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Abstract 25 

Five 19F-substituted glucose analogues were used to probe the activity and mechanism of the 26 

enzyme mutarotase by using magnetisation-exchange NMR spectroscopy. The sugars [2-27 

fluoro-2-deoxy-D-glucose, FDG2; 3-fluoro-3-deoxy-D-glucose, FDG3; 4-fluoro-4-deoxy-D-28 

glucose, FDG4; 2,3-difluoro-2,3-dideoxy-D-glucose, FDG23; and 2,2,3,3-tetrafluoro-2,3-29 

dideoxy-D-glucose (2,3-dideoxy-2,2,3,3-tetrafluoro-D-erythro-hexopyranose), FDG2233] 30 

showed separate 19F NMR spectral resonances from their respective α- and β-anomers, thus 31 

allowing two-dimensional exchange spectroscopy measurements of the anomeric 32 

interconversion at equilibrium, on the time scale of a few seconds. Mutarotase catalysed the 33 

rapid exchange between the anomers of FDG4, but not the other four sugars. This finding, 34 

combined with previous work identifying the mechanism of the anomerisation by mutarotase, 35 

suggests that the rotation around the C1-C2 bond of the pyranose ring is the rate-limiting 36 

reaction step. In addition to D-glucose itself, it was shown that all other fluorinated sugars 37 

inhibited the FDG4 anomerisation, with the tetrafluorinated FDG2233 being the best inhibitor. 38 

Inhibition of mutarotase by F-sugars paves the way for development of novel fluorinated 39 

compounds that are able to affect the activity of this enzyme in vitro and in vivo.  40 
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Introduction 41 

Mutarotase (aldose 1-epimerase; EC. 5.1.3.3) is the enzyme that catalyses the interconversion 42 

between two anomeric forms of several monosaccharides, reactions that usually occurs on a 43 

time scale of several minutes/hours in the absence of the enzyme (see the previous paper in this 44 

Special Edition). The human mutarotase was initially purified from erythrocytes (red blood 45 

cells; RBCs) in the 1960s[1-2] where, paradoxically, its activity is relatively low.[3] In fact, the 46 

highest activities of the enzyme in mammalian tissues have been reported in the kidney[4] and 47 

the corresponding gene was identified and cloned in 2003.[5] 48 

Mutarotase is known to play an important role in the Leloir pathway of catabolism of D-49 

galactose, by enhancing the rate of interconversion between the two sugar anomers. This is 50 

critical for some organisms because only α-D-galactose is processed by the next enzyme in the 51 

pathway, galactokinase (EC 2.7.1.6).[6-7] Thus, despite spontaneous mutarotation, the enzyme 52 

is required for efficient catabolism of lactose by E. coli; and strains with a ‘restrictive’ mutation 53 

in their mutarotase gene grow more slowly in cultured minimal media.[8] Hence, it is of clinical 54 

interest to develop novel inhibitors of mutarotase, as they might have use as antimicrobial 55 

agents, and to probe various aspects of the “metabolic subculture” of sugars. (See the previous 56 

paper in this Special Edition for a general discussion of this topic.) 57 

Kinetic assays 58 

The classical way of conducting kinetic assays of mutarotase is to start the reaction with one 59 

of the anomeric forms of a monosaccharide and monitor the reaction by recording changes in 60 

optical rotation with a polarimeter.[2, 9] Alternatively, the mutarotation reaction can be coupled 61 

with that of another enzyme that selectively processes only one anomeric form of the sugar. In 62 

that case, the activity of the latter enzyme can be quantified by other methods, such as 63 

spectrophotometry, and it will indirectly report on the activity of mutarotase. Examples of 64 

coupling enzymes include galactose 1-dehydrogenase (EC 1.1.1.48) and glucose 1-65 

dehydrogenase (EC 1.1.1.47).[5] 66 

In contrast to the assays based on polarimetry or optical absorption measurements, NMR 67 

methodology is unique in that it allows simultaneous monitoring of the anomerisation reactions 68 

of several sugars in a mixture, even under equilibrium-exchange conditions. Previous NMR-69 

based studies of sugar anomerisation include those using 1H NMR[10] and 13C NMR of 13C-70 

labelled glucose.[3, 11] The latter study has been the most detailed: the rates of exchange between 71 

the α- and β-anomers of [1,13C]D-glucose catalysed by porcine kidney mutarotase (as used for 72 
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the present work) have been measured using several 13C NMR magnetisation-transfer 73 

procedures.[11] These involved one-dimensional (1D) inversion- and saturation-transfer 74 

experiments as well as two-dimensional (2D) exchange spectroscopy (EXSY). The 75 

concentration and temperature dependence of the reaction fluxes were measured and estimates 76 

of the Michaelis-Menten steady-state kinetic constants and the activation energy of the 77 

catalysed reaction were made. These previous studies guided the present work by providing 78 

information on sample preparation as well as NMR and computational foundations for studying 79 

the kinetics of mutarotase using 2D-EXSY. 80 

Aims and motivation 81 

19F-substituted monosaccharide analogues have been reported as probes to study protein-82 

carbohydrate interactions,[12-13] including via 19F NMR experiments.[14] In addition, 19F NMR 83 

exchange spectroscopy has been employed in the context of their interaction with the glucose 84 

transporter GLUT1 in erythrocytes.[15-22] The main aim of the present work was to study the 85 

anomerisation of five fluorine-substituted glucoses (Fig. 1) in the presence of mutarotase by 86 

using 19F NMR 2D-EXSY. This was pursued with a view to identifying those sugar derivatives 87 

that might be useful for inhibiting this enzyme in vivo and/or used in NMR-spectroscopic 88 

imaging of the kidney and other organs, as outlined in the previous paper in this Special Edition. 89 

Additionally, the analysis would elaborate on the contemporary understanding of the molecular 90 

mechanism of the operation of this enzyme. To our knowledge, this is the first time that 91 

anomerisation of 19F-substituted glucose analogues by mutarotase has been studied. 92 

Results 93 

1D 19F NMR spectra 94 

Figure 1 shows the molecular structures of the fluorinated analogues of glucose that were used 95 

in this study: 2-fluoro-2-deoxy-D-glucose (FDG2), 3-fluoro-3-deoxy-D-glucose (FDG3), 4-96 

fluoro-4-deoxy-D-glucose (FDG4), 2,3-difluoro-2,3-dideoxy-D-glucose (FDG23), and 2,2,3,3-97 

tetrafluoro-2,3-dideoxy-D-glucose (2,3-dideoxy-2,2,3,3-tetrafluoro-D-erythro-hexopyranose, 98 

FDG2233). 99 

First, we used 1D 19F NMR spectroscopy to check the purity of the studied F-substituted 100 

glucoses and to record reference spectra for the subsequent 2D-EXSY measurements. The 101 

relevant regions of the 1D 19F NMR spectrum of a mixture of FDG2, FDG3, FDG4, FDG23 102 

and FDG2233 in the presence of mutarotase are shown in Figure 2. The 19F NMR assignments, 103 
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indicated in Fig. 2, were conducted on the basis of previously published reports.[10, 22-24] 104 

Interestingly, the two diastereotopic fluorine atoms of FDG2233 at the 3-position display a 105 

similar chemical shift value for both anomers. Each of the sugars showed separate resonances 106 

from their α- and β-anomers. This opened up the possibility of studying the rates of their 107 

anomerisation by 2D-EXSY 19F NMR. 108 

 109 

Fig. 1. Molecular structures of the F-substituted glucose analogues used in the present study. 110 
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 111 

Fig. 2. 1D 19F NMR spectrum of a mixture of 10 mM FDG2, 10 mM FDG3, 10 mM FDG4, 8 mM FDG23 and 8 112 
mM FDG2233 in the presence of porcine kidney mutarotase (0.181 mg mL-1). Buffer: 20 mM Na2HPO4, 127 mM 113 
NaCl, 0.1 mM EDTA, 0.1 mM DTT and 10% D2O (pH 7.4). (A) Spectral region showing resonances of FDG2, 114 
FDG3, FDG4 and FDG23. (B) Spectral region showing resonances of FDG2233. * indicates the resonance from 115 
an unassigned impurity in the FDG2233 sample. 116 
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The equilibrium constant of the anomerisation reaction, 𝐾𝐾eq, for each of the investigated FDGs 117 

was calculated from the ratio of the integrals of the resonances (proportional to concentrations), 118 

corresponding to α- and β-anomers in the 1D NMR spectrum (Fig. 2): 119 

𝐾𝐾eq = [β]eq
[α]eq

            (1) 120 

where [α]eq and [β]eq are the concentrations of the respective anomers at equilibrium. For each 121 

of the investigated sugars, the measured chemical shifts, J coupling constants, peak integrals 122 

and 𝐾𝐾eq values are given in Table 1. 123 

Table 1. Values of the chemical shifts, J coupling constants, peak integrals and anomerisation equilibrium 124 

constants 𝐾𝐾eq for each of the investigated fluorinated sugars, measured from the 1D 19F NMR spectrum of Fig. 2. 125 

F-sugar Anomer 
19F chemical shift (ppm) and 

J coupling values (Hz) 

Peak integral 

(arbitrary 

units)a 

𝑲𝑲𝐞𝐞𝐞𝐞 

FDG2 
α -199.37 (1F, s) 118.034 

1.25 
β -199.22 (1F, s) 148.072 

FDG3 
α -199.91 (1F, s) 165.816 

1.09 
β -194.99 (1F, s) 180.038 

FDG4 
α -198.09 (1F, s) 115.991 

1.36 
β -200.10 (1F, s) 157.265 

FDG23 

α 
-200.25 (1F, d, J 13.8, F3) 117.200 

0.90 
-200.60 (1F, d, J 13.9, F2) 122.675 

β 
-195.71 (1F, d, J 13.6, F3) 

-199.96 (1F, d, J 13.5, F2) 

112.740 

103.998 

FDG2233 

α 

-121.05 (1F, d, J 268.9, F2a) 118.868 

1.04 

-129.73 (2F, d, J 13.2, F3a/e) 230.340 

-134.29 (1F, dt, J 269.1 and 

13.3, F2e) 
103.658 

β 

-132.26 (2F, d, J 12.4, F3a/e) 235.370 

-136.68 (1F, dt, J 257.8 and 

12.8, F2e) 
110.490 

-139.64 (1F, d, J 257.9, F2a) 123.779 
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aThe number of significant digits recorded here exceeds the number of actual significant digits; however, they 126 

were retained to obviate rounding errors in the subsequent calculations of 𝐾𝐾eq values. 127 

The 1D 19F NMR spectra attested to the high purity of the synthetic products. However, there 128 

was a minor admixture in the FDG2233 sample indicated by a small peak at -120.255 ppm 129 

(marked by * in Fig. 2). Even though furanose forms of some of the sugar phosphates have 130 

been encountered in 31P NMR spectra of pentose phosphate pathway intermediates,[25] no 131 

furanose forms were visible for any of the sugars in the present work. 132 

2D-EXSY 133 

Next, we employed 2D-EXSY methodology to reveal whether mutarotase is able to catalyse 134 

the anomerisation of any of the studied fluorinated sugars. Figure 3 shows 2D-EXSY spectra 135 

of each individual fluorinated sugar in the presence of mutarotase, obtained with a mixing time 136 

𝑡𝑡mix = 2 s. For each of the peaks in the 1D 19F NMR reference spectrum (Fig. 2), a 137 

corresponding diagonal peak, with the same chemical shift in each dimension, is marked in the 138 

2D-EXSY spectra (Fig. 3). For FDG2, FDG3 and FDG23, there were no cross-peaks in the 139 

spectra (Fig. 3A-C). For FDG2233, there were cross-peaks between the two components of the 140 

doublets, split by the large geminal 19F-19F coupling, thus these were not the ‘true’ exchange 141 

cross-peaks that would indicate anomerisation (Fig. 3D). Interestingly, only for FDG4 were 142 

there exchange cross-peaks between the two anomeric species (two peaks labelled as 143 

‘FDG4α/β’ and ‘FDG4β/α’ in Fig. 3E), indicating rapid mutarotaion of this sugar in the 144 

presence of the enzyme. 145 

In order to check whether mutarotase becomes completely deactivated by the presence of any 146 

of the studied F-sugars, thus leading to the absence of cross-peaks in the 2D-EXSY spectra 147 

(Fig. 3A-D), we prepared a sample containing a mixture of all the studied fluorinated sugars 148 

and repeated the 2D-EXSY measurements. Figure 4 shows 2D-EXSY 19F NMR spectra of a 149 

mixture of FDG2, FDG3, FDG4, FDG23, and FDG2233 (same sample as used for the spectrum 150 

of Fig. 2). Again, as in the experiments of Fig. 3, only FDG4 displayed the exchange cross-151 

peaks between α- and β-anomer (Fig. 4). Thus, mutarotase remains active in the presence of 152 

any of the F-sugars used in this work. However, as there were no exchange cross-peaks for 153 

FDG2, FDG3, FDG23, and FDG2233, it is clear that mutarotase only catalysed interconversion 154 

between the two anomers of FDG4, and no other studied F-sugars (at least on the time scale of 155 

the 2-s mixing time). 156 
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 157 

Fig. 3. 2D-EXSY 19F NMR spectra of individual fluorinated sugars (at 5 mM concentrations) in the presence of 158 
mutarotase (0.046 mg mL-1). Mixing time, 2 s. Buffer: 20 mM Na2HPO4, 127 mM NaCl, 0.1 mM EDTA, 0.1 mM 159 
DTT and 10% D2O (pH 7.4). (A) FDG2, (B) FDG3, (C) FDG23, (D) FDG2233, (E) FDG4. 160 
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 161 

Fig. 4. 2D-EXSY 19F NMR spectra of a mixture of 10 mM FDG2, 10 mM FDG3, 10 mM FDG4, 8 mM FDG23 162 
and 8 mM FDG2233 in the presence of mutarotase (0.181 mg mL-1). Mixing time, 2 s. Buffer: 20 mM Na2HPO4, 163 
127 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT and 10% D2O (pH 7.4). (A) Spectral region showing resonances of 164 
FDG2, FDG3, FDG4 and FDG23. (B) Spectral region showing resonances of FDG2233. 165 
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Different mutarotase concentrations 166 

In order to establish that the observed anomerisation of FDG4 is indeed catalysed by 167 

mutarotase (and is not spontaneously rapid in its own right), we recorded a series of 2D-EXSY 168 

spectra of FDG-4 in the presence of various amounts of mutarotase (Fig. 5). In the complete 169 

absence of mutarotase, the exchange cross-peaks did not appear (Fig 5; black spectrum). Next, 170 

as the concentration of mutarotase was increased in the NMR sample from 0 up to 0.174 171 

mg mL-1, the exchange peaks steadily grew in intensity (Fig. 5). Thus, the observed rapid 172 

anomerisation of FDG4 was indeed catalysed by mutarotase, and the contribution of the 173 

spontaneous mutarotation in the conducted experiments was negligible. 174 

 175 

Fig. 5. 2D-EXSY 19F NMR spectra of 10 mM FDG4 in the presence of different quantities of mutarotase (0, 176 
0.012, 0.023, 0.046, 0.090, and 0.174 mg mL-1, as indicated in the figure legend). Buffer: 20 mM Na2HPO4, 127 177 
mM NaCl, 0.1 mM EDTA, 0.1 mM DTT and 10% D2O (pH 7.4). For clarity, the spectra (apart from the black 178 
one) were shifted horizontally with respect to each other. 179 

Back-transformation analysis 180 
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Quantification of the rate of FDG4 mutarotation, based on the 2D-EXSY spectra, employed 181 

the ‘back-transformation’ method that provides estimates of the unidirectional apparent rate 182 

constants 𝑘𝑘αβ and 𝑘𝑘βα for the reversible anomerisation reaction (Scheme 1).[26] 183 

 184 

Scheme 1. Kinetic scheme of the anomerisation of FDG4 under equilibrium-exchange conditions. 185 

At chemical equilibrium, the rate of the forward reaction is equal to the rate of the reverse 186 

reaction: 187 

𝑘𝑘αβ[α]eq = 𝑘𝑘βα[β]eq          (2) 188 

Combining Eqs. 1 and 2 shows that the apparent rate constants are related to the equilibrium 189 

constant: 190 

𝑘𝑘αβ
𝑘𝑘βα

= 𝐾𝐾eq            (3) 191 

During the mixing-time period of the 2D-EXSY experiment, the dependence of the integrals 192 

of the four peaks assigned to FDG4 (two diagonal peaks and two cross-peaks; Fig. 3E) is 193 

described by the Bloch-McConnell differential equations in matrix form:[11, 26-27] 194 

𝑑𝑑𝑰𝑰(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑹𝑹 ∙ 𝑰𝑰(𝑡𝑡)          (4) 195 

where 𝑰𝑰(𝑡𝑡) and 𝑹𝑹 are 2 × 2 matrices; the former is composed of four integral values, while the 196 

latter is formed as a combination of the longitudinal relaxation rate constants and the exchange 197 

rate constants: 198 

𝑰𝑰(𝑡𝑡) = �
𝐼𝐼αα(𝑡𝑡) 𝐼𝐼βα(𝑡𝑡)
𝐼𝐼αβ(𝑡𝑡) 𝐼𝐼ββ(𝑡𝑡)�         (5) 199 

𝑹𝑹 = �
− 1

𝑇𝑇1
α − 𝑘𝑘αβ 𝑘𝑘βα

𝑘𝑘αβ − 1

𝑇𝑇1
β − 𝑘𝑘βα

�        (6) 200 

where, for FDG4, the variables 𝐼𝐼αα(𝑡𝑡), 𝐼𝐼ββ(𝑡𝑡), 𝐼𝐼αβ(𝑡𝑡), and 𝐼𝐼βα(𝑡𝑡) denote the time-dependent 201 

values of the integrals of the peaks labelled in Fig. 3E as ‘FDG4α’, ‘FDG4β’, ‘FDG4α/β’ and 202 
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‘FDG4β/α’, respectively; while 𝑇𝑇1α and 𝑇𝑇1
β are the respective longitudinal relaxation time 203 

constants for FDG4α and FDG4β. 204 

Integration of the matrix differential equation gives the following analytical solution: 205 

𝑰𝑰(𝑡𝑡) = 𝑰𝑰(0)exp(𝑹𝑹𝑡𝑡)          (7) 206 

Calculating the elements of the matrix 𝑹𝑹 is carried out by using the back-transformation 207 

formula, at a time 𝑡𝑡 = 𝑡𝑡mix: 208 

𝑹𝑹 = ln�𝑰𝑰(0)−1∙𝑰𝑰(𝑡𝑡mix)�
𝑡𝑡mix

          (8) 209 

where 𝑰𝑰(0)−1 is the inverse of the matrix 𝑰𝑰(0) and the natural logarithm of a matrix can be 210 

taken after its diagonalisation.[28] 211 

As shown previously,[26] if only the rate-constant estimates are of interest, a 2D-EXSY 212 

spectrum with zero mixing time is not needed to obtain the matrix 𝑰𝑰(0). Instead, this matrix is 213 

constructed, as follows: 214 

𝑰𝑰(0) = �
𝐼𝐼α 0
0 𝐼𝐼β

�          (9) 215 

where 𝐼𝐼α and 𝐼𝐼β are the peak integrals corresponding to FDG4α and FDG4β in the 1D 19F NMR 216 

spectrum. This is the insight that was used in the present work. 217 

Rate dependence on enzyme concentration 218 

Thus, quantification of the anomerisation kinetics of FDG4 was based on measuring peak 219 

integrals of these 2D-EXSY 19F NMR spectra, and applying the back-transformation procedure 220 

(Eq. 8) in order to estimate the non-diagonal elements of matrix, 𝑹𝑹.[26] Table 2 summarises the 221 

apparent rate constant of the anomerisation reaction of FDG4, estimated from the 2D-EXSY 222 

spectra of Fig. 4. 223 

Table 2. Values of the apparent rate constants 𝑘𝑘αβ and 𝑘𝑘βα of 10 mM FDG4, estimated from the 2D-EXSY spectra 224 

of Fig. 4, for each of the studied mutarotase concentrations. 225 

Mutarotase concentration 

(mg mL-1) 
𝒌𝒌𝛂𝛂𝛂𝛂 (s-1) 𝒌𝒌𝛃𝛃𝛃𝛃 (s-1) 

0 0 0 

0.012 0.04 ± 0.01 0.05 ± 0.01 
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0.023 0.07 ± 0.01 0.10 ± 0.01 

0.046 0.11 ± 0.01 0.15 ± 0.01 

0.090 0.29 ± 0.01 0.41 ± 0.01 

0.174 0.49 ± 0.02 0.67 ± 0.03 

 226 

The dependencies of the apparent rate constants of FDG4 mutarotation on the mutarotase 227 

concentration were plotted (Fig. 6), and a linear model was fitted to these data with coefficients 228 

of determination close to 1 (𝑅𝑅2 = 0.991 and 𝑅𝑅2 = 0.987 for 𝑘𝑘αβ and 𝑘𝑘βα, respectively). This 229 

indicated a linear dependence of the apparent rate constants on the enzyme concentration (in 230 

the studied concentration range up to 0.174 mg mL-1). 231 

 232 

Fig. 6. Dependence of the apparent rate constants of mutarotation of 10 mM FDG4, estimated from the 2D-EXSY 233 
spectra of Fig. 5, on the mutarotase concentration. Experimental points are shown as circles with the associated 234 

error bars, while the solid lines are linear-regression fits. (A) 𝑘𝑘αβ: 𝑦𝑦 = 2.861 𝑥𝑥 + 0.002; 𝑅𝑅2 = 0.991. (B) 235 

𝑘𝑘βα: 𝑦𝑦 = 3.935 𝑥𝑥 + 0.004; 𝑅𝑅2 = 0.987. 236 
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Inhibition of mutarotase by D-glucose and FDGs 237 

In order to probe the mechanism of FDG4 interaction with the mutarotase, we tested whether 238 

a natural substrate, D-glucose, competes with FDG4 for the anomerisation reaction. We 239 

recorded 2D-EXSY spectra of 10 mM FDG4 in the presence of mutarotase and various 240 

amounts of D-glucose. The 2D-EXSY spectra are shown in Fig. 7. There was little change in 241 

the spectra at D-glucose concentrations within the range 0-20 mM. However, upon addition of 242 

100 mM, and especially 250 mM D-glucose, the exchange peaks significantly reduced in 243 

intensity, indicating slower anomerisation of FDG4. 244 

 245 

Fig. 7. 2D-EXSY 19F NMR spectra of 10 mM FDG4 in the presence of 0.181 mg mL-1 mutarotase and different 246 
quantities of D-glucose (0, 5, 10, 20, 100, and 200 mM, as indicated in the figure legend). Mixing time, 2 s. Buffer: 247 
20 mM Na2HPO4, 127 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT and 10% D2O (pH 7.4). For clarity, the spectra 248 
(apart from the black one) were shifted horizontally with respect to each other. 249 

As in the previous section, the apparent rate constants of FDG4 anomerisation were estimated 250 

from 2D-EXSY spectra of Fig. 7 by the back-transformation procedure (Eq. 8). The estimated 251 

values of 𝑘𝑘αβ and 𝑘𝑘βα are summarised in Table 3. Initial addition of 5 mM D-glucose to the 252 

sample caused a small, non-significant increase in the apparent rate constants; however, further 253 

increase in the concentration of D-glucose in the sample led to a steady decline of the 𝑘𝑘αβ and 254 
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𝑘𝑘βα values. Upon introduction of 100 mM D-glucose (10-fold excess relative to FDG4), the 255 

apparent rate constants were reduced by a factor of ~2, while 250 mM D-glucose (25-fold 256 

excess) led to a rate reduction by a factor of ~3.5. This clearly indicated competition of D-257 

glucose with FDG4 for the binding site of the enzyme and suggests that FDG4 could bind to 258 

the enzyme in a similar way to its natural substrates. 259 

Table 3. Values of the apparent rate constants 𝑘𝑘αβ and 𝑘𝑘βα of 10 mM FDG4 in the presence of 0.181 mg mL-1 260 

mutarotase and different concentrations of D-glucose. The values were estimated from the 2D-EXSY spectra of 261 
Fig. 7 by the back-transformation procedure. 262 

D-Glucose concentration 

(mM) 
𝒌𝒌𝛂𝛂𝛂𝛂 (s-1) 𝒌𝒌𝛃𝛃𝛃𝛃 (s-1) 

0 0.50 ± 0.01 0.67 ± 0.01 

5 0.55 ± 0.02 0.76 ± 0.01 

10 0.53 ± 0.03 0.71 ± 0.04 

20 0.45 ± 0.02 0.61 ± 0.01 

100 0.25 ± 0.01 0.33 ± 0.01 

250 0.15 ± 0.01 0.19 ± 0.02 

 263 

Next, we set out to probe whether the other FDGs, despite the absence of their rapid 264 

anomerisation by mutarotase, served as inhibitors of the reaction. We recorded 2D-EXSY 265 

spectra of 5 mM FDG4 in the absence and presence of 10-fold excess of each of the other 266 

individual sugars. Similarly to D-glucose, at a 10-fold excess in concentration, all tested sugars 267 

led to a reduction in the intensity of the FDG4 exchange cross-peaks. The apparent exchange 268 

rate constants in the absence (𝑘𝑘αβ
0  and 𝑘𝑘βα

0 ) and presence of a 10-fold excess of FDGs (𝑘𝑘αβ and 269 

𝑘𝑘βα) from the corresponding 2D-EXSY spectra, led to the ratios 𝑘𝑘αβ
0 /𝑘𝑘αβ and 𝑘𝑘βα

0 /𝑘𝑘βα. These 270 

were used as indicators of the inhibitory efficiency of each of the studied F-sugars. The ratios, 271 

along with the corresponding value for D-glucose (from Table 3), are summarised in Table 4. 272 

FDG2, FDG3 and FDG23 had similar inhibitory efficiency as D-glucose, reducing the 273 

anomerisation rate of FDG4 by a factor of ~2. Interestingly, FDG2233 stood out as the most 274 

potent inhibitor, reducing the catalytic rate by a factor of ~5 under conditions of similar 275 

concentration. 276 

Table 4. Ratios of the apparent rate constants of FDG4 anomerisation in the absence of inhibitors (𝑘𝑘αβ0  and 𝑘𝑘βα0 ) 277 

and in the presence of their 10-fold excess (𝑘𝑘αβ and 𝑘𝑘βα). Experiments were carried out in the presence of 5 mM 278 
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FDG4 and 0.046 mg mL-1 mutarotase, with the exception of those involving competition by D-glucose, which 279 
used 10 mM FDG4 and 0.181 mg mL-1 mutarotase. 280 

Added sugar 𝒌𝒌𝛂𝛂𝛂𝛂𝟎𝟎 /𝒌𝒌𝛂𝛂𝛂𝛂 𝒌𝒌𝛃𝛃𝛃𝛃𝟎𝟎 /𝒌𝒌𝛃𝛃𝛃𝛃 

D-glucose 2.0 ± 0.1 2.0 ± 0.1 

FDG2 1.7 ± 0.1 1.7 ± 0.1 

FDG3 2.8 ± 0.6 2.6 ± 1.1 

FDG23 2.4 ± 0.2 2.6 ± 0.2 

FDG2233 5.4 ± 0.6 5.0 ± 1.2 

 281 

Discussion 282 

Kinetics 283 

The data of Table 2 and Fig. 6 indicated that the mutarotase activity rose steadily upon 284 

increasing its concentration, up to the highest value of 0.174 mg mL-1. The linear model 285 

accounted well for the dependence of the apparent rate constants on the concentration of added 286 

enzyme (𝑅𝑅2 = 0.991 for 𝑘𝑘αβ and 𝑅𝑅2 = 0.987 for 𝑘𝑘βα; Fig. 6). This suggests that there was no 287 

substantial denaturation of protein in the solution, as any aggregation/precipitation of the 288 

protein would lead to a reduction in the increase of 𝑘𝑘αβ and 𝑘𝑘βα values upon further additions 289 

of the enzyme. As many proteins aggregate at high concentration, it remains to be tested which 290 

concentration lead to a plateau in the enzyme activity. 291 

As seen from Figs 3-4, fluorination of the glucose ring at positions 2 or 3 prevented (detectable 292 

on the 2-s time scale) mutarotase activity. The fact that, among the five studied fluorinated 293 

sugars, only FDG4 displayed rapid anomerisation by mutarotase, was to some extent expected 294 

from the substrate selectivity consideration discussed in our previous manuscript (in this 295 

Special Edition). Since D-glucose was shown to be an inhibitor of FDG4 anomerisation (Fig. 296 

7, Table 3), the F-sugar putatively interacts with the same or similar (or a subset of them) amino 297 

acid residues in the active site of the enzyme as do the natural substrates. Quantification of the 298 

anomerisation rates of FDG4 in the absence and presence of other sugars allowed us to establish 299 

that FDG2, FDG3, FDG23 and FDG2233 also interact with the mutarotase and act as inhibitors 300 

(most likely competitive inhibition) of the FDG4 anomerisation. FDG2233, in particular, 301 

appears to be a strong inhibitor of mutarotase, reducing the anomerisation rate of FDG4 by a 302 

factor ~5 when present at a 10-fold excess concentration; while all other sugars, including D-303 

glucose, reduced the anomerisation rate by a factor in the range 1.7-2.8 under similar conditions 304 
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of enzyme and substrate concentration. Although the change of -OH for fluorine obviously 305 

impacts on the hydrogen bonding energies, sugar deoxyfluorination leads to an increased 306 

hydrophobicity [the logP values increase by successive fluorination (FDG2: -2.21, FDG23, -307 

1.11, FDG2233, -0.32)],[29] and the resulting increase in hydrophobic desolvation is expected 308 

to benefit binding affinity. In addition, the axial fluorine atoms in FDG2233, which formally 309 

replace a weakly polarised C–H bond with a strongly polarised C–F bond, can engage in 310 

additional polar interactions, as precedented by the interactions of a tetrafluoronated Galp-UDP 311 

derivative with galactose mutase (UGM; EC. 5.4.99.9).[30] These considerations are consistent 312 

with the “polar hydrophobicity” effect as advanced by DiMagno et al.[19, 31] 313 

Catalytic mechanism from a structural/chemical perspective 314 

The catalytic mechanism of porcine kidney mutarotase is postulated to be the same as for the 315 

enzyme from L. lactis (as described in our previous paper in this Special Edition) (Scheme 316 

2).[32] This mechanism hinges on the constellation of four highly-conserved (between reported 317 

structures) amino acid residues.[32] Thus, His96 and Asp243 are involved in positioning the 318 

pyranose ring in the active site via H-bonding, while Glu304 and His170 are catalytic.[32] The 319 

imidazole moiety of His170 is the active-site acid that delivers a proton to the C5 oxygen atom 320 

(reaction A in Scheme 2); while the carboxylate of Glu304 acts as the active-site base, 321 

abstracting the proton from the saccharide C1-OH (reaction B in Scheme 2). Overall, these two 322 

reactions give rise to ring cleavage and formation of the free aldehyde. Next, a 180° rotation 323 

around the C1-C2 bond, followed by abstraction of a proton on the oxygen on C5 by His170 324 

and donation of a proton back from Glu304 to the C1-oxygen, leads to product formation.[32] 325 
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  326 

Scheme 2. Individual steps of the mechanism of the anomerisation catalysed by mutarotase, with the influence of 327 
fluorine’s electron withdrawing effect. 328 

Overall, there are at least three events in the mutarotase-catalysed reaction: (1) binding of the 329 

substrate to the enzyme’s active site; (2) catalytic acid/base interaction of the enzyme with the 330 

substrate to cleave and/or re-link the sugar ring; and (3) rotation around the C1-C2 bond. It is 331 

the slowest among these three steps that will be rate-determining for the overall reaction. These 332 

three possibilities are analysed next in the context of the experiments conducted here with the 333 

F-substituted glucoses. 334 

First, suppose that binding of the substrate to the enzyme determines the overall rate of the 335 

reaction. As discussed in detail in previous first manuscript (in this Special Edition), 336 

(deoxy)fluorination might potentially enhance/reduce the energy of the hydrogen-bond 337 

interaction.[22, 33] However, given that all sugars are inhibitors of FDG4 anomerisation, it is 338 

highly unlikely that a compromised binding of these substrates alone would lead to the 339 

complete absence of any observed anomerisation of these sugars in the presence of mutarotase 340 

(on the studied 2-s time scale). 341 

Second, consider the possibility of the catalytic acid/base action of the enzyme being the rate-342 

determining step. In this scenario, the stability of the intermediates in this step of the 343 
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mechanism must be considered (Scheme 2). If protonation of O5 is required first (reaction A), 344 

leading to a cationic intermediate, this would be destabilised by the electron-withdrawing 345 

influence of the F atom(s). Those in positions 2 and 4 are the closest to O5 so they would have 346 

the largest destabilising effect on the pyranose ring, thus, at least on a qualitative level, leaving 347 

FDG3 (and not FDG4 as observed experimentally) as the best substrate for the reaction. If 348 

deprotonation of the anomeric OH occurred first (reaction B), then this would be assisted by F 349 

atoms of C2 and/or C3 (lower pKa),[34] resulting in higher reaction rates for FDG2, FDG3, 350 

FDG23, FDG2233 rather than FDG4, which is the opposite of what was observed here (Fig. 351 

3). Thus, overall, considering the results of this study, it is unlikely that the acid/base process 352 

is the rate determining step. 353 

Finally, suppose that the rotation around the C1-C2 bond is the rate-determining step. The 354 

formation of the free aldehyde form of a monosaccharide, generated in the process of enzyme-355 

mediated anomerisation, will be disfavoured if an F-atom is attached to C2 and/or C3, due to 356 

its electron withdrawing effect (Scheme 2). In that case, the free aldehyde would have a very 357 

short lifetime that may not be sufficiently long for spontaneous rotation around the C1-C2 bond 358 

to occur before the next process takes place. In other words, the free aldehyde form of the sugar 359 

would become highly electrophilic due to the F-atoms on C2 and/or C3. This would increase 360 

its free energy, resulting in a lower free-aldehyde concentration, thus slowing the overall 361 

reaction. This would lead to inhibition of the reaction by FDG2, FDG3, FDG23 and FDG2233. 362 

Conversely, an F-atom attached to C4 is too far away from the aldehyde carbon (C1) to have 363 

any influence on its reactivity, leading to relatively faster anomerisation of FDG4. This 364 

interpretation is consistent with what was observed in the present work (Fig. 3). Thus, results 365 

presented here suggest that the rotation around the C1-C2 is the rate-determining step of the 366 

overall anomerisation reaction catalysed by mutarotase. 367 

In summary, four out of the five studied FDGs (FDG2, FDG3, FDG23, FDG2233), despite 368 

their interactions with the mutarotase, displayed low or no enzyme activity as substrates. In 369 

contrast, FDG4 was subjected to rapid anomerisation in the presence of mutarotase. This 370 

outcome is consistent with the arguments made above, concerning the stability of the free 371 

aldehyde intermediate product in the reaction pathway. Our results, combined with qualitative 372 

insights into the catalytic mechanism of the enzyme from previous work in this Special Edition 373 

(Scheme 2) suggest that the rotation around the C1-C2 bond is the rate-limiting step of the 374 

reaction. In general, our analysis of mutarotase kinetics suggests that it could be part of an 375 

emerging understanding that applies to many enzymes.  376 
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Conclusions 377 

Using 19F NMR assays of mutarotase activity on fluorinated-glucose analogues, we have shown 378 

that fluorination of the glucose ring at positions 2 or 3 prevented mutarotase activity (on the 379 

time scale of a few seconds), while fluorination of glucose at position 4 retained a significant 380 

rate of anomerisation. Thus, mutarotase was unable to catalyse (rapid) conversion between 381 

the α- and  β-anomers if an F-atom was present in the vicinity of C1 (one to two bonds away), 382 

suggesting that the stability of the aldehyde form is the crucial factor that determines the overall 383 

rate of the mutarotase-catalysed anomerisation. Control experiments proved that the 384 

anomerisation of 4-deoxy-4-fluoro-D-glucose (FDG4) was indeed catalysed by mutarotase, and 385 

that glucose, as well as the other fluorinated glucose derivatives, were competing substrates. 386 

Interestingly, the tetrafluorinated derivative (FDG2233) was identified as the best inhibitor of 387 

the enzyme. 388 

Absence of rapid reaction for the four F-glucoses suggests their use in studies of 389 

transmembrane exchange in vivo, potentially followed by intracellular metabolism. Many 390 

enzymes have significant anomeric specificity, thus leaving one of the anomers unreacted in 391 

the case of slow anomerisation. This could lead to accumulation of these sugars as probes of 392 

intracellular volume in magnetic resonance imaging/spectroscopy experiments, especially of 393 

the kidney. 394 

Future directions for the type of NMR analysis used here include the study of a large variety 395 

of potential inhibitors of mutarotase by using the FDG4 exchange reaction as the basis for the 396 

assay. Perturbation of the exchange rate by other (substituted) saccharides and polyols as in [35] 397 

is possible. F-labelled solutes might be used to study saccharide uptake and metabolism in the 398 

kidney and other tissues where the enzyme is of high activity, in normal and disease states. 399 

Future investigations using F-glucoses will be motivated by questions emerging from cellular 400 

and enzyme studies in the field of carbohydrate transport and metabolism.  401 

 402 

Materials and methods 403 

Materials 404 

DL-dithiothreitol (DTT) and mutarotase (aldose 1-epimerase; EC. 5.1.3.3) from porcine kidney 405 

(suspension in 3.2 M (NH4)2SO4, 8200 units per mg of protein, 2.9 mg of protein per mL; one 406 

unit increases the spontaneous mutarotation of α-D-glucose to β-D-glucose by 1.0 μmol min-1 407 

at pH 7.4 and 25°C) were from Sigma Aldrich (St. Louis, MO, USA). AR grade anhydrous 408 
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Na2HPO4 was from Ajax Chemicals (Auburn, NSW, Australia). AR grade 409 

ethylenediaminetetraacetic acid (EDTA) was from Mallinckrodt (Paris, Kentucky, USA). AR 410 

grade NaCl was from APS (Seven Hills, NSW, Australia). D2O (99.75%) was from the 411 

Australian Institute of Nuclear Science and Engineering (Lucas Heights, NSW, Australia). 412 

2-fluoro-2-deoxy-D-glucose (FDG2), 3-fluoro-3-deoxy-D-glucose (FDG3), and 4-fluoro-4-413 

deoxy-D-glucose (FDG4) were purchased from Carbosynth (Compton, UK). 2,3-difluoro-2,3-414 

dideoxy-D-glucose (FDG23) and 2,2,3,3-tetrafluoro-2,3-dideoxy-D-glucose (FDG2233) were 415 

synthesised as described previously.[24, 36] 416 

Methods 417 

The buffer for the NMR experiments contained 20 mM Na2HPO4, 127 mM NaCl, 0.1 mM 418 

EDTA and 0.1 mM DTT, with pH adjusted to 7.4 and measured osmolality of 300 mOsm kg-1. 419 

0.1 mM DTT and 0.1 mM EDTA was required to maintain stability of the mutarotase during 420 

the NMR experiments. 421 

Samples were prepared by dissolving the F-sugar(s) in 2.5 mL of the NMR buffer, with addition 422 

of 0.2 mL of mutarotase stock solution, and 0.3 mL of D2O saline [as per [11]]. For the 19F NMR 423 

experiments, 0.5 mL of the sample was placed into a 5-mm glass NMR tube and the 424 

experiments were recorded at 37°C in a vertical wide-bore 400 MHz (376.5 MHz for 19F) NMR 425 

spectrometer (Bruker, Karlsruhe, Germany) using a dual 19F-1H probe and Bruker Topspin 3.2 426 

for spectral acquisition. 427 

The 1D 19F NMR spectra were acquired using a single radio frequency (RF) pulse per free 428 

induction decay (FID), using the standard Bruker pulse sequence ‘zgig’, with 1H WALTZ16 429 

decoupling applied during data acquisition. Each FID consisted of 8192 complex points. The 430 

spectral width was 127.729 ppm, with the carrier frequency set to -167 ppm. The 1H decoupler 431 

carrier frequency was set to 5 ppm. The FID acquisition time was 170.4 ms. An exponential 432 

line-broadening window function of 4 Hz was applied, following by zero-filling to 32768 433 

complex points. 434 

The 19F 2D-EXSY pulse sequence used 1H decoupling in both acquisition dimensions, as 435 

described in [22], using a mixing time of 2 s. The 1H decoupler carrier frequency was set to 5 436 

ppm. As is typical for 2D-EXSY experiments, the value of the mixing time had been adjusted 437 

in order to extract the maximum amount of information on the exchanging system. Since only 438 

cross-peaks for FDG4 were seen (within the levels of detection), the mixing time was adjusted 439 
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to maximise the intensity of the cross peaks corresponding to this sugar (2 s). Shorter mixing 440 

times led to weak cross-peaks, as only a small extent of reaction had occurred. However, 441 

mixing times that were longer led to a decrease of the overall signal-to-noise ratio in the 442 

spectrum because of longitudinal relaxation of the magnetisation. 443 

For the 2D-EXSY experiments with FDG2, FDG3, FDG4 and FDG23, two FIDs consisting of 444 

128 complex points were acquired with the inter-transient delay of 8 s, and 64 time increments 445 

were applied to record the indirect dimension. The spectral width was 6.5 ppm in both 446 

dimensions, with the carrier frequencies set to -197.75 ppm. This resulted in an acquisition 447 

time of 52.3 and 13.1 ms in the direct and indirect dimensions, respectively. Both dimensions 448 

were multiplied by a cosine-squared bell window function and zero-filled to a matrix of 256 × 449 

256 real points. Forward linear prediction was used in the indirect dimensions with 32 fitted 450 

coefficients. 451 

For the 2D-EXSY experiment with FDG2233, two FIDs consisting of 512 complex points were 452 

acquired with the inter-transient delay of 2 s, and 256 time increments were applied to record 453 

the indirect dimension. The spectral width was 22.065 ppm in both dimensions, with the carrier 454 

frequencies set to -130 ppm. This resulted in an acquisition time of 61.6 and 15.4 ms in the 455 

direct and indirect dimensions, respectively. Both dimensions were multiplied by a cosine-456 

squared bell window function and zero-filled to a matrix of 1024 × 512 real points. Forward 457 

linear prediction was used in the indirect dimensions with 32 fitted coefficients. 458 

The spectra were processed and analysed using Bruker TopSpin 3.5 or 4.0, which involved 459 

peak picking and integration of 1D spectra by fitting Lorentzian line shapes. Integration of 460 

peaks in the 2D spectra was done using NMRFAM-Sparky[37] by fitting Gaussian shapes. The 461 

back-transformation calculations as well as linear model fitting and error analysis were 462 

implemented in Mathematica 12.0 (Wolfram Research, Champaign, IL, USA). 463 
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