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Supplementary Figure 1.  31P NMR spectra demonstrating full conversion of ATP into ADP with 
concurrent conversion of 2DOG into 2DOGP.  (A) 0.85 mM ATP in a buffer containing 5 mM KH2PO4, 
120 mM KCl, 2 mM MgCl2, 4.5 mM 2DOG, pH 7.2.  (B) After addition of 5U/ml hexokinase to the 
sample in panel A. 
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Supplementary Figure 2.  Comparison of 1H and 31P NMR sensitivity.  (A) 1H 1D NMR spectrum of 
0.85 mM 2-deoxyglucose phosphate (2DOGP) acquired with a 5 mm TXI triple resonance non-
cryoprobe.  (B) 31P 1D NMR spectrum of 0.85 mM ADP acquired with a 5 mm BBO probe.  The spectra 
were collected with an identical total acquisition time of 60 min on a Bruker Avance II 500 MHz NMR 
spectrometer at 37 oC and processed with identical line-broadening parameters for calculations of signal-
to-noise (S/N) ratio.  Comparing the S/N ratios for the 2DOGP 2�’ proton to ADP phosphate groups, a 
34-fold increase in sensitivity was obtained by acquiring 1H vs. 31P NMR spectra. 
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Supplementary Figure 3. Sensitivity of 2D HSQC experiment for detecting [6-13C]2DOGP.  Shown 
here is the 2D sensitivity-enhanced HSQC spectrum of 0.85 mM [6-13C]-2-deoxyglucose phosphate 
(2DOGP) acquired with a 5 mm TXI triple resonance non-cryoprobe on a Bruker Avance II 500 MHz 
NMR spectrometer at 37 oC.  The spectrum was acquired with 15 complex t1 increments, 96 scans per 
increment, a t1 max of 27 ms, and a total acquisition time of 60 min.  The spectrum was processed with 
the same line-broadening parameters as in 1D sensitivity experiments for calculation of signal-to-noise 
(S/N) ratio.  The cross peaks derived from � and �-anomeric forms are labeled. 1D slices through the 
C6/H6 cross-peak of the �-anomeric form of 2DOGP are shown, and the obtained S/N is indicated. 
Since the chemical shifts of the two H6protons of the �-anomeric form of 2DOGP are nearly 
degenerate, the S/N for the 6� cross peak obtained here is much higher than that for 2�’ of 2DOGP as 
shown in the 1D sensitivity experiment. Therefore, the 2D experiment not only provides a clean NMR 
spectrum without background interference, but also gives higher sensitivity for quantification for 
2DOGP formation. 
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Supplementary Figure 4. Use of 2D 1H/13C HSQC NMR for quantification of mitochondrial ATP 
production. Shown are the overlays of 2D 1H/13C HSQC spectra of the H6/C6 region of 2DOG and 
2DOGP for mitochondrial samples from a control rat. Mitochondria (0.1 mg/ml) were incubated for 
variable time periods as indicated in the color panel in respiratory buffer with 5.0 mM [6-13C]2DOG, 5 
U/ml hexokinase, 0.1 mM ADP, 3 mM glutamate, 3 mM succinate and 0.6 mM malate. Mitochondria 
were precipitated and 40 �l supernatant was diluted to 480 �l in NMR buffer for studies. The total 
concentration of the converted [6-13C]2DOGP plus any remaining [6-13C]2DOG was ~0.42 mM. Since 
the C6/H6 cross-peak of the �-anomeric form of 2DOGP has the highest intensity, it is chosen to 
quantify the amount of 2DOGP formed as a result of ATP production by the mitochondria. A series of 
1D slices through the cross-peak of the �-anomeric form of 2DOGP clearly showed that the formation 
of 2DOGP (i.e. ATP production) increases with increasing incubation time. The spectra were acquired 
with 15 complex t1 increments, 16 scans per increment, and a total acquisition time of 35 min. 
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Supplementary Figure 5.  Comparison of our 2D NMR method to conventional 31P NMR for detection 
of mitochondrial ATP production.  (A-C) Representative 2D 13C/1H HSQC NMR spectra of the H6/C6 
region of 2DOGP of samples generated by incubation of 0.1, 0.02, and 0.01 mg/ml mitochondria, 
respectively (each in triplicate).  Gastrocnemius muscle mitochondria were prepared as described in 
“Research Design and Methods” and incubated for 20 min in respiratory buffer containing 5.0 mM [6-
13C]2DOG,  5 U/ml hexokinase, and 0.1 mM ADP, and energized with 5 mM glutamate, 5 mM 
succinate, and 1.0 mM malate at 37oC.  NMR samples were prepared as described in “Research Design 
and Methods”.  (D-F) 1D slices taken through the dotted lines of the spectra in panels A-C, respectively.  
The 2D spectra were plotted at the same contour level, while the 1D slices were plotted on the same 
scale. (G) Representative 1D 31P NMR spectrum (done on triplicate samples) of a sample prepared in 
parallel and in identical fashion as for the sample in panel A by using 0.1 mg/ml mitochondria except 
without [6-13C]2DOG and hexokinase.  (H) Positive control 1D 31P NMR spectrum of an NMR sample 
containing 0.85 mM ATP in a buffer of 5 mM KH2PO4, 120 mM KCl, 2 mM MgCl2, pH 7.2.  The 
spectra shown in panels A, B, C, and G were acquired with an identical total acquisition time of 23 min 
each on a Bruker Avance II 500 MHz NMR spectrometer at 37 oC.  These data clearly show that, using 
our proton-detected 2D NMR method, the 2DOGP peaks are easily detected at mitochondrial 
concentrations down to 0.01 mg/ml in an incubation volume of 60 µl or a sample size of 0.6 µg 
mitochondria. In contrast, the conventional 31P NMR is not sensitive enough to detect ATP even at the 
highest concentration of mitochondria (0.1 mg/ml) assessed by the 2DOGP 2D NMR method. 
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Supplementary Figure 6. Lack of significant effect on ATP production after addition of oligomycin or 
by shaking samples during incubation. (A) The effect of removing mitochondria by centrifugation (spin 
for 4 min at 4oC) or filtration (filtered quickly within a few seconds through a 0.22 m Millex PVDF 4 
mm diameter filter) on ATP production after incubation and addition of oligomycin (mean ± SE, n = 7 
per group).  (B) The effect of shaking or not shaking samples during incubation on ATP production 
(mean ± SE, n = 3 per group). Intermittent radial shaking was carried out in a plate reader for 47 sec of 
each 60 sec reading cycle (reading time 13 sec) at 87 rpm with a 3.5 mm shaking radius. All samples in 
panels A and B were incubated for 20 min at 37o C in 60 l respiratory buffer containing gastrocnemius 
mitochondria, 100 µM ADP, 5.0 mM [6-13C]2DOG, and 5 U/ml hexokinase and energized with 5 mM 
succinate, 5 mM glutamate, and 1 mM malate.  Oligomycin (2 µM) was added to all samples at the 20 
min time point.  The samples in panel A contained 0.1 mg/ml mitochondria, while samples in panel B 
contained 0.l or 0.02 mg/ml mitochondria as indicated.  NMR samples were prepared as described in 
“Research Design and Methods”.  These data indicate that the 4 min delay at 4oC due to centrifugation 
had no significant effect on our measured values of mitochondrial ATP production and that shaking or 
not shaking samples during incubation gave essentially the same results. 
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Supplementary Figure 7.  ATP production by mitochondria energized by different substrates in the 
presence (+) or absence (-) of oligomycin (2µM), rotenone (5µM), and FCCP (2µM). Substrate 
conditions included 10 mM succinate (S); 10 mM glutamate and 2 mM malate (GM); 10 M palmitoyl-
L-carnitine plus 1 mM malate (PcM); or 5 mM succinate, 5 mM glutamate, and 1 mM malate (SGM).  
Samples were prepared in identical fashion and incubated for 20 min at 37o C in 60 l respiratory buffer 
containing 0.1 mg/ml gastrocnemius mitochondria, 100 µM ADP, 5.0 mM [6-13C]2DOG, and 5 U/ml 
hexokinase. NMR samples were prepared as described in “Research Design and Methods” of the main 
manuscript. 13C/1H 2D HSQC NMR spectra were collected. Data represent mean ± SE, n= 4 per group, 
no visible bar indicates mean values of 0 (ATP production undetectable). As expected the ATP synthase 
inhibitor, oligomycin, completely inhibited ATP production. Rotenone increased ATP production on 
succinate presumably by blocking reverse electron transport from ubiquinone to complex I. Rotenone 
abolished ATP production on GM and on PcM, consistent with inhibition of forward electron flow at 
complex I. The lack of any ATP production on PcM with rotenone may have been related to the low 
concentration of palmitoyl-L-carnitine, which otherwise may have provided more electrons to complex 
II through FADH2.  To test for assay interference, we measured 2DOG to 2DOGP conversion in 
reaction wells containing 2.5 mM ATP, but no mitochondria, in the presence or absence of the 
individual substrates and inhibitors examined above. None of these compounds altered the 2DOGP 
concentration (data not shown) indicating lack of interference with the assay. 
 

 



SUPPLEMENTARY DATA 
 

©2013 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-1152/-/DC1 

Supplementary Figure 8. Lack of interference with ATP detection by the H2O2 probe DHPA (Amplex 
Red) and linearity of ATP and H2O2 production over time.  (A) ATP production by gastrocnemius 
muscle mitochondria in the presence or absence of the ROS probe, DHPA (Amplex Red). Mitochondria 
(0.1 mg/ml) were incubated in 96 well plates for the indicated time periods in respiratory buffer 
containing 5 mM [6-13C]2DOG, 5 units/ml HK, and 100 µM ADP  and fueled with 5.0 mM succinate, 
5.0 mM glutamate and 1.0  mM malate. Data point represent mean ±  SE of duplicate determinations. 
(B-C) Representative plots depicting H2O2 production versus time at various ADP concentrations (mM) 
during incubation of one control (panel B) and one STZ-diabetic (panel C) mitochondrial sample of 
figure 7B (main manuscript). 
 

 
 


