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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 °F 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 GLUTL1. 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.



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).

GLUTL1 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-f-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



specific -OH groups in the binding of carbohydrates to enzymes (16-18). Several
fluoro-deoxy-glucoses (FDGs) have been assessed as GLUT1 substrates using °F-
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 D,O was from the Australian
Institute of Nuclear Science and Engineering (Lucas Heights, NSW, Australia).

The ‘inosine saline’ medium used for RBC suspensions (300 mOsm kgt; pH 7.4),
consisted of 10 mM inosine; 10 mM sodium pyruvate; 5 mM NaH2POa; 4.5 mM NaOH;
10 mM KCI and 133 mM NacCl in Milli-Q H20. 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 um
(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 pL
of this solution was added to 0.5 mL of an NMR sample in GLUTL1 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)™ (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 NacCl in Milli-Q H20) 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 **F-NMR experiments, the final volume of the sample in an
NMR tube (Vo) Was 0.5 mL, which had 10% (v/v) D20 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 (Eg. 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 (), rather than the total volume of the RBC suspension

in the NMR tube (V;o10).

Light microscopy



The microscopy images were acquired using a 100x 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 Il 400 spectrometer
(Bruker BioSpin, Karlsruhe, Germany) using either 5-mm dual *°F/*H or 10-mm BBOG
probes (Bruker). 10% (v/v) D20 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. H decoupling during the direct and indirect acquisition periods was achieved with
WALTZ-16 composite-pulse decoupling (24) (90° decoupler-pulse duration of 90 s
centered at 4 ppm), and a high-power 180° *H 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 t,, 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 °F-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.

I . I . I I V(om) I . I
19F 19F
H I WALTZ-16 H I WALTZ-16

FIGURE 2 NMR pulse sequences used in this study: (A) °F 2D-EXSY with *H decoupling in the two
dimensions; (B) °F 1D-EXSY: the incremented period (t1) is replaced by a fixed delay 1/(2Av), where



Av is the difference in chemical shift between the resonances (in Hz) of the two exchanging populations.
Horizontal lines labelled ‘*H’ and ‘'°F’ represent separate radio-frequency (RF) channels tuned to the
resonance frequency of *H and °F, 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 Ty 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. *H spin-echo NMR spectra of RBCs in various media were recorded for
5 min (using spin-echo delay T = 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 'H spin-echno NMR spectrum under the same

experimental conditions. This allowed us to calculate the coefficients of



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., M.(t,,) and M;(t,,). The model of Egs. 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 Egs. 1-2: M, (0) = M¢? and M;(0) =
—M:1,

1

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 GLUTL1 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 **F-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
KCI 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



oxidation reactions. KCI 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 'H spin-echo NMR
experiments (26) to monitor ongoing production of lactate from glycolysis by RBCs in
four different media: (1) ‘normal’ saline (150 mM NaCl + 10 mM KCI); (Il) ‘normal’
saline with addition of 10 mM Glc; (I11) the ‘standard’ ascorbate saline that was used
in some previous *F-NMR studies of fluorosugars with RBCs (21, 28, 29); and (V)
the developed inosine saline. The obtained *H spin-echo NMR spectra are shown as

stack plots in Fig. 3 A.
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FIGURE 3 Lactate production by RBCs in four suspension media. (A) 400.13 MHz *H 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) — CHjs of lactate; 2 (1.49 ppm) — CHs; of alanine and/or pyruvate
hydrate; 3 (1.93 ppm) — CHs; of acetate; 4 (2.18 ppm) — CH2(B) of the glutamyl residue in reduced
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glutathione; 5 (2.39 ppm) — CHjs of pyruvate (keto-form); 6 (2.57 ppm) - CHa(y) of the glutamyl residue
in reduced glutathione; 7 (3.74 ppm) — CH» — 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
1in 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 (I1) and inosine
(IV), in comparison with the substrate-free samples: ‘normal’ saline (I) and the
ascorbate medium (111) (Fig. 3). We ascribed the production of lactate in samples (I)

and (I11) to the breakdown of endogenous 2,3-bisphosphoglycerate (23BPG).

There was no statistically significant difference (P < 0.05) in lactate production rates
between sample (1) (1.74 + 0.03 mmol (L RBC)* h'!) and sample (IV) (1.71 + 0.03
mmol (L RBC)* h'!) indicating that the glycolytic rate in the inosine-based saline was
the same as for the glucose-supplied control. In contrast, samples (1) and (111) did not
have any energy-supply substrate and this clearly led to ‘metabolic starvation’ of the
cells.

The samples used for the H spin-echo experiments were also examined with
differential interference contrast (DIC) light microscopy. Digital micrographs of each
of the samples (in media I-1V) 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 1°F-NMR EXSY experiments.
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FIGURE 4 DIC light micrographs of RBCs in samples (in media I-1V) used in the experiment of Fig. 3.
The micrographs for each sample were obtained: (a) before the acquisition of the *H 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 (al).

1D *F-NMR experiments

Initially, we measured 1D °F-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 K, = [8]/[«]
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 °F-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 a- and B-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).
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FIGURE 5 2D-EXSY F-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 t,,, = 0.5 s. The subscripts o and i denote

extracellular and intracellular populations of the o and 3 anomers, respectively.
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FIGURE 6 2D-EXSY °F-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 t,, = 0.5s.
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FIGURE 7 2D-EXSY °F-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 ¢, = 0.5s.

Determination of exchange rates constants

In order to measure the rate constants for influx (k.;) and efflux (k;.), 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 M (t) and intracellular M;(t) spin populations, during the mixing time

tm, IS given by:

AMe(t) _

de _R‘ls[Me(t) - ng] - keiMe(t) + kieMi(t) (1)

dam;(t) i

— =R [Mi(©) — MY + keiMe () — kieM; (£) 2
where R¢ and R! are the longitudinal relaxation-rate constants, characterizing the return
of the longitudinal magnetizations to the corresponding thermal-equilibrium values,
M and M9, ke; and k;, are the rate constants for influx and efflux, respectively, as
defined by Egs. 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 Egs. 1-2 to the experimental dependencies
of M, and M; on the mixing time yielded estimates of the rate constants k.; and k;. 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 k;. rather that
influx rate constants k; 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 k;. values are given in Table 1.

TABLE 1 Values of the apparent efflux rate constant k;, (s) at different substrate

concentrations

Total substrate concentration [S] ([a] + [B])

6.2 mM 9.3 mM 12.4 mM 18.6 mM 24.8 mM

FDG-20® 144+0.21 125+0.11 102+0.14 091+0.06 0.67+0.07




15

FDG-2p2 136+0.24 1.17+0.15 095+0.11 0.81+0.03 0.58 +0.09

FDG-3¢* 2.21+0.21 1.7/6+0.05 154+0.07 0.98+0.06 0.92+0.03

FDG-3p2 188+0.09 1.49+0.06 121+0.03 0.80+0.03 0.74+0.02

FDG-4¢? 1.18+0.13 1.07+0.08 0.91+0.06 0.80+0.04 0.68+0.02

FDG-4p2 0.40+0.10 0.35+0.04 0.32+0.02 0.26+0.02 0.22+0.02

Glc-a® 1.20+£0.40

Glc-pP 0.71 £ 0.30

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

the numerical solutions of the Bloch-McConnell equations (Egs. 1-2) to the peak intensities of the 1°F-
NMR 1D-EXSY experiments conducted at 37°C

PData, as reported in (35), obtained by using 3C NMR spin transfer experiments at 40°C for a total
glucose concentration of 25.5 mM

Next, we used the values of k;. for the calculation of the equilibrium-exchange rate v
of each anomer (by combining Eq. S4 with Eq. S14):

e
— kiesiq

©)

Vaq

where Sieq is the mole quantity of the substrate in the intracellular compartment at
equilibrium; and V,q is the total ageuous volume of the sample. It is convenient to

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

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

U kieSi _ kieSi _ kieVi __ kieViNa kieVrBC faqNa

= (4)

[CI[S] ~ [ClVag[SI ~ ¢c[S] ¢  xcNrac xc

where c is the total mole quantity of the active carrier (monomers, although possibly
operating as a higher oligomer) in the sample; y is the number of copies of the carrier
per cell (~200,000 for GLUT1 (36)); Nggc Is the total number of cells in the sample; V;
is the total intracellular volume of the sample, accessible to solutes; Vgp( is the average

physical volume of one RBC (86 fL in isotonic solution (23)); fiq = 0.717 is the
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fraction of the intracellular volume that is aqueous (37); and N, = 6.02214 X
1023 mol™! is Avogadro’s number. From Eq. 4, it is evident that the normalized
transport rate is directly proportional to the efflux rate constant k;. and is independent
of Ht. Nevertheless, because of the saturability of the carrier by substrate, the exchange
rate constants k.; and k;. (and transport rates v) 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 a- and B-anomers of a sugar that are competing for transport by a carrier is
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a B
fully accounted for by introducing factors i—‘g‘ [B] and i—‘;‘ [a] in the denominator of the

m m

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

V% = - Vr;{lgx[a] _ akc;g)q [a] )
Km+—B[B]+[oc] Km+—B[B]+[a]
Km Km
OB VhalBl K CIB] @
= 2 — :
K,‘f,+%[oc]+[6] K£+§—g[(x]+[ﬁ]

where [C] is the total molar concentration of the carrier. V,.x, Ky, and k., have the
usual meanings, viz., the maximum velocity, Michaelis constant and the turnover
number, respectively. Superscripts a and 3 denote the individual values of V., K,
and k., that are specific for each anomer under equilibrium-exchange conditions. v*

and v® are the equilibrium-exchange rates of membrane transport.

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

which could be readily calculated from k;, values using Eq. 4:

v k&, [al/[S]

= = 7
[CIIST kg+"BB1+ [ O

Km

VB K8 [BI/IS]

= 8)
clls B (
[c1is] Kb+ led+ [0

As established earlier using 1D F-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:

1
Bl = Bl = @ = E = Ker = constant (9)

Making the substitutions [a] = a[S] and [B] = (1 — a)[S] into Eqs. 7-8 gives (also see
the equivalent Egs. S111-S112 in the Supporting Material):

akgatKIB‘n
v _ aky _ akB +a-a)K® _ k&t (10)
!
[C]IS] Kg,+(1'“)K%1+“K§1 S K%Kﬁl s K} +[S]

Kfn a-K?n+(1—a)K%]
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(1—a)k§at1<%, )
v (1-a)kbye — akb +(a-a)KE _ Kear (11)
[C][S] 8 akb +a-ak® K& KD Kin+[S]
Km +K—°‘[S] ﬁ"‘[s]
m aKp+(1-a)Km

In Egs. 10-11, the following definitions are made in order to obtain the apparent
Michaelis-Menten parameters:

a B
KK
KI — m=—m 12
™ ak® r1-a)kg (12)
a B
ar _ _ KmaxKm
at ™ kP ra-a)kg (13)
B a
I (1-a)kpmaxKm
AR (14)

ak® +(1-a)kQ

The specificity constant k... /K, is an important measure of the catalytic efficiency of
an enzyme or carrier on a particular substrate (1). In the context of carrier-mediated
facilitated diffusion, k.,./K,, is equivalent to the rate constant of the transmembrane
exchange when [S] « K, 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 V,,.«/K;, (or normalized by the amount of enzyme
or carrier in the medium and expressed as k.,./Ky,), does not depend on the substrate
concentration. Additionally, the value of V,../K,, 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 Eqgs. 12-14, it follows that we can calculate the individual specificity constants as
(see Eqgs. S118-S119 for derivation):

kear _ keat
K&~ ak}l (15)
i .

kS (-a)Kp

Thus, we proceeded to fit the model of Egs. 10-11 to the obtained dependencies of k;.

(converted to the values of ﬁ using Eqg. 4) on the total substrate concentration [S]

(Table 1). This procedure yielded values of Ky, k&, and K5 (listed in Table 2), which

cat

provided estimates of the individual specificity constants of GLUT1 towards the two
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a B
’;%t and %) by using Eqgs 15-16. The determined k.,:/K,, values are listed

m

in the last column of Table 2.

anomers (

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

fluorinated sugars, at 37°C

a? K., mM?P taty ST Keat/Kpm, 105 x M1 g1c
FDG-2a 4490 + 350 95+1.7
045x0.02 10516
FDG-2p 4150 + 330 7.2+1.3
FDG-3a 4490 = 290 21.2+4.4
046001 4609
FDG-3p 3730 = 250 150+£3.1
FDG-4a 5430 = 240 6.9+0.6
042+0.02 185%+1.3
FDG-4p 1820 + 90 1.7+£0.2

3Values, determined experimentally from the ratio of the integrals of the resonances in 1D °F-NMR

spectra (Eq. 9)
bValues, obtained from fitting the solutions of the Egs. 10-11 to the estimated efflux rate constants (Table
1)

Br

“Values, calculated from the estimated values of a, K, k&, and k!,

using Egs. 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 O3, 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 GLUTS3 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 a-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(l11)
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 *F-NMR EXSY
experiments; this was done by combining the known metabolically beneficial
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properties of inosine, pyruvate and KCI. 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 *F-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 a- and B-anomers of these sugars have different °F-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), or apparent exchange rate constants k (s), 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 (K, Vimax, Kcar) 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
a- and B-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 (o1 k.or) 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 GLUTL1. 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 K, and V,,,, 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 3-anomer of Glc penetrates
the RBC membrane ~3 times faster than the a-anomer (59). Miwa et al. reported ~1.5
times faster influx of the B-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 $-anomer is favored
at higher temperatures, while the a-anomer is preferred at lower temperatures (55) and
that a-anomer is 37% more efficient in promoting the GLUT1 conformational change
than the B-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 a-anomer was ~1.7 times
faster than that of the $-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-1f at
37°C was significantly higher than that of FDG-1a (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 () and ~80 mM (a) (63), thus confirming
weaker affinity of the a-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 Kkinetic rate constants and the values of Vi .x/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 k.,/K, values, obtained
in equilibrium-exchange *F-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 agqueous media) or solution compartments. In addition, k.,:/K,, 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 GLUTL1 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 a-anomer is transported faster than the 3-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 (B) and 1.99 — 2.48 s (o) (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-4a was transported more slowly than
FDG-2a 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 (k.,:/Kp,)
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 k.,:/K,, value of the a-anomer of FDG-3
was twice that of FDG-2a, and three times that of FDG-4aq, the catalytic efficiency of
GLUT1 for the B-anomer of FDG-3 was also twice that of FDG-28, but almost nine
times that of FDG-4p. In addition, for each fluorosugar, GLUT1 had a higher specificity
constant for the a-anomer than the -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 k.,./K, as an indicator of the catalytic
efficiency of GLUT1 towards a particular anomeric species. As discussed by Percival
and Withers, while K,,, values are not reliable indicators of ground-state affinity, the

values of V,,.4/K,, (or, equivalently, k.,:/K,,) 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
GLUTS3, 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-B-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 a-anomer was more abundant (~69%) in the crystallized
protein than the B-anomer, despite the fact that a-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 k.,:/K,, Vvalues of the three FDG a-anomers,
obtained in the present work, also indicate their stronger stabilization of binding in the

transport transition state, compared to the respective 3-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 GIn281; and finally, C2-OH is both a hydrogen-bond
donor with the carbonyl of GIn280 and a hydrogen-bond acceptor with the amine of

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

Asn286 C4 Asn286

Asnzég/./ Asn2(8£/./

Glng\.\ Glnzg%
GIn280 c2 GIn280

TrpSQ\.\ Trp386

FIGURE 8 Binding of Glc by GLUTSs according to the PDB structure 4ZW9 (14). (A) Crystal structure
of GLUT3 with bound a-Glc (highlighted by the red rectangle). (B) Crystal structure of GLUT3 with
bound B-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
keat/Kym Vvalues 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 a-anomer versus the 3-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 GLUTL, 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).

SUPPORTING CITATIONS
References (69-78) appear in the Supporting Material.
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FIGURE S1 'H-decoupled **F-NMR spectrum of 24.8 mM FDG-2 in the presence of RBCs in inosine saline buffer (Ht =
69%) at 37°C.


mailto:philip.kuchel@sydney.edu.au
mailto:dmitry.shishmarev@anu.edu.au

10

Signal intensity (a.u.)

ISR NSRS, NSO

T T T T T T T T T T T T J T T T
-190 -195 -200 -205
F chemical shift (ppm)

FIGURE S2 'H-decoupled *F-NMR spectrum of 24.8 mM FDG-3 in the presence of RBCs in inosine saline buffer (Ht =
65.5%) at 37°C.
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FIGURE S3 'H-decoupled *°F-NMR spectrum of 24.8 mM FDG-4 in the presence of RBCs in inosine saline buffer (Ht =
68.5%) at 37°C.
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FIGURE S4 Determination of the transmembrane exchange rate of FDG-2a in the presence of RBCs in inosine saline
buffer (Ht = 68.5%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-2 obtained upon inversion of the intracellular
FDG-2a resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (o) and extracellular (o,) resonances of FDG-2a upon mixing time of the EXSY experiment. Circles —

experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of
Bloch-McConnell equations in Mathematica.
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FIGURE S5 Determination of the transmembrane exchange rate of FDG-2f in the presence of RBCs in inosine saline
buffer (Ht = 68.5%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-2 obtained upon inversion of the intracellular
FDG-2 resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (i) and extracellular (Bo) resonances of FDG-2 upon mixing time of the EXSY experiment. Circles —

experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of
Bloch-McConnell equations in Mathematica.
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FIGURE S6 Determination of the transmembrane exchange rate of FDG-3a in the presence of RBCs in inosine saline
buffer (Ht = 69.5%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-3 obtained upon inversion of the intracellular
FDG-3a resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (a;) and extracellular (ao) resonances of FDG-3a upon mixing time of the EXSY experiment. Circles —
experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of

Bloch-McConnell equations in Mathematica.
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FIGURE S7 Determination of the transmembrane exchange rate of FDG-3 in the presence of RBCs in inosine saline
buffer (Ht = 69.5%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-3 obtained upon inversion of the intracellular
FDG-3p resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (B;) and extracellular (Bo) resonances of FDG-3 upon mixing time of the EXSY experiment. Circles —
experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of
Bloch-McConnell equations in Mathematica.
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FIGURE S8 Determination of the transmembrane exchange rate of FDG-4a in the presence of RBCs in inosine saline
buffer (Ht = 69%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-4 obtained upon inversion of the intracellular
FDG-4a resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (a;) and extracellular (ao) resonances of FDG-4a upon mixing time of the EXSY experiment. Circles —
experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of

Bloch-McConnell equations in Mathematica.



0s 0.025s 0.05s 0.1s

=

e

0.156s 02s 0.25s 03s

I

04s 05s 0.75s 10s

20s 3.0s 40s
-199.4  -199.7 -200.0 -199.4 -199.7 -200.0 -199.4 -199.7 -200.0 -199.4 -198.7 -200.0
"°F chemical shift (ppm) "°F chemical shift (ppm) 9F chemical shift (ppm) °F chemical shift (ppm)
B B
e -
4 T
_~

3 //
3 g
s o
1
@ /
2 [ R
= ,/ 1 2 3 4 5
w1/ Mixing time (s)
K f

5 '

/
39
¢

FIGURE S9 Determination of the transmembrane exchange rate of FDG-4p in the presence of RBCs in inosine saline
buffer (Ht = 69%) at 37°C. (A) 1D EXSY NMR spectra of 6.2 mM FDG-4 obtained upon inversion of the intracellular
FDG-4p resonance using a range of mixing times indicated next to each panel. (B) Dependence of the peak integrals of
the intracellular (Bi) and extracellular (Bo) resonances of FDG-4p upon mixing time of the EXSY experiment. Circles —
experimental data obtained using spectra shown in (A); solid lines — simulated curves obtained by fitting the solutions of

Bloch-McConnell equations in Mathematica.
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B. Derivation of the kinetic theory
Introduction

We have recently reviewed the techniques relevant to the analysis of equilibrium-exchange
magnetization-transfer experiments in studies of membrane transport in cellular systems (1). Special
emphasis was placed on the differences between notions of transmembrane fluxes, rate constants and
permeability coefficients, in the context of these experiments. These differences are briefly revisited
here, along with some other important concepts pertinent to the quantification of transmembrane-
transport Kinetics in the special case of the carrier-mediated (saturable) transport of two competing

species in cell suspensions, with special considerations given to experiments on red blood cells (RBCs).

Concepts in transmembrane solute-flux analysis

Aqueous volume of the sample

When analyzing transmembrane-exchange kinetic data in cell samples, it is important to take into

account the fact that the total aqueous volume of the sample, V,, is not the same as the total volume

Q!
of the sample, V,.: (1). In fact, these two parameters are related to each other in the following way:

Vag = Ve + Vi = Vit (1 — Ht) + Vit faq HE (S1)

where Ht is the value of hematocrit (fraction of the total volume of the sample occupied by RBCs),
which is usually known from the sample preparation; V, is the total extracellular agueous volume of
the sample; V; is the internal aqueous volume that is determined by the coefficient f,, = 0.717, which

is the fraction of the RBC volume that is taken up by the intracellular water (2).
Transmembrane fluxes and rate constants

Transmembrane flux is defined as the mole quantity of the substrate that crosses the membrane per unit

of time:
Sei
]ei = T (82)
Sie
Jie = — (83)

t

where Jo; is the substrate flux from outside into the cells (influx; ‘ei’ denotes extracellular-to-
intracellular), while J;. is the flux in the opposite direction (efflux; ‘ie’ denotes intracellular-to-
extracellular). S,; and S;. are the mole quantities of the substrate that are transported in the two

directions during the time t.
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At transmembrane equilibrium, the fluxes in both directions are the same (J5! = Jio! = J¢9) and the

apparent rate constants for transport are defined as (1):

]eq = kiesjeq = keiseeq (84)

where k;. is the apparent rate constant for efflux, k.; is the apparent rate constant for influx; /¢4 is the

flux of substrate in both directions at equilibrium (units; mol s2); Sie

9and S¢? are the equilibrium mole
quantities of the substrate inside and outside the cells, respectively. Note that, in order to obtain the
flux values, k;. and k.; are multiplied by the mole amounts of the substrates (and not their
concentrations); this is a notable difference when a medium contains whole cells (erythrocytes), which
introduces compartmentalization. k;, and k.; are measured in units of s* and they can be more

intuitively expressed as:

kie == (S5)

Kei = — (S6)

where 7, and t; are the mean residence times of a substrate molecule in the extra- and intracellular
compartments, respectively. Assuming that the volume of an individual cell does not change during
the experiment, t; and k;, do not depend on the total number of cells in the sample (determined by the
total volume of the sample and the Ht value). On the other hand, k.; can be calculated from k;, as (1):

e
si¢ ~ WilSil®® _ ; KeqfaqHt
Se 1€ . [Se]e9 e q1_pt

(S7)

where [S;]¢9 and [S]¢9 are the equilibrium molar concentrations of the substrate inside and outside
the cells, respectively. K.q is the equilibrium constant of the membrane transport reaction; for the
passive enzyme-mediated diffusion, as in the case of GLUTL, K.q =1 and [S;]°? = [S]°?. The

definitions of V;, I, and f,4 are as in Eq. S1.

For a carrier-mediated process, the maximum value of the transmembrane flux /€9 is limited by the
capacity and number of the transporter proteins in the cell membrane. Therefore, at a certain high
concentration of the substrate, the value of /9 will virtually stop increasing upon further additions of
the substrate to the medium. It is therefore clear (from Eq. S4) that for a carrier-mediated process, the
values of k;. and k; depend on the total amount (or concentration) of the substrate in the medium and,

in general, they will decrease with increasing substrate concentration.

In the context of the analysis of the 1D-EXSY data, pertinent to this work, the Bloch-McConnell

equations relate rate constants k;. and k.; to the time dependence of the observed changes in the
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magnetization of the extracellular M. (t) and intracellular M;(t) species during the mixing time of the

experiment:
e = RE[Mo(6) ~ ME] — kesMe(0) + b M () <9
dzvctlit(t) = —RI[M;(t) — MY + keiM,(£) — kieM;(t) (S9)

where R and Ri are the longitudinal relaxation-rate constants, characterizing the return of the

longitudinal magnetizations to the corresponding thermal-equilibrium values, M and M.

The appearance of the apparent exchange rate constants k.; and k;. in Egs. S8 and S9 is justified by
the following observations. The magnetizations M;(t) and M.(t) are derived directly from the peak
integrals in the NMR spectra, which are proportional to the total mole amounts of chemical species in
the sample. Since k,; and k;, relate the transmembrane fluxes of a substrate (in mol s%) and the current
(instantaneous) mole amounts of the substrate on either side of the membrane, these are the same rate
constants as those used in the Bloch-McConnell equations, which are concerned with the
transmembrane fluxes of the two magnetizations (proportional to mole amounts of the two spin

populations).
Permeability coefficients

The ease with which a substrate is transported across the membrane can also be expressed in terms of
the permeability coefficient P (3, 4):

keiVe

Pei =7 (S10)
kieVi

Pie =7, (S11)

where P,; and P;, are the permeability coefficients for influx and efflux, respectively; A, is the total
surface area of the cell membranes in the sample. As follows from Eq. S7, for GLUTL1 at equilibrium:
P.; = P, (4). However, as in the case of the apparent exchange rate constants, the permeability
coefficient is a function of substrate concentration for a carrier-mediated process, and therefore is not

ideal for the characterization of transport.
Transport rates

The most rigorous way of characterizing carrier-mediated transport Kinetics is via determination of
reaction rates and their dependence on the substrate concentration, expressed in terms of Michaelis-
Menten parameters. In the context of membrane transport, the classical reaction rates are identical to
the substrate-transport rates; they are calculated as transmembrane fluxes, normalized to the total

aqueous volume of the sample, and measured in units of mol L s (1):
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Vei = ‘f—q (S12)
_ ]ie
Vie = Eq (813)

Analogously, for the equilibrium-exchange situation, we obtain the following expression:

v =12 (S14)

Vaq

In Eg. S14, omitting the subscript simply indicates the equilibrium-exchange transport rate (v), which

is the same in both directions.

As alluded to above, when the kinetic process is saturable (enzyme-mediated), the transmembrane rates
(as well as fluxes and rate constants) are functions of the substrate concentration. For a true ‘carrier’
transporter, such as GLUTL, the dependence of the transmembrane-transport rates is known to be
described well by Michaelis-Menten theory (5). Adaptation of this theory to make it applicable to an

equilibrium mixture of two anomeric forms is described next.
Kinetic theory describing carrier-mediated transmembrane transport

Here we derive the most general form of the equations describing the dependence of carrier-mediated
transmembrane-transport rates on substrate concentrations. Next, we assess whether it possible to
estimate values of apparent affinities (Michaelis constants Kr) and maximum velocities (Vmax) for each
of the a- and B-anomers of glucose (and fluorine-labelled analogues of these) in an experiment on
RBCs when the system is in thermodynamic equilibrium, but the continuing transmembrane flux is
measured by using NMR magnetization-transfer spectroscopy. Finally, we consider the type of kinetic
or binding affinity information that could be extracted from the data. In order to set out all the basic
terminology, we first consider the kinetics of GLUT1-facilitated transport of one substrate across the

cell membrane.
One-substrate GLUT1 Kinetics
Kinetic model

GLUT1 is known to operate by isomerization: each subunit (that we consider here) of the homotetramer
presents its substrate binding site either outside or inside of the cell membrane, in both loaded and
unloaded states. This is a feature of a true ‘carrier’ that distinguishes it from a ‘pore’ (such as
capnophorin) (5, 6), for which there is only isomerization between the loaded states. For GLUTL, the
relative rates of isomerization of the loaded and unloaded states are different, thus the simplest model
that describes its transport kinetics is that shown in Fig. S10. There are a total of eight unitary rate

constants in the reaction scheme, but there are only seven independent values because of the principle
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of microscopic reversibility (PMR), which states that the product of rate constants in one direction

around a closed reaction loop is equal to the product in the opposite direction (7):

k1k2k3k4 = k_lk_zk_3k_4 (815)

k
Co = 2> Co.

e |
2
" lh .
OCe Kk, " |
= C.
e . |

FIGURE S10 Simplest kinetic model representing transport of the substrate ‘a’ by the carrier protein ‘C’ (GLUT1).
Subscripts ‘e’ and ‘i’ specify extra- and intracellular; thus, Ce and C; denote the substrate-free carrier, facing either outside
(Ce) or inside the cell membrane (Ci); Ca. and Cai are the complexes of the carrier with the substrate, which are facing

outside or inside the cell membrane, respectively. The unitary rate constants are denoted by ks, i=1,...,4.
Steady-state assumption

In order to derive the equation for the rate of transmembrane exchange, we make the steady-state
assumption that the concentrations of the various forms of the carrier remain constant over time (after

a very short ‘transient time’ from initiation of a transport experiment):

dCe _dCj _dCae _ dCo
=4 _ e 224 S16
dt dt dt dt (516)

In Eq. S16, C,, C;, Ca, and Ca; are labels for the four carrier states, and although it is traditional to
indicate the concentration of such a state by embracing its label in square brackets, in the interest of
reducing clutter in our subsequent expressions, we have left these out. Expressions for the steady-state
concentration of each carrier state can be derived by using the method of King and Altman (8), Orsi
(9), and Indge and Childs (10) (see examples of derivations for enzymes in (11)). However, our
preferred method, and that which appears to make the others redundant (although still relying on
drawing a reaction scheme as in (8)), is based on the algorithm of Cornish-Bowden (12), which has
been implemented in Mathematica (13). The method involves three steps: (a) design the reaction
scheme as in Fig. S10; (b) construct a so-called kinetic matrix that is shown below in Fig. S11; and (c)
execute the algorithm that we have called ‘rateequationderiver’ in Mathematica (13). This generates

the requisite expressions for the concentrations of the carrier states, and the corresponding differential



15

equations for reactant flux. In turn, this allows calculation of the transport rate of the substrate, as

described below.

From

Ca~ k, 0 0 | k

Co-| 0 | k Kk, 0

FIGURE S11 Kinetic matrix corresponding to the reaction scheme of Fig. S10. The matrix is constructed from the list of
all states of the carrier, with the elements containing rate constants that characterize the rate of the reaction from a state
written in the left-hand column, to a state in the top row. Hence, the column on the left is labelled ‘From’ and each state
has a ‘leaving arrow’ associated with it, while the row at the top is labelled “To’ and each state has an arrow directed at it

from the left.

The algorithm/function ‘rateequationderiver’ generates the following expressions in terms of the
unitary rate constants for the steady-state concentrations of the four carrier species, relative to the total

concentration of the carrier:

Ce _ k-ak-1ka+k_1ksks+koksks+k-sk-ok_14; (517)
Co s

& — k_4k_2k_1+k_4k_1k3+k_4k2k3+k1k2k3ae (818)
Co 3

C(Xe — k_2k1k4ae+k1k3k4ae+k_4k_3k_2ai+k_3k_2k1aeai (819)
Co s

% — k1k2k40(e+k_4k_3k_1ai+k_4k_3k2ai+k_3k1k2aeai (820)
Co 3

where C, is the total carrier concentration (C, = C, + C; + Ca, + Ca;); symbols «; and «a, represent
concentrations of the substrate outside and inside the cells, respectively; the denominator X is the sum

of the four numerators of Eqgs. S17-S20, and it can be written down as:
L=¢,+ ¢ a.+ da+ da.q (S21)

Eq. S21 was obtained by collecting terms that are independent of concentration, then those associated
with each solute concentration and the second degree (cross) term. The definitions for the ¢ coefficients

are as follows:
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gy = (k_gk_y + (k_y + kp)ks) (kg + ky) (S22)
8, = ky(koks + (k_p + ky + k3)ky) (S23)
b, = k_s(k_pk_y +k_4(k_y +k_y +ky)) (S24)
b, = k_sky(k_p + k) (S25)

Expression for the transmembrane transport rate

To derive the expression for the transport rate of a solute from one side of a membrane to the other via
GLUTL1, we proceed with the analysis that was first suggested by Britton (14). Consider the flow of

substrate from the extra- to the intracellular compartment. The rate at which the substrate forms a

k
complex with the carrier on the extracellular side of the membrane (o + Ce 5 Ca, ) is given by
k;a.C.. Once the substrate is bound as Ca,, it either converts to Ca; or dissociates back to a, and C,

k_ k
(ote + Ce g Ca, 3 Ca;). The fraction of the complex Ca, that is converted into Co; per unit of time

ko
k_i+k;’

(referred to as a transition probability) is a fraction of the total efflux away from Ca, viz., Thus,

the overall fraction of substrate flow from a, into Ca; is the product of the two transition probabilities,

k2
k_,+k,

kia.Ce X . Once the transition o, — Ca; has occurred, the substrate fraction proportional to k5

k
is delivered to the other side of the membrane (Ca; = o; + C;), while the amount proportional to k_,

k_
isomerizes back to Ca, (Ca; — Ca); but only the fraction kk;:k of this goes back to a, and entirely
-1 2

leaves the carrier. Hence, the fraction of substrate bound as Ca; that is delivered to the inside of the
k3

k_2k_1
k_1+k2+ 3

cell can be calculated as . Finally, the expression for the transport rate of the substrate from

outside to inside the cells (. = ;) is:

k k
a _ 2 3
Vg; = k10eCe X X i (S26)
k_i+k, —2——l,p.
k_1+kp

The expression for C, is known from Eq. S17 and upon substituting it into Eq. S26, we obtain:

kikyk ka(k_pk_1+k_1ks+koks)+k_sk_rk_qa;
11213 X 4( 2 1 113 2 3) 3 2 1% (827)
k_pk_q+k_1ks+kzks3 P

a _
Vgi = ®eCo X

Dividing the numerator and denominator of Eq. S27 by k_;k_,k_; gives:

k4(k_2k_1+k_1k3+k2k3) Fa
V% = a,Cokyk k kogkogk—y (S28)
ei — Yeot1m21t3 (k_zk_1+k_1k3+k2k3)z
k_3k_2k_1
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It turns out to be convenient to define the following parameter:

K® — ka(k_yk_q1+k_1k3+kok3) (829)
K_sk_ok_q

K*“ has dimensions of concentration like a Michaelis constant and could be interpreted as an ‘intrinsic
affinity constant’ (see below) of the carrier for the substrate a (15).

Applying the PMR (7) in the form of Eqg. S15 allows simplification of K¢ to:

_ ke keafy ke
Ko =2t o (1+ kz) (S30)

By substituting Eqg. S29 into Eqg. S28, we obtain the following expression for the transport rate:

a .
vE = aeCo——5— (S31)
k1kzk3kg
Next, consider the expression p kzk — By substituting Eqg. S21 into it we obtain:
112314
z — %o ¢ ¢ . #s .
kikoksks  kykoksky + kikok3ky e Kkikokzky % kikok3ks Teli (832)

Making the following substitutions brings the terminology in line with that of Stein (5):

R — % _ (k—zk—1+(k_q+ka)ks)(k—_stks) (S33)
0 ™ Kk, kyksky K% kokzks

R — #; _ ki(kyks+(k_z+ky+ka)ks) (834)
1™ kikokaks kikoksky

R — 9, _ k_g(k_ak_qtk_s(k_p+k_1tk3)) (S35)
2 7 kikoksky kykoksks

RY — K%  _ K%_3ki(k—a+ks) (536)
3 7 kikyksky kykoksks

Eqgs. S33-S36 are further simplified by using Eq. S15, and the following expressions are obtained:

Rg =L+l (S37)
R =+ (1+52) (S38)
Rf ==+ =+ (1+:2) (S39)
- () () =
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Note that the expression for R§ only depends on k, and k_, (Eg. S37), which are the unitary rate
constants that characterize the isomerization of the unloaded carrier, thus its value does not depend on
the nature of the substrate, so we can drop the superscript a from it. The physical meaning of R is the
average time (also called the life time) that it takes for the carrier to jump from one unloaded state to
the other and then back (in the absence of any substrate).

From the expressions in Egs. S37-S40, it can be readily seen that:
R¥ + RS = Ry + RS (S41)
Substituting Eqgs. S33-S36 into Eq. S32 gives:

z _ pa a a, 4 RS ,
P K“Ry + R{fae + RS a; + P (S42)

Finally, substituting Eq. S42 into Eq. S31 yields the following expression for the transport rate:

K%+ a; _ Co(K%ae+aea;)

RY T Kaga a X V+RE o s
K“(K“R0+R‘1"ae+R§"ai+K—3aeai) K¥(K%Ro+R{ae+RYaj)+R aet;

Vg = ae.Cy (S43)

Thus, Eq. S43 is the ‘master equation’ describing the forward (from extracellular ‘e’ to intracellular
‘1”) transport rate, vg;, in its most general form. Eq. S43 is fully analogous to Equation (4.2) of Stein
(5). Definitions of parameters Ry, Ry, RS, R§and K¢ in terms of the unitary rate constants of Fig. S10
(Eg. S30 and Egs. S37-S40), are also completely equivalent to those in Table 4.1 of Stein (5). By

recognizing the symmetry in the reaction scheme, the equation for the reverse rate of transport, v, is

obtained by swapping the subscripts ‘i’ and ‘e’:

a _ Co(K%aj+ajae) (844)

1€ KA(KRy+R¥aj+RYae)+RY Ao

v

Specific case of equilibrium-exchange kinetics

In the present paper, we focus on the specific case of equilibrium-exchange transport. Because of the
very rapid transmembrane equilibration of glucose (and its fluorine-labelled analogues) by facilitated
diffusion via GLUTL, the concentrations of the anomers become identical inside and outside of the

cells. This is the basic equilibrium-exchange condition (5, 6):
€ =a=a (S45)

Upon substituting Eq. S45 into the master equation (Eq. S43), we obtain the expression for the transport
rate under equilibrium-exchange conditions:
a Coa(K%+a)

Vg = (S46)

K%(K*Ro+R%a+RYa)+RSa?
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Note that right-hand expression of Eq. S46 would be the same for the transport rate in the opposite
direction (if we substitute Eq. S45 into Eq. S44 instead), thus, as in Eq. S14, we can drop the subscript

and simply define the equilibrium-exchange rate of transport as v¥:

a

Ve = Ve = Vie (347)

EQ. S46 can be further simplified by using the equality of Eq. S41:

V% = Coa(K%+a) _ Coa(K%+a) (848)
K¥K*Ro+Ka(R¥+RS)+RSa?  KXK*Ro+K%a(Ro+RE)+RTa?
a _ Coa(K%+a) _ Coa (849)

"~ K*Ro(K¥+a)+R¥a(K%+a)  K%Ro+R%a

In order to cast Eq. S49 into the form of the classical Michaelis-Menten equation, we divide the

numerator and denominator by R§:

v = 2 (S50)

Thus, in the case of equilibrium-exchange transport, the carrier-mediated transport is fully described
by Michaelis-Menten kinetics and the parameters (relevant to the equilibrium-exchange case) can be
expressed as (in full analogy with the Table 4.2 of Stein (5)):

C
Vrr(fax = R_‘?‘ (851)
3
K2 =Ko X (S52)
R3

Thus, as for standard Michaelis-Menten enzyme kinetics, it would be possible to estimate values of
apparent affinities (Km) and maximum velocities (Vmax) for one GLUT1 substrate in an experiment,
when the system is in thermodynamic equilibrium. The experiment would involve measuring the
transmembrane-transport rate in either direction (the rates are equal in both directions) for a range of
substrate concentrations and fitting Eqg. S50 to the data that reveal the dependence of the transport rate
on the substrate concentration.

Having estimated the values of the parameters V5, and K% we can, in principle, estimate the value of
R§, which is the inverse of the turnover number, k&, = % The reciprocal of this signifies the
0

average time for the carrier to transport one molecule of substrate «, under saturated conditions. Aside:
analogously, it can be shown that 1/R{ is the average time for the carrier to transport one molecule of

substrate from outside to inside the cell, when all of the substrate is located outside; 1/RY is the average
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time for the carrier to transport one molecule of substrate from inside to outside the cells, when all of
the substrate is located inside.

However, in the experiments reported in the present work, there is a further restriction imposed on the
analysis by the presence of the second competing substrate. In fact, the two anomeric species are always
present together as a racemic mixture in a fixed ratio, which for native glucose in water is a-anomer:3-
anomer = 36:64. In the ensuing Kinetic analysis, we consider the kinetics of the two competing
substrates, and the anomerization rate is assumed to be negligible during the actual membrane passage

of a given anomer (see Results for evidence of this assumption).
Two-substrate GLUTL1 Kinetics

Kinetic model

Now consider the kinetics of transport of two competing substrates a and £ across the cell membrane.
With two anomers present, there are now a total of six states of the carrier (four loaded and two
unloaded). The kinetic scheme for such transport is shown in Fig. S12 (in analogy with Fig. 4.11(a) of
Stein (5)):

k
Co =< k2 >Coci

e
2
OCe k_4 i
e = k > C:i
B ef\ ) Bi
k5 k-s k-7 k?
Y ke _
3 = CB.

-6

FIGURE S12 Two-substrate kinetic scheme representing a simple model of the transport mechanism of GLUTL1. o and 8
denote the respective anomers of glucose, ‘e’ and ‘i’ specify extra- and intracellular. C is the carrier protein (GLUT1) and,
when juxtaposed to a or 3, the symbol denotes the respective protein-substrate complex. The unitary rate constants are

denoted by ksi, i =1,...,7 giving a total of 14 in the scheme.

As in the one-substrate scheme (Fig. S10), applying the PMR we obtain the following two equalities:

k1k2k3k4 == k_lk_zk_gk_4 (853)
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k4k5k6k7:= k_4k_5k_6k_7 (854)

Additionally, by combining Egs. S53 and S54, a similar constraint for the larger kinetic loop is
identified:

Kykoksk ok ok o = k_1k_ok_skokeks (S55)

As before, we compose the corresponding kinetic matrix, shown in Fig. S13.
To

—~C, —Co, Co, —C, —CB, —Cp

C.- 0 ko 0O Kk, kB, O

e 17'e -4

FIGURE S13 Kinetic matrix corresponding to the reaction scheme of Fig. S12. It is constructed from the list of all states
of the carrier, with the elements containing rate constants that characterize the rate of the reaction from a state in the left-
hand column, to a state in the top row. Hence, the column on the left is labelled ‘From’ and each state has a ‘leaving arrow’

associated with it, while the row at the top is labelled ‘To’ and each state has an arrow directed at it from the left.

The logic guiding the derivation of the expression for the transport rate remains the same as in the one-
substrate scheme. Thus, by analogy with Eq. S26, we obtain the expression for the transport rate of

each anomer from outside to inside the cells:

k k
a _ 2 3
Uei = klaece X X k_pk—1 (856)
k_1+ky —=22=lip,
k_1+kp

ke k7

X
k_gk_
_s+k Z=6%-5
5 6 k_5+k6+k7

vh = ksPeCe X (S57)
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Using the kinetic matrix of Fig. S13, ‘rateequationderiver’ (13) in Mathematica delivers the following

expression for the required steady-state concentration of unloaded carrier facing outside (C,):

Co(Ng+N7ai+N;B;)

Ce = Byt 610+, 0+ 6 Bt b, B+ by @_ai+ g Pit+,0 o+ B, (558)
In Eq. S58, the following substitutions were made:
Ny = (k_yk_q + (k_q + kp)k3)ka(k_gk_5 + (k_s + k¢)k7) (S59)
Ny = k_sk_ok_1(k_gk_s + (k_s + k¢)k7) (S60)
N, = k_7k_ck_s(k_yk_1 + (k_q + ky)k3) (S61)
@y = (k_gk_q + (k_y + ko)ks)(k_s + ky) (k_gk_5 + (k_s + ke)k7) (S62)
@, = ky(kzks + (k_z + ky + k3)ky)(k_gk_s5 + (k_5 + ke)k7) (S63)
¢, =k_3(k_2k_q +k_s(k_y+k_1+ky))(k_gk_s + (k_s + k¢)k7) (S64)
@, = (k_ok_1 + (k_1 + ky)k3)ks(ka(k-¢ + ke) + (kg + ke)k7) (S65)
¢, =k_7(k_2k_q + (k_q + ky)k3)(k_g(k_s + k_s) + k_4(k_s + k¢)) (S66)
O =k _sky(k_p + k) (k_gk_s5 + (k_5 + ke)k7) (S67)
Py =k _7ky(k_(koks +k_s(k_ + ky + k3)) + kyks(k_s + k¢)) (S68)
¢, = k_zks(k_ek_sk_1 + (k_1 + kp)keky + k_y(keks + k_1 (ke + k7))) (S69)
P =k _7(k_2k_y + (k_q + ky)k3)ks(k_¢ + k¢) (S70)

Next, consider the equation for the transport of just one substrate (e.g., «); the following analysis is

entirely analogous for the other competing anomer. Substituting Eq. S58 into Eq. S56 yields:

Vei = eCo X k_zk_llj-l:_zfljg+k2k3 X ¢0+¢1ae+¢2ai+¢3ﬂei1;j;ilitﬁjioc:zizf;)6ae,b’i+¢7aiﬂe+¢8ﬁe/)’i (571)
Using the definition of K* (Eq. S29), we define K# analogously by referring to Fig. S12:
Ko = ka(k_pk_q+k_q1kz+kyks) (S72)
k_sk_yk_q
KB — ka(k_gk_s+k_sk,+keks) (S73)

k_ok_gk_s
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It turns out to be convenient to introduce the following ‘de-dimensionalizing’ (also called scaling)

definitions:

_ a k_3k_k_qa
A === 32717 (S74)
K& kqo(k—2k_1+k_1kz+kok3)

— a; k_3k_k_ja;
@ = e = ST (S75)
Ka k4(k_2k_1+k_1k3+k2k3)

5 & _ k_7k_gk_s5fe
ﬁe - KB - kqa(k_gk_s5+k_sks+kgk7) (876)

—_ _ ﬁ_ k_7k_6k_5ﬁi
pi = KB~ ky(k_gk_s+k_sk,+keks) 57

Thus, using, Eqgs. S72-S77, Eq. S71 is expressed as:

Ugi = CYeCOk_Al_ X

(No+N1 @K% +N, BiKF) (S78)
¢0+¢1aeKa"_¢2aiKa+¢3BGKB+¢4EiKﬁ+¢5aiaeKaKa+¢6aeKaEiKB+¢7aiKaEeKﬁ+¢8EeKBEiKﬁ

Next, dividing the numerator and denominator by N, and k_, yields:

a - =
Ugi = @eCp X

K%N,{_ KBN,-
(1+ N, 4tTH, Bi

(S79)

b K% K%, KBy, B KBy, - 'KaKa¢5.:_r-c_t .KaKﬁ%c—{ - 'KaKﬁ¢7c_r-E KPKB gy
k—4Ng k—gNg © k_4Ng 1 k_gNog ® k_gNo"l" k_4Ng 17€7 k_4Ng ©€P1T k_4Ng PeT k_,Ng

BeBi

Now consider each of the coefficients (there are some striking mathematical simplifications here) in

the numerator and denominator of Eq. S79. In the process, introduce the new definitions:

KNy _ ka(k_pk_y+k_1K3+koKa)k_sk oK1 (K-gk_s+(k-s+Ke)k7) _ 1 (S80)
No k_zk_zk_q(k_2k_1+(k—1+k2)k3)ks(k—gk—_5+(k_5+ks)k7)

KBN, _ ka(k_gk_st+k_skyt+keks)k_7k_gk_s5(k—pk_1+(k_1+kz)ks) -1 (S81)
N k_7k_gk_5(k-2k—1+(k-1+k2)k3)ks(k—_gk—5+(k-_5+ks)k7)

R. = fo  _ (kak_at(k_y+ka)ks)(kK_g+ke)(k_gk_s+(k_s+ke)ks) _ (K—atks) _ 1 + 1 (S82)
O ™ k_4No k_g(k-2k_1+(k-1+k2)k3)ks(k-gk—_5+(k-_5+ks)k7) kak_4 ky kg

K¢, — ko(k_pKk_1+Kk_1k3+Kyk3)kq(koks+(k_p+ko+k3)ka)(k—gk—5+(k_5+ke)k7) _

R% =
L™ k_aNo k_sk_gzk_gk_1(k_zk_1+(k_1+kz)k3)ka(k_k_5+(Kk_5+ke)k7)
Kok t(eptkotkadks _ 1 ke | 1 1 (583)
Kaksks ke | kaky ks @ ky
RY — K%,  ka(k_pk_1+k_1k3+koks)k_3(K_pk_1+k_g(k_p+Kk_1+k2))(k_gk_s+(k_5+ke)ky)
2 - - =

k_4No k_sk_3k_pk_q(k_zk_q1+(k_1+ka)k3)ka(k_ek_5+(k_5+ke)k7)

k_ok_q+k_s(k_r,+k_1+ky) 1 1 1 k
2 1 4 2 1 2 —_ + = + = + 2 (884)
k_sk_sk_q k_y koq  k—p  k_gk_q
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Rﬁ — KP g, _ kalk_ek_s+k_sKk7+kek7)(k_aK_1+(K_1+K2)k3)ks(Ka(K_c+Ke)+(Katke)k7) _
1 k_4No k_7k_gk_sk_s(k_2k_q1+(k_1+ka)k3)Kka(k_ek_5+(k_5+Kke)k7)
katkeg)ks+ka(k_g+keg) 1 1 k_ 1
(4- 6)7 4 6 6 :_+_+ 6+_ (885)
k7keky ke ki  kyske k7
R[)’ — KB¢4 — kq(k—ek—_s+k_skstkeky)k—7(k_ak_1+(k-1+kp)k3)(k—g(k—s5+k_4)+k_g(k_5+ks)) —
2 k_4No k_7k_gk_sk_g(k_2k_1+(k_1+k2)k3)ks(k_ck_5+(k_5+Ke)k7)
k_g(k_gtk_g)+k_s(k_g+kg) 1 1 1 k
6 5 4 4 5 6 — _+ - + _ + 6 (886)
K_ok—sk_s Ko | kes @ kg | Kk_gks
K%K%g, (K—gk_q+k_1ks+kak3)(k_y+k k_ 1 1 1 1 k
RY = 5 2k_atk_1kstkoks)(k_2tkz) _ 2 gttty 2 (S87)
R — KKPg  k_g(koks+k_s(k_z+ka+ks))+koks(k_s+ke)
3 k_4No k_ck_sksks
1 ke, 11 1 ke
-ttt —+— S88
k_s | ksky @ ks @ ks kg @ k_ek_s (S88)
R[ga _ K*KkF g, _ k_gk_pk_1+(k_1+k)keky+k_p(keky+k_1(ke+k7))
3 k_4Ng kokek_zk_q
k_g 1 Ky 1 11
+—+ +—+—+— S89
Kok kg | kgk—y k-1 @ ky ' ke (S89)
KPKPg,  (k_gk_s+k_sky+kek;)(k_g+k k_ 1 1 1 1 k
§= 8 _ ck—stk_sk7tkeks)(k_etke) _ 6 41ttt 6 (S90)
Kk_4No Ko kek_gk—s Kok ks | ke ke  k_s @ k_eks

Importantly, note that the expressions for Ry, Ry, RS and R are exactly the same as in the case of the
one-substrate transport scheme (Eqgs. S37-S40). Moreover, the definitions of R?, Rf and Rf are
entirely analogous to R{, RS and R (according to Fig. S12), while the parameters Rs‘f‘ﬁ and Rf“ are
only relevant when the two competing substrates are simultaneously present in the system; they are

referred to as the ‘heteroexchange’ terms (15). According to the definitions of Egs. S82-S90, we obtain
the following equalities:

RY + R% = Ry + R (S91)
RF + RS =R, + R (S92)
RS + R = RYP + RE® (S93)

Upon substituting Eqgs. S80-S90 into Eq. S79 we arrive at the most general form of the equation for the
rate of transport of one substrate («) by the carrier from one side of the membrane (extracellular one)

to the other side (intracellular one), in the presence of the competing substrate f3:
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a Coae(1+&i+ﬁi) (894)

= —_ — > > —_ = ap—- 5 ad— 5 >3 B
Ro+R%@e+RE;+RE Be+RE B+ RER @+ RIP 0o Bi+RE @i B +RE B i

UEI
Note that Eq. S94 is completely analogous to Equation (4.23) of Stein (5). The definitions of symbols
K and R are also analogous to the definitions of Table 4.16 of Stein (5), however the R symbol
subscripts are now different and use the following mappings (R, = Ryo, RS = R, RY - RY,, RY -
B Raﬁ N Raﬁ

Rf - Rﬁ Rf - Ree’ 3 ee !’ Rga - Rf(;x)'
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R%, RP - R

120

Specific case of equilibrium-exchange kinetics

Now consider the specific case of equilibrium exchange transport. GLUT1 operates by ‘facilitated
diffusion’ implying that the transport is energy-independent. Consequently, at equilibrium the
concentration of the a-anomer is equal inside and outside the cells, and this also applies to the (-

anomer. Thus, the concentration of the two substrates are the same on both sides of the membrane:
Ao =0 = (S95)
Be=Bi=F (S96)
Therefore, we substitute Egs. S95 and S96 into Eq. S94 to obtain:

a _ Coa(1+a+p) (S97)

Ro+R%a+RIa+RPB+REB+RPaB+RE*ap +REaa+REBR

v

As for the one-substrate case, the transport rates in each direction are the same, thus to reduce
complexity we use the symbol v“ rather than vg;. By analogy, we could have also written the equation
for the p-anomer, with the following analysis being completely identical. Eq. S97 can be further

simplified to:

Ve Coa(1+a+p) (898)

 Ro+@(RE+RY)+B(RP +RE)+aB(RYP +RE™) + a0 +RE BB

Introducing the equalities of Eqgs. S91-S93 into Eq. S98 yields:

Coa(1+a+pB)
vt = Ro4T LB Oﬁ' =B paypByipas=. BB (899)
0t@(Ro+R3)+B(Ro+R; )+aB(R3+R; )+Rzaa+R; B
a C0§(1+&+E’) COa

= = (S100)

Ro(1+R+B)+R§‘&(1+&+B)+Rfﬁ(1+a+[_i’) a R0+R§‘c_z+Rf[_i’

Thus, the following equation for the equilibrium-exchange transport rate of « is obtained by rescaling

back to o and 3 using Eqs. S74-S77:
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C a

0xa

pe = K (S101)
R0+Rfl{%+Rg‘%

This equation is cast into the form of the Michaelis-Menten expression by multiplying the numerator

. K*
and denominator by -
3

ptr=— R5 (5102)

V= —— (S103)

Return to Egs. S51 and S52 to be reminded that the one-substrate equilibrium-exchange Michaelis-
Menten parameters are:

Vilax = o (S104)
3

K2 = Ko X (S105)
R3

By analogy, for the second substrate, the kinetic parameters are:

Viax = -5 (S106)
3
KE = K05 (5107)

3

Substituting Eqgs. S104-S107 into Egs. S102 and S103, yields the following new ‘master equations’:

V& axa k& :Coa
'Ua — n;(ag( — caKta0 (8108)
Kg+—2p+a  KE+—2B+a
KB I(B
m m
B B
|74 k...C
VB = n;(?ﬂ = CaKtB"B (S109)
Kﬁ+ﬁa+ﬁ Kﬁ+ﬁa+ﬁ

where k& = Viaax/Co and kfat = Vlfax/c0 are the turnover numbers of GLUT1 for the two anomers
(16).
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Note that the values of 1}, and K, in Eqs. S104-S109 are specific for the equilibrium-exchange
condition. Equilibrium-exchange kinetics is closer to the physiological situation than are zero-cis, zero-
trans, infinite-cis and infinite-trans experiments, where kinetics is measured before transmembrane
equilibrium is reached (5). In non-equilibrium Kinetics, the expressions for the Michaelis-Menten
parameters are different for efflux and influx — they can be derived in analogy with the approach used
here and elsewhere (17, 18). However, under equilibrium-exchange, pertinent to the present work, the

Michaelis-Menten expressions are the same for the two directions of transport (19).

Egs. S108 and S109 are quite simple and, in fact, can be recognized as classical Michaelis-Menten
equations for two competing substrates (3). Under normal conditions (minimal or zero mutarotase
activity, or lack of spontaneous mutarotation), the rate of interconversion is slow on the NMR timescale
(see Figs. 5-7 in the main text), so at equilibrium, the ratio of the concentrations of the two anomers in
each compartment is constant and can be defined by the parameter a, or, alternatively, by the

equilibrium constant of mutarotation, K, ;:

Be BB _la_ mut = constant (S110)

Substitutions [a] = aS and [B] = (1 — a)S (where S = o + B is the total substrate concentration) into
Egs. S108 and S109, followed by normalization of the transport rates by the total carrier and substrate

concentrations, gives:

akgatKﬁq
i: akd _ a-KE1+(1—a)K%l _ k&, (5111)
CoS Kal(1—a)K%+aKE,S K% KB s K +S
m KE, aK?n+(1—a)K%
(1—oc)kfat1<g1
!
i= (l_a)kfat _ aKFn+(1—a)K%1 _ kfat (8112)
CoS P laKEq+(1—a)K% K%K?n 'S Krfl'+5
m Kt akB +(-a)K®

In Egs. S111-112, the following definitions are made in order to obtain the ‘apparent’ Michaelis-
Menten parameters:

a B
_ Br _ _ KmKm
KI%, = Km = Kr,n = m (8113)

a B
kY. = akmaxKm (8114)

cat —
ak® +(1-a)kQ

_ B a
kb, = LoD markn (S115)

cat aK£1+(1—a)Kl%

Egs. S111 and S112 have the form of the classical Michaelis-Menten equations. Thus, the apparent

Michaelis-Menten parameters (ks k¥ K% and Kfl') could be determined by fitting the model of

cat’
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Egs. S111 and S112 to the experimental data (dependence of the normalized transport rates on the
substrate concentration in the equilibrium-exchange experiment). Interestingly, from Egs. S111-S115,
it follows that:

ar a B kgat
v% kcat akcatK _ 1 Kr%

Br — B
vB B a-akb kg " Kmut kcat/ .
K
m

(S116)

Thus, the ratio of the rates of transport of the competing anomers is constant, irrespective of the total
concentration of the substrate S, and defined by three constants: K,,,,; and the two specificity constants

k..t/ Ky, OF the carrier for each of the competing anomers. Substituting Egs. S104-S107 into Eq. S116

yields:
_KﬁRO
a RS RP KB
== = — (S117)
v R_ﬁK @Kmut K%Kmut

3

Thus, constants K% and K? define the ‘intrinsic affinity constant’ of the carrier towards the two
anomeric substrates (15).

Experimentally, we are able to measure the rate of exchange of both the a- or -anomers of glucose-
derivatives and record the concentration-dependence of these rates. Then, if the data are graphed

according to the classical steady-state enzyme-kinetic analysis, it will allow estimation of the values of

the apparent Michaelis-Menten parameters k&, K5 K%' and Kfl' using Egs. S111 and S112.

cat’
However, while expression for k., differ for the two anomers (Egs. S114 and S115), those for K, are
formally the same (Eq. S113). In other words, it is not possible to estimate the relative affinities of the

GLUT1 transporter for both anomers using this approach. On the other hand, since the k¢, values can,

al B!

in principle, differ we can calculate the values of the following expressions: :IC(",t and (:“’3;(, . From
Egs. S113-S115, these can be shown to correspond to the following identities:
ar k% ok (akB +(1-a)kQ o
kca,t _ kmna . (a (1-a) B) _ km;lx (S118)
akm a(aKm+(1—a)KI%)K§§Km K&
pr 1-a)kP k& (ak® +(1-a)k& B
oy (ko ok O-R) _ iy (5119)
(-0)Km  (1-a)(akh+(1-a)KS )KSKS kP

P
Thus, the specificity constant of each of the two anomers, kma" and ma" emerge from the data analysis.

These values correspond to the normalized transmembrane transport rates of the sugar in the limit of
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low substrate concentration (e.g., the situation when there is an unlimited number of carriers available

for transport). In terms of Stein’s nomenclature (5), these values are equal to:

k%lax _ 1
KE KR, (S120)
kﬁlaX 1
= (S121)

In each of these expressions (Egs. S120 and S121), there is only one parameter (K¢ or K#) that depends
on the physico-chemical nature of the substrate, since R, is determined by the values of k, and k_,,
which do not have any relevance to the nature of the substrate. Thus, these specificity constants are
useful quantities for characterizing the overall efficiency of the transport of particular sugar anomers
by the carrier protein (GLUT1); they are commonly used by enzyme Kineticists when characterizing
the catalytic action of enzymes.

To summarize, we have arrived at simple expressions for the rates of transport of two competing
GLUT1 substrates under equilibrium-exchange conditions, v* and v# (Egs. S108 and S109). The rate
equations were further developed for the case when the ratio of the two competing substrates remains

constant, as in the case of two sugar anomers. In this case, rearrangement of the kinetic terms (Egs.
Br

cat

S111 and S112) suggests determination of the values of K},,, k& and k_,. by measuring the transport
rates of the two anomers for a range of substrate concentrations and fitting Eqs. S111 and S112 to the
experimental data. However, it is not possible to obtain estimates of the individual values of K,,, and
k..t (or Vi) for each anomer without introducing additional assumptions, because anomerization
prevents either working with individual anomeric species or varying the anomer ratio. This problem
could be resolved in the specific case of monosaccharides which are fluorinated at the anomeric carbon
atom (20). Nevertheless, it is significant that, in the general case, Egs. S118 and S119 allow estimation
of the individual specificity constants of GLUTL1 for the two anomers by using only the experiments in
which they are in a constant ratio and are simultaneously interacting with the carrier under equilibrium-

exchange conditions.
Conclusions

As has been shown here, in answer to the opening question, it is not possible to extract individual
values of k., Vimax and K, from magnetization-transfer NMR experiments (under equilibrium-
exchange conditions), with two competing substrates that are always present in solution in a constant
ratio. However, when comparing different substituted (F-labelled) glucoses, relative rates could differ

for each of them, and since the value of Ro is independent of the solute being transported, the estimated

« B
';C;t and % will reflect the relative affinities for GLUT1 between

values of the specificity constants
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the two anomers, and, in general, between different F-substituted glucoses. In other words, NMR-based
magnetization-transfer analysis is a valid method for comparing affinities of F-labelled glucoses by
GLUT1, provided the experiments are conducted with ranges of concentrations of the F-labelled

glucoses. This is the approach that was adopted in the present study.
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