eqs. 7-8 gives (also see 

the equivalent Eqs. S111-S112 in the Supporting Material): 

 
𝜐α

[C][S]
=

𝑎𝑘cat
α

𝐾m
α +

(1−𝑎)𝐾m
α +𝑎𝐾m

β

𝐾m
β

[S]

=

𝑎𝑘cat
α 𝐾m

β

𝑎∙𝐾m
β

+(1−𝑎)𝐾m
α

𝐾m
α 𝐾m

β

𝑎∙𝐾m
β

+(1−𝑎)𝐾m
α

+[S]

=
𝑘cat

α′

𝐾m
′ +[S]

             (10) 
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𝜐β

[C][S]
=

(1−𝛼)𝑘cat
β

𝐾m
β

+
𝑎𝐾m

β
+(1−𝑎)𝐾m

α

𝐾m
α [S]

=

(1−𝛼)𝑘cat
β

𝐾m
α

𝑎𝐾m
β

+(1−𝑎)𝐾m
α

𝐾m
α 𝐾m

β

𝑎𝐾m
β

+(1−𝑎)𝐾m
α

+[S]

=
𝑘cat

β′

𝐾m
′ +[S]

             (11) 

In Eqs. 10-11, the following definitions are made in order to obtain the apparent 

Michaelis-Menten parameters: 

 𝐾m
′ =

𝐾m
α 𝐾m

β

𝑎𝐾m
β

+(1−𝑎)𝐾m
α

                  (12) 

  𝑘cat
𝛼′ =

𝑎𝑘max
α 𝐾m

β

𝑎𝐾m
β

+(1−𝑎)𝐾m
α

                  (13) 

  𝑘cat
𝛽′

=
(1−𝑎)𝑘max

β
𝐾m

α

𝑎𝐾m
β

+(1−𝑎)𝐾m
α

                  (14) 

The specificity constant 𝑘cat/𝐾m is an important measure of the catalytic efficiency of 

an enzyme or carrier on a particular substrate (1). Ιn the context of carrier-mediated 

facilitated diffusion, 𝑘cat/𝐾m is equivalent to the rate constant of the transmembrane 

exchange when [S] ≪ 𝐾m and can be interpreted as the overall membrane permeability 

of the substrate (43). Unlike the apparent rate constants and transport rates, the overall 

membrane permeability, defined as 𝑉max/𝐾m (or normalized by the amount of enzyme 

or carrier in the medium and expressed as 𝑘cat/𝐾m), does not depend on the substrate 

concentration. Additionally, the value of 𝑉max/𝐾m is the same for the equilibrium-

exchange, zero-trans influx and zero-trans efflux kinetics, which makes it an important 

characteristic of a carrier-mediated membrane transporter (43). 

From Eqs. 12-14, it follows that we can calculate the individual specificity constants as 

(see Eqs. S118-S119 for derivation): 

 
𝑘cat

α

𝐾m
α =

𝑘cat
α′

𝑎𝐾m
′                    (15) 

 
𝑘cat

β

𝐾m
β =

𝑘cat
𝛽′

(1−𝑎)𝐾𝑚
′                    (16) 

Thus, we proceeded to fit the model of Eqs. 10-11 to the obtained dependencies of 𝑘ie 

(converted to the values of 
𝜐

[C][S]
 using Eq. 4) on the total substrate concentration [S] 

(Table 1). This procedure yielded values of 𝐾m
′ , 𝑘cat

α′  and 𝑘cat
𝛽′

 (listed in Table 2), which 

provided estimates of the individual specificity constants of GLUT1 towards the two 
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anomers (
𝑘cat

α

𝐾m
α  and 

𝑘cat
β

𝐾m
β ) by using Eqs 15-16. The determined 𝑘cat/𝐾m values are listed 

in the last column of Table 2. 

TABLE 2 Values of the Michaelis-Menten parameters of GLUT1 for the studied 

fluorinated sugars, at 37˚C  

 𝒂a 𝑲𝐦
′ , mM b 𝒌𝐜𝐚𝐭

′ , s-1 b 𝒌𝐜𝐚𝐭/𝑲𝐦, 105  M-1 s-1 c 

FDG-2α 

0.45 ± 0.02 10.5 ± 1.6 

4490 ± 350 9.5 ± 1.7 

FDG-2β 4150 ± 330 7.2 ± 1.3 

FDG-3α 

0.46 ± 0.01 4.6 ± 0.9 

4490 ± 290 21.2 ± 4.4 

FDG-3β 3730 ± 250 15.0 ± 3.1 

FDG-4α 

0.42 ± 0.02 18.5 ± 1.3 

5430 ± 240 6.9 ± 0.6 

FDG-4β 1820 ± 90 1.7 ± 0.2 

a
Values, determined experimentally from the ratio of the integrals of the resonances in 1D 19F-NMR 

spectra (Eq. 9) 

b
Values, obtained from fitting the solutions of the Eqs. 10-11 to the estimated efflux rate constants (Table 

1) 

c
Values, calculated from the estimated values of 𝑎, 𝐾m

′ , 𝑘cat
α′  and 𝑘cat

β′
 using Eqs. 15-16 

DISCUSSION 

Stability of RBCs in inosine medium 

RBCs require a constant supply of energy in their suspension medium to maintain their 

shape and regulated oxygen affinity. The energy is largely dissipated in the re-

generation of ATP, the cell’s ‘energy currency’, from inorganic phosphate and 

adenosine diphosphate. In vivo, the natural energy-supply substrate for human RBCs is 

Glc (in the blood plasma). As a consequence, during in vitro experiments on RBCs, it 

is usual to add glucose as a metabolic substrate for maintenance of physiological ATP 

levels. However, since Glc would inevitably interact with GLUT1 during the 

fluorosugar NMR experiments, it was important to remove all endogenous glucose in 
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the RBC preparations. Under such conditions, only 23BPG remains as an energy source 

for the RBCs (originally at ~5 mM), and this normally lasts for only 1-2 h at 37˚C, at 

which point the cells begin to convert to echinocytes (44, 45). Hence, an alternative 

energy substrate was required for the prolonged EXSY experiments. 

In a previous RBC study of FDG-3, Potts and Kuchel used 10 mM inosine in phosphate-

buffered saline (pH 7.4) (20). This purine nucleoside is transported by a specific 

nucleoside transporter in RBCs (46). Inosine undergoes phosphorolysis via purine 

nucleoside phosphorylase (E.C. 2.4.2.1) to yield ribose 1-phosphate, obviating the 

requirement for ATP hydrolysis to phosphorylate the saccharide. Then, the constituent 

atoms enter glycolysis via the pentose phosphate pathway (47). The use of 5 mM 

ascorbic acid (vitamin C; ascorbate at physiological pH) in Tris-HEPES-buffered saline 

has also been used as a medium for fluorosugar NMR experiments (21, 28, 29). 

However, this is not optimal, because ascorbate, if oxidized by dissolved O2, is 

converted to dehydroascorbate (DHA), which is known to be transported via GLUT1 

(48, 49). Thus, it might potentially interfere with fluoroglucose transport. In fact, it was 

recently shown that the binding of Glc by GLUT3 is substantially reduced in the 

presence of DHA (14). 

Moreover, as is clear from the results in Fig. 3, ascorbic acid is not metabolized in 

human RBCs, so it does not act as a source of free energy. Nevertheless, it may play a 

role in the reduction of α-tocopherol in the cell membrane (50). We surmise that the 

primary role of ascorbate in the Glc-free media (21, 28, 29) is to spontaneously transfer 

electrons to oxidized glutathione and NAD. In turn, NADH transfers electrons to Fe(III) 

in methemoglobin thus keeping most of the hemoglobin in the RBCs in a diamagnetic 

state; this is optimal for the signal-to-noise and resolution in NMR spectra. Glc acts as 

both a source of free energy for the regeneration of ATP, and as a reducing agent via 

its contribution to the conversion of NAD to NADH and NADP to NADPH. Thus, 

ascorbate is not required in a medium which contains an energy source that feeds into 

glycolysis at the glyceraldehyde-3-phosphate dehydrogenase step. 

Tris is known to react with aldehydes of low molecular weight in aqueous solution, so 

it interacts with glyceraldehyde 3-phosphate (51), and potentially with the open-chain 

form of glucose and its fluorinated analogues. With this in mind, we avoided the 

ascorbate/Tris-based medium, and developed a different buffer for the 19F-NMR EXSY 

experiments; this was done by combining the known metabolically beneficial 
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properties of inosine, pyruvate and KCl. The results of Figs. 3-4 proved the stability of 

the RBCs under the new conditions for a prolonged time (at least 3 h at 37 ˚C). 

Transmembrane-exchange kinetics 

Membrane transport of Glc in RBCs is sufficiently rapid for equilibrium across the 

compartments to be achieved within a few seconds, and yet the transmembrane-

exchange at equilibrium is slow on the NMR timescale. In 1D 19F-NMR spectra of 

FDGs in RBC suspensions, this is highlighted by the well-resolved resonances from the 

spin populations inside and outside the cells (19, 21). This fortuitous property, referred 

to as a ‘split peak effect’, enables the use of magnetization-exchange spectroscopy 

(EXSY), for the quantification of the kinetics of the transmembrane exchange (20-22, 

52). Furthermore, the α- and β-anomers of these sugars have different 19F-NMR 

chemical shifts thus allowing an examination of the differences in the transport rates of 

the two anomers (19-21). 

In the past, transport of fluorinated sugars has been described by permeability 

coefficients P (cm s-1), or apparent exchange rate constants k (s-1), which can be 

measured for each anomer. However, these values are functions of the solute 

concentration, since the kinetics of the transmembrane exchange of Glc and its 

analogues are well described by Michaelis-Menten enzyme kinetics, with a steady state 

of the concentration of the carrier-Glc complex (53). Thus, the transport kinetics of a 

given monosaccharide should ideally be described by estimating the individual 

Michaelis-Menten parameters (𝐾m, 𝑉max, 𝑘cat) for each of the two anomers. Since both 

anomers of a monosaccharide simultaneously compete for binding in the carrier active 

site (54, 55), there are additional theoretical complications in the kinetic theory (see 

Supporting Material). Explicit modifications of the rate equations are required and a 

general form of these has been worked out (42, 53).  

Previous anomer-specific studies of glucose analogues in RBCs have relied on 

assumptions, such as equality of the Michaelis constants for binding to GLUT1 for the 

α- and β-anomers. This enabled the authors to simplify their rate equations and attribute 

any differences in the anomeric transport rates to differences in the apparent 

𝑉max (or 𝑘cat) values (20). However, the assumption of equal affinity is not generally 

valid, since the recent crystal-structure data show that the anomeric -OH group can 

directly participate in hydrogen bonding inside the active site of the transporter (14). 
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Moreover, a single change in the configuration of one of the carbon atoms might lead 

to a significant change in the affinity of a monosaccharide for GLUT1. E.g., the 

Michaelis constant of galactose (C-4 epimer of glucose) for GLUT1 is ~10 times greater 

than that of glucose (56, 57). This highlights the importance of anomer-specific kinetic 

studies and implies that 𝐾m and 𝑉max for monosaccharide transport, reported in the 

literature as a single or common value, might not reflect the true complexity of the 

transport kinetics of the GLUTs (58).  

Previously reported anomer-specific data on the transport of glucose via GLUT1 were 

contradictory. An early study by Faust concluded that the β-anomer of Glc penetrates 

the RBC membrane ~3 times faster than the α-anomer (59). Miwa et al. reported ~1.5 

times faster influx of the β-anomer into cells, but the same rate for the efflux of the two 

anomers (60). This report was consistent with the view of Barnett et al. (61) that the C-

1 hydroxyl group of Glc interacts with GLUT1 only on influx, but not on efflux. 

Carruthers and Melchior reported no difference in transport rates and affinity by the 

glucose transporter of the two anomers of Glc, by using inhibition-uptake studies of 

radioactive Glc (54) in intact RBCs. This result was confirmed in a more recent study 

by the same group, and they concluded that GLUT1 does not prefer any specific anomer 

of Glc (42) in RBC ghosts. Other reports have indicated that the β-anomer is favored 

at higher temperatures, while the α-anomer is preferred at lower temperatures (55) and 

that α-anomer is 37% more efficient in promoting the GLUT1 conformational change 

than the β-anomer (62). Using a similar methodology to the present study (equilibrium-

exchange magnetization-transfer experiments), Kuchel et al. measured the transport 

rates of Glc at 40˚C and concluded that the transport of the α-anomer was ~1.7 times 

faster than that of the β-anomer (35). 

London and Gabel used fluorine-substituted at position C-1 analogues of glucose in 

order to halt the mutarotation between the two anomeric species (52). Thus, two 1-

fluoro-1-deoxy-D-glucose (FDG-1) analogues of glucose were used in two separate 

experiments in order to probe their transport rates. The transport rate of FDG-1β at 

37°C was significantly higher than that of FDG-1α (52). An earlier study of Barnett et 

al. reported that the entry of sorbose into RBCs was inhibited by both anomers of FDG-

1, with inhibition constants of ~15 mM (β) and ~80 mM (α) (63), thus confirming 

weaker affinity of the α-form to GLUT1. 
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The transport mechanism of GLUT1 involves several conformational changes of the 

protein as reported in the recent structural studies (13, 14). Thus, the individual anomers 

might be acted upon at different rates at each of the given transport/binding steps, which 

complicates the comparison between the overall anomer-specific rates. Specifically, the 

overall transport rates would depend on the choice of the measurement-assay 

conditions. Furthermore, the kinetic rate constants and the values of 𝑉max/𝑘cat/𝐾m 

would be different for equilibrium-exchange, zero-trans, zero-cis, infinite-trans and 

infinite-cis experiments (43, 53, 56). Additional complications arise from the fact that 

the previously reported experiments were different with respect to the measurement 

mode: some of them employed direct quantification of the transport rates of 

monosaccharides, while others used an inhibition type of experiment, by measuring the 

influx/efflux of other competing metabolites. More importantly, however, the transport 

rates in their own right are not sufficient for the discrimination of the GLUT1 efficiency 

in transporting various Glc analogues and their anomers, since, as discussed above, 

these values are dependent on the actual substrate concentration used in the experiment. 

With this in view, we propose the use of the simple NMR-based assay, as described in 

the current work, to discriminate the catalytic efficiency of GLUT1 for transport of 

various fluorine-labelled monosaccharides by measuring the 𝑘cat/𝐾m values, obtained 

in equilibrium-exchange 19F-NMR EXSY experiments. The advantage of the proposed 

approach is that these values can be obtained simultaneously for both anomers of a 

monosaccharide without requiring separation of the two anomeric species (which is not 

possible in aqueous media) or solution compartments. In addition, 𝑘cat/𝐾m values are 

equal for the equilibrium-exchange, zero-trans efflux and zero-trans influx 

experiments, thus accounting for a range of conditions under which they could be 

measured and compared for different sugar anomers (43, 56). Thus, our approach 

allows more facile comparison of the GLUT1 catalytic efficiency on different 

substrates, including anomeric species of the same sugar. 

Overall, the efflux rate constants obtained in the present study (Table 1) agree well with 

previously reported values for the same or related sugars (20, 21). Our results given in 

Table 1 confirm that the apparent efflux rate constants decrease with increasing 

substrate concentration, that the α-anomer is transported faster than the β-anomer for 

these sugars, and that FDG-3 is transported faster than FDG-2, which in turn is 

transported faster than FDG-4 (21).  
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For FDG-3, we estimated slightly higher rate constants than reported by O’Connell et 

al. (21). We postulate that this was due to the presence of 5 mM ascorbate in the medium 

used previously by these researchers. Indeed, our rate constants for FDG-3 are more 

similar to those reported by Potts and Kuchel, using experiments which were carried 

out in the presence of inosine (but no pyruvate), rather than ascorbate (20). 

Nevertheless, Dickinson et al. (22) reported even higher efflux rate constants for FDG-

3; their values were in the range 2.12 – 2.40 s-1 (β) and 1.99 – 2.48 s-1 (α) (obtained at 

a substrate concentration of 10 mM). As the authors indicated, such high values could 

be due to the fact that all the blood donors were pregnant women and the RBCs might 

have been atypical. 

It was also clear that the variations in transport rate with increasing sugar concentration 

were not equivalent for each sugar (e.g., FDG-4α was transported more slowly than 

FDG-2α at a concentration of 6.2 mM, but at an equal rate at a concentration of 24.8 

mM). This clearly complicates a structural interpretation of these data; however, an 

easier comparison between the permeability of various sugars/anomers is done via the 

estimated specificity constants. 

From the data of Table 2, it was evident that variation in specificity constants (𝑘cat/𝐾m) 

of GLUT1 for the different fluorosugars, for the most part, followed the patterns in the 

concentration-dependence data in Table 1. Specifically, the specificity constant was 

substantially larger for FDG-3 than for FDG-2, which in turn was larger than for FDG-

4 (t-test P < 0.01). Interestingly, while the 𝑘cat/𝐾m value of the α-anomer of FDG-3 

was twice that of FDG-2α, and three times that of FDG-4α, the catalytic efficiency of 

GLUT1 for the β-anomer of FDG-3 was also twice that of FDG-2β, but almost nine 

times that of FDG-4β. In addition, for each fluorosugar, GLUT1 had a higher specificity 

constant for the α-anomer than the β-anomer. As noted below, this is surmised to be a 

consequence of the anomeric preference of binding by GLUT1, which was previously 

interpreted in terms of a simple alternating conformation model (21, 52). 

Interpretation of kinetic data in the context of GLUT1 structure 

We can consider the specificity constant 𝑘cat/𝐾m as an indicator of the catalytic 

efficiency of GLUT1 towards a particular anomeric species. As discussed by Percival 

and Withers, while 𝐾m values are not reliable indicators of ground-state affinity, the 

values of 𝑉max/𝐾m (or, equivalently, 𝑘cat/𝐾m) are more easily interpreted, as they 
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reflect the activation-energy barrier of the transition state, with changes indicating the 

variation in binding interactions between different substrates (64). In the context of 

membrane transport, the specificity constants are representative of binding at the rate-

determining step in the overall transport mechanism (in terms of elementary steps, this 

incorporates the binding event, the transport event, and the release event, with the 

transport event consisting of multiple steps in GLUT1 conformational reorganization 

(14)). 

The recent high-resolution crystal structure of GLUT3 protein with bound Glc (PDB 

code 4ZW9 (14)) can be used to interpret the interatomic/chemical forces governing 

the binding of substrates to GLUT-like proteins. GLUT3 is the main transporter of Glc 

in neurons and shares 64.4% identity with GLUT1 (65). Because all the amino-acid 

residues that are responsible for the binding of Glc are invariant between GLUT1 and 

GLUT3, we used the residue numbering of GLUT3 below, to be consistent with the 

original paper (14). In this analysis, GLUT3 was selected over GLUT1 because its 

structure is of higher resolution. Also, GLUT3 had pure Glc bound, while GLUT1 was 

bound with n-nonyl--D-glucopyranoside. 

According to Deng et al., the hydrogen bonds formed in the binding of both glucose 

anomers involve the same residues, including those to the anomeric -OH group (14). 

The authors indicate that the α-anomer was more abundant (~69%) in the crystallized 

protein than the β-anomer, despite the fact that α-form is the minor species of Glc in 

solution (~36%). While the corresponding anomeric ratio of binding of the fluorosugars 

to GLUT1 is not known, the larger 𝑘cat/𝐾m values of the three FDG -anomers, 

obtained in the present work, also indicate their stronger stabilization of binding in the 

transport transition state, compared to the respective -anomers. 

The structural data provided by Deng et al. allow deliberation on the impact of 

deoxyfluorination at the 2-, 3-, and 4-positions of the glucose scaffold. Both Glc 

anomers were shown to form hydrogen bonds between C2-OH, C3-OH and C4-OH 

groups and the protein, involving the same amino-acid residues in the protein’s active 

site for each anomer (14). Therefore, in the following, we consider the binding of the 

F-substituted moieties without considering the differences between the two anomers. 

Specifically, as described by Deng et al., C4-OH serves as a hydrogen-bond donor with 

the carbonyl group of Asn286; C3-OH serves as a hydrogen-bond acceptor with the 
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amide side-chains of Asn286 and Gln281; and finally, C2-OH is both a hydrogen-bond 

donor with the carbonyl of Gln280 and a hydrogen-bond acceptor with the amine of 

Trp386. These interactions are shown schematically in Fig. 8. 

 

FIGURE 8 Binding of Glc by GLUTs according to the PDB structure 4ZW9 (14). (A) Crystal structure 

of GLUT3 with bound α-Glc (highlighted by the red rectangle). (B) Crystal structure of GLUT3 with 

bound β-Glc. (C) Participation of -OH groups of Glc at positions C2, C3 and C4 in binding to GLUT3. 

(D) Putative effect of deoxyfluorination at positions C2, C3 and C4 on the interactions between Glc and 

GLUT3 (and, by analogy, GLUT1). 

If the –OH of the C4-OH moiety is substituted by a fluorine atom, an equivalent 

hydrogen bond cannot be formed, and electrostatic repulsion may exist between the 

oxygen atom of Asn286 and the F atom of FDG-4 (although the F atom in FDG-4 could 

also have an attractive interaction with the carbonyl dipole of Asn286 (66)). In contrast, 

when the –OH of C3-OH is substituted by F, it can still form two hydrogen bonds, 

potentially leading to a higher apparent binding affinity of FDG-3 in comparison with 

FDG-4. In the case of FDG-2, there is an intermediate situation upon substitution of –

OH by -F, since the C2-OH serves as both a hydrogen-bond donor and acceptor. 

Therefore, the binding affinity of FDG-2 will be lower than FDG-3, but higher than 

FDG-4. Although these considerations entail ground-state binding, the obtained 

𝑘cat/𝐾m values of the three monodeoxyfluorinated glucoses (Tables 1-2) are 

nevertheless consistent with this picture. 

CONCLUSIONS 

We extended the steady-state Michaelis-Menten theory to be applicable to the case 

when two competing molecular species bind to and cross the cell membrane via the 

same carrier protein. This new theory was used to determine the values of the kinetic 
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parameters for three different monofluorinated glucoses (FDG-2, FDG-3 and FDG-4, 

Fig. 1), as substrates of GLUT1. 

To our knowledge, we have shown for the first time that the individual specificity 

constants of a transporter protein for two anomeric species can be determined from 

equilibrium-exchange experiments, without physical separation of the anomers. The 

experimental approach entails measuring the apparent efflux rate constants of the 

monosaccharide substrates at several different concentrations. The theoretical 

development involved extension of the Michaelis-Menten equation to encompass 

description of the membrane-transport kinetics when two anomeric species of the same 

compound are in direct competition for interaction with the carrier. 

The developed method was used to quantify RBC membrane transport of the anomers 

of three mono-fluorinated analogues of glucose in a modified medium, designed to 

provide stable metabolic properties of the cells over the lifetime of the experiment. This 

allowed us to evaluate the specific interaction (specificity constants) of the carrier 

individually for both anomers of each of the studied fluorosugars. The estimated 

specificity constants showed faster transport of the α-anomer versus the β-anomer for 

all investigated substrates, with FDG-4 featuring the largest anomeric preference. A 

qualitative interpretation of the differences in the transmembrane-exchange rates of 

FDG-2, FDG-3 and FDG-4 in terms of the perturbation of binding of these 

monosaccharides to GLUT1, caused by specific F/OH substitutions, has been provided. 

Our developed approach and mathematical analysis could become important for a 

variety of applications such as drug development and systems biology. In turn, such 

studies can be used to probe responses of membrane proteins in their native 

environment, e.g., in testing whether disease conditions lead to altered permeability of 

particular carbohydrates, or to changes in cell-membrane integrity (22). Fluorosugars 

are also of great interest as imaging agents. Radiolabeled 2-fluoro-2-deoxy-D-glucose 

(FDG-2) is currently the most used PET-imaging substrate for cancer diagnosis (67), 

while fluorinated fructose analogues have recently been shown to hold promise as 

imaging agents for GLUT5 expression in breast cancer tissue (68). 
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