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Abstract

The differentiation of bacterial infection from other causes of inflammation is difficult in clinical
practice and is critical where patient outcomes rely heavily on early interventions. In addition to
physical exam and laboratory markers, several imaging modalities are frequently employed, but
these techniques generally target the host immune response, rather than the living microorganisms
themselves. Here, we describe a method to detect bacteria-specific metabolism using
hyperpolarized (HP) 13C magnetic resonance spectroscopy. This technology allows visualization
of the real-time conversion of enriched 13C substrates to their metabolic products, identified by
their distinct chemical shifts. We have identified the rapid metabolism of HP [2-13C]pyruvate to
[1-13C]acetate as a metabolic signature of common bacterial pathogens. We demonstrate this
conversion in representative Gram negative and Gram positive bacteria, namely Escherichia coli
and Staphylococcus aureus, and its absence in key mammalian cell-types. Furthermore this
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conversion was successfully modulated in three mutant strains, corresponding to deletions of
relevant enzymes.

Graphical Abstract

Keywords

Hyperpolarized 13C nuclear magnetic resonance (MR); dynamic nuclear polarization (DNP);
pyruvate; acetate; bacterial metabolism

Distinguishing bacterial infections from non-infectious mimics is an important clinical
challenge. Laboratory markers such as erythrocyte sedimentation rate or the C-reactive
protein are sensitive to systemic inflammation and are therefore not specific for infection.
Standard morphologic imaging modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) are similarly non-specific. For example, an active spine infection
may look similar on MRI to other pathologies including age-related degeneration 1. In
patients with severe pancreatitis or postoperative fever, infected fluid collections (that must
be drained) cannot be differentiated from sterile inflammation using CT or MRI -4 and the
morbidity of intervention in the case of a false positive can be very high.

Current nuclear-medicine based molecular imaging approaches also have significant
limitations in the accurate diagnosis of infection. For example, common clinical tools, such
as single photon emission computed tomography (SPECT) 111In white blood cell scanning °
and gallium scintigraphy target the inflammatory response to infection and do not detect the
organisms themselves. Full-body positron emission tomography (PET) using 18F-
fluorodeoxyglucose (FDG) has recently been used in the workup for fever of unknown
origin 8, to detect the upregulated glycolysis characteristic of activated immune cells.
However, like SPECT approaches, FDG-PET detects the host immune response rather than
the living bacteria. Thus, new diagnostic tools are required to directly detect bacteria in
infected tissues.

Several novel approaches to imaging infection have recently been described that overcome
the challenges faced by conventional approaches, by targeting metabolic pathways that are
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unique to bacteria. For example, gram-negative bacteria are able to use sorbitol as a
metabolic substrate, while mammalian cells cannot. Based on this difference, 18F-
deoxysorbitol (18F-FDS) has been developed as a PET-based marker of infection and has
been used to distinguish infectious myositis from sterile inflammation in a mouse model 7.
Similarly, we have recently described the use of D-[methyl-11C]methionine to image
bacterial infection /in vivo, based on the selective incorporation of D-amino acids into the
bacterial cell wall &°.

Recently, a metabolic technology has emerged to complement PET that is particularly
sensitive to divergent metabolism, namely hyperpolarized magnetic resonance (HP MR). HP
MR is a powerful tool for the molecular imaging of metabolism. This methodology is based
on polarizing nuclear spins in an amorphous solid state at ~1.2°K through coupling of the
nuclear spins with unpaired electrons provided via an organic free radical. 13C labeled
substrates have been recently polarized to obtain dramatic enhancements of the 13C MR
signals (>50,000 fold at 3T) of the substrate as well as subsequent metabolic products 10, HP
13C MR has been applied to preclinical animal models of cancer 11, cardiac disease 12, and
diabetes 13, HP 13C pyruvate MR has already been translated to human imaging for cancer
applications 14, and numerous clinical trials are ongoing. HP 13C MR-based strategies for
imaging infection have great potential for several reasons: 1) HP 13C MR does not require
ionizing radiation, making it ideal for use in vulnerable populations including children, 2)
HP 13C MR can distinguish between the injected tracer and bacteria-specific downstream
metabolites with exceptionally high specificity, and 3) chemical shift separation of HP
metabolites allows multiple agents to be imaged simultaneously 1°, probing different
metabolic pathways.

In this study, we demonstrate the rapid metabolism of [2-13C]pyruvate into HP
[1-13C]acetate in two common species of pathogenic bacteria, namely £. coliand S. aureus.
This conversion is contrasted with [2-13C]pyruvate metabolism in mammalian cell lines.
Finally, we employ an MR-compatible perfusion cell culture system (also known as a
bioreactor) to investigate the mechanism of HP [1-13C]Jacetate generation in £. coli

E. coli suspensions probed with HP 13C pyruvate revealed [1-13C]acetate and 13C formate
resonances as potential bacteria-specific signals

We performed initial studies using HP 13C pyruvate in £. coli cell suspensions to identify
promising bacteria-specific metabolite signals. A mixture of HP [1-13C]pyruvate and HP
[2-13C]pyruvate was introduced into small-volume cultures and examined at high-field (11.7
T) by 13C NMR. Both isotopomers of pyruvate were used in this initial experiment so that
we could simultaneously explore multiple metabolic pathways in bacteria and mammalian
cells. Using a mixture of [1-13C] and [2-13C]pyruvic acid, rather than doubly-labeled
[1,2-13C]pyruvate, permitted us to minimize the spectral complexity and associated
relaxation mechanisms resulting from carbon-carbon coupling in the doubly labeled
compound.
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HP [1-13C]pyruvate and HP [2-13C]pyruvate were metabolized by £. colito produce formate
and acetate, respectively (Figure 1A). The intermediates acetyl-coA, carbon dioxide, and
bicarbonate were also observed (Figure 1B). Based on these initial results, we identified
hyperpolarized [1-13C]acetate (average signal-to-noise ratio of 51+ 28, acetate/pyruvate ratio
0.04 + 0.007, N=5) as a promising bacteria-specific resonance. This peak assignment to
acetate was also confirmed using thermal 1H NMR measurements (see supplementary figure
S1). Formate, produced from pyruvate via the enzyme pyruvate-formate lyase, was another
potentially specific bacterial product, but had insufficient chemical shift difference (0.74
ppm) from [1-13C]pyruvate for detailed study in biological systems. S. aureus, an important
Gram-positive pathogen, also exhibited acetate conversion from pyruvate. When S. aureus
cultures were combined with hyperpolarized [2-13C]pyruvate, [1-13C]acetate was seen as a
metabolic product (Figure 2). The ratio of the acetate to pyruvate resonances was 0.016

+ 0.007 (N=3), similar to that seen in £. coli cells.

An NMR-compatible, perfused bioreactor provides a platform for rigorous study of [2-13C]
pyruvate metabolism in bacteria

Based on these encouraging results, we optimized a 3D culture platform to address some of
the limitations encountered studying bacterial metabolism in small-volume cell-suspensions
via NMR. Simple experiments in an NMR tube make quantification difficult for two
reasons: First, because the cells settle to the bottom of the NMR tube during data
acquisition, it is difficult to quantify the number of cells contributing to 13C signal in the
sensitive volume of the NMR receiver coil. This settling also causes inhomogeneity that
degrades the signal intensity. Second, it is difficult to maintain the consistent environment
necessary for extended and repeated experiments due to lack of oxygen and fresh nutrient
supply. We therefore optimized an NMR-compatible cell culture bioreactor for bacteria
experiments, which permitted reproducible, quantitative measurements of hyperpolarized
signals and enzyme kinetics. Our NMR-compatible 3D cell and tissue culture bioreactor was
based on a design that we have previously developed for mammalian cells and tissues 16-18
(see supplementary figure S2 for schematic). To confirm that encapsulated bacteria could be
kept in a stable metabolic state over the course of several experiments, we studied the
bioenergetics of £. coliusing phosphorus (31P) NMR (Figure 3A). 31P NMR visible
nucleoside triphosphate (NTP) peaks are predominantly comprised of adenosine
triphosphate (ATP) 19 and are often used to assess the viability of cells and tissues. The
adenylate energy charge was calculated to be 0.75, indicating viable cells?0. Stable
nucleoside triphosphate (NTP) peaks were observed in £. colifor 2 hours (see
supplementary figure S3), which was the maximal duration of the HP NMR bioreactor
experiments per biological replicate. Therefore, bacteria could be kept in a steady metabolic
state during the experiment.

Figure 3B demonstrates the dynamic HP 13C spectra of £. coliencapsulated in alginate
microspheres upon infusion of HP [2-13C]pyruvate with a temporal resolution of 3 seconds.
The rise and fall of the acetate signal arising from the conversion of [2-13C]pyruvate by the
E. coli cells represents the initial production rate and the subsequent washout of the signal
due to the longitudinal relaxation of the hyperpolarized signal. The summed spectrum at the

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.
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very end of the series is illustrative of the total signal of each of the metabolites for the entire
time course (~ 2.5 minutes).

[1-13C] acetate is a product of HP [2-13C]pyruvate metabolism in E. coli but not in cancer or
activated immune cells

To demonstrate that the HP acetate signal observed was unique to bacteria, we compared the
metabolism of HP pyruvate in an £. co/iloaded bioreactor to the metabolism seen in
representative malignant and inflammatory mammalian cells, namely renal cell cancer
(UOK 262) and activated macrophages (RAW 264.7). Equal amounts of HP [1-13C]
pyruvate and HP [2-13C] pyruvate mixture were polarized and injected into the mammalian
and bacterial cells under study. We detected hyperpolarized acetate peaks in £. colibut not
in mammalian cells (Figure 4). In contrast, spectra derived from both renal cell carcinoma
cells and activated macrophages demonstrated production of [1-13C]lactate from [1-13C]
pyruvate, which is expected due to upregulated oxidative glycolysis in these cells 21.22,

Mutant E. coli strains studied with HP [2-13C]pyruvate show multiple compensatory
pathways of acetate production

We further interrogated the multiple pathways of acetate production that exist in bacteria
using E. coli strains for which key metabolic enzymes have been deleted, namely pfa, ackA
and poxB (Figure 5A); these enzymes make up crucial pathways for acetate production.
Spectra were obtained using our NMR-compatible bioreactor system following injection of
[2-13C]pyruvate into each £. coli mutant as well as the wild type (Figure 5B). Using our
hyperpolarized 13C MR technique, it was possible to observe the high energy intermediate,
acetyl phosphate (acetyl-PQ,), of the pta/ackA pathway. The chemical shift reference of this
intermediate was confirmed using external standard measurements of acetate and acetyl-PO4
(supplementary figure S4). The Apta strain produced high levels of acetate and low levels of
acetyl-POy, while the AackA strain had drastically reduced levels of acetate, with a
corresponding buildup of acetyl-PO4 and acetyl-CoA (representative spectra shown in
Figure 5B). Finally, the ApoxB strain had lower acetate production and no detectable signals
from the intermediates (acetyl-PO,4 and acetyl-CoA).

The dynamic traces of the signals obtained from the bioreactor experiments were further
quantified by integrating the peak areas of each metabolite for the entire time course, and the
mean and standard deviation were computed (Figure 5C) and normalized to the pyruvate
signal. The acetate/pyruvate ratios were significantly reduced (p<0.05) in the AackA (0.0016
+ 0.0005) and Apta strains (0.0032 + 0.0014) when compared to the wildtype cells (0.0069
+ 0.0006). While the pta knockout cells had slightly higher acetate/pyruvate ratios (0.011

+ 0.001) compared to wildtype, these ratios were not statistically significant. Acetyl-coA
signal was observed robustly in the AackA strain, indicating the relatively higher pool size of
this metabolic intermediate consistent with a truncation of the pta/ackA pathway. However,
Aptaand AackA strains both accumulated the high energy signaling molecule, acetyl-PQOy,
further reinforcing the dysfunctional pta/ackA pathway. The AackA strain had significantly
(p<0.05) higher acetyl-phosphate/pyruvate ratio (0.014 + 0.008) compared to Apta strain
(0.004 £ 0.001). Interestingly, this disrupted pathway resulted in the increased lactate signal,

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.
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with the AackA strain having a slightly higher lactate/pyruvate ratio (0.0067 £ 0.0034)
compared to the Apta strain (0.0026 + 0.001).
Discussion

In this study, we demonstrated robust production of HP [1-13C] acetate from HP
[2-13C]pyruvate in two common pathogenic strains of bacteria— £. coliand S. aureus— but
not in mammalian cell lines. Specifically, UOK262 renal cell cancer cell lines and activated
macrophages were studied because both tumors and inflammatory cells are important
infection mimics in clinical practice. These results suggest that HP [1-13C] acetate is a
potential specific marker of bacterial cells and may in the future aid in distinguishing
infections from non-infectious processes in the body.

Pyruvate is a key intermediate in energy metabolism and is used by both bacteria and
mammalian cells. In bacteria, pyruvate is used to generate acetate, as a mechanism for
recycling NAD+ and coenzyme A, particularly in states of glucose (carbon) excess 23.
Bacterial-derived acetate is predominantly produced through acetyl-CoA through a reaction
catalyzed by the enzymes Pta and AckA, (Figs 1A and 5A). This pathway is key for
generating ATP essential for the anaerobic growth of £. coli?*. Although mammalian cells
have the capacity to produce acetate from pyruvate, acetate is produced much more slowly
by mammalian cells. The rate of acetate production in mammalian cells is approximately
0.18 pmol acetate/n/mmol of glucose/100g of protein 25. By contrast, wild type £. coliin
culture produce approximately 46562 umol acetate/h/mmol glucose/100g of protein 26. The
dramatically decreased production of acetate observed in mammalian cells (> 10° slower
rate) has been attributed to a tightly regulated acetyl-CoA pool 2. Furthermore, in
mammalian cells, acetyl-CoA is compartmentalized in mitochondria, impacting the rate of
acetate production. In order to produce acetate, acetyl-CoA formed from pyruvate in the
mitochondria needs to be transported back to the cytosol and hydrolyzed via acetyl-CoA
hydrolase. However, this transport requires the citrate/malate shuttle to transfer acetyl group
equivalents from the mitochondria to the cytosol across the acetyl-CoA-impermeable
mitochondrial inner membrane 28. The multiple steps involved in eukaryotic acetate
formation from pyruvate should prevent visualization of this conversion within HP signal
lifetimes as is observed in this study.

In addition to comparing acetate production between bacteria and mammalian cells, we were
able to confirm the pathway of acetate production in £. colito be as shown in figure 5A by
demonstrating decreased acetate production with key enzyme knockouts. The AackA strain
had the lowest acetate production, which is consistent with prior results using different
techniques 2930, Although acetyl-coA was only observed in the AackA knockouts robustly,
its absence in the wild type and Apfais a consequence of decreased number of cells and
reduced apparent pyruvate resident time in the active region of the coil of the bioreactor set-
up and not of the enzyme knockouts itself. We have shown, for the first time, the real-time
measurement of the high energy signaling molecule acetyl-phosphate using hyperpolarized
magnetic resonance spectroscopy. This intermediate metabolite was appropriately observed
only in the Aptaand AackA strains. The enzyme knockouts that we studied are the only
enzymes known to produce acetyl-PO, in £, coli3L. The presence of acetyl-PO, in the Apta

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.
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mutant could be indicative of alternative metabolic pathways that evade the requirement for
ptaenzyme or the reversible flux of the ackA enzyme, which needs to be verified by steady
state metabolite analysis. These observations show that the bioreactor platform can be a
powerful tool to interrogate the rate-limiting steps and key metabolic intermediates of these
pathways. The Apta strain also produced increased acetate signal compared to the wild type
cells, presumably due to a compensatory mechanism via the poxB pathway. Furthermore
with the disruption of the ptalackA pathway, the pyruvate flux to lactate is increased, which
is also consistent with previous non-HP studies 32. This ptalackA pathway has also been
shown to be critical for S. aureus survival 33, Although the specific mechanism has remained
elusive, the pta/ackA pathway has been shown to be essential in several microbes for
colonization of hosts 34. Furthermore, this pathway has been shown to have a deleterious
effect on protein folding and aggregation resulting in temperature sensitive attenuated
growth rate 35, All of these taken together reinforce the central role of acetate in bacterial
metabolism thereby making for a robust biomarker.

Bacterial metabolism has been previously investigated using HP 13C glucose in £. co/i36. In
that study, the common fermentative byproduct, ethanol, was observed. In contrast, we did
not observe ethanol production, which is likely due to the short T, of ethanol compared with
the longer repetition time used in our study (3 seconds). The use of HP [2-13C]pyruvate to
study infection is advantageous compared to HP 13C glucose because HP [1-13C]pyruvate is
already being used for clinical studies in humans with cancer 14. Therefore, HP
[2-13C]pyruvate is expected to have a low barrier to eventual clinical translation.

Our study has several limitations, but the results presented here are promising and warrant
further investigation in animal models. We demonstrate clear metabolic signatures within
bacterial and mammalian cell lines, but further studies in animals are required to
demonstrate that the technique is sensitive enough to detect bacterial metabolism of
infections /n vivo. Very little is known about the number of bacteria within an active
infection; one estimate is 2x108 colony-forming units (CFUs)/mL 37, which is on the same
order of magnitude as the bioreactor-loaded cells in our study. While the /n vivo sensitivity
of this methodology is unknown at this stage, the inherent enhancement of the
hyperpolarization technique (up to 10° versus thermal MRI) is a huge advantage over other
detection schemes. Furthermore, one potential confounding factor for /n vivo application
could be the very close resonance (0.15 ppm upfield) of [5-13C]glutamate to that of the
[1-13C] acetate peak both produced from metabolism from [2-13C]pyruvate. Although, we
have shown in this work conclusively that the peak we observe is that of acetate (via thermal
labeling and enzyme knockout measurements), this would need careful evaluation for in vivo
applications. We also showed specific bacterial metabolism compared to two important
mammalian cell lines, but this may not be representative of other cell types that may be
encountered /n vivo. However, our work is consistent with /n vitro studies of other bacterial
species, such as Shigella, have shown similar increased acetate production as a consequence
of infection 38,

In conclusion, metabolism of HP [2-13C]pyruvate may represent a way to distinguish living
bacteria from non-infectious mimics such as cancer and sterile inflammation. Further /n vivo

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.
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studies are warranted to determine if this technique has enough sensitivity to detect
infections.

Methods

Bacterial Strains and deletion mutants

Wild-type strains—All £. coliused in this study were a kind gift from the laboratory of
Dr. Carol Gross (Department of Microbiology and Immunology at University of California,
San Francisco). The wild type £. coliused in this study was the K-12 BW?25113 strain. The
S. aureus was purchased from ATCC (ATCC 12600). £. coli mutants. In order to interrogate
individual pathways involved in acetate production, deletion mutants were obtained from the
Keio collection 39, Specifically, 3 deletion strains were examined: 1) deletion of phospho-
transacetylase (pta), which converts acetyl-CoA to acetyl-phosphate, 2) deletion of acetate
kinase (ackA) which converts acetyl phosphate to acetate and 3) deletion of pyruvate
dehydrogenase poxB, a flavoprotein that can convert pyruvate to acetate in a single step.

E. coli and S. aureus liquid cultures

Two types of cell preparations were used for NMR experiments. Initial experiments were
performed using simple liquid cultures (“cell slurries™) placed in NMR tubes. Further
experiments were performed using an NMR-compatible bioreactor (described below) that
allowed finer control of the cell environment during the experiment. For experiments
involving simple liquid cultures, £. coliand S. aureus were inoculated in 20 ml lysogeny
broth (LB) medium from agar plates and were grown overnight at 37° C in shake flask
cultures and grown to ODgqg of 0.6 to 0.8. Centrifuged cell pellets were resuspended in 500
pl of 40 mM HEPES buffer at pH 7.3 for HP 13C NMR experiments.

Bioreactor setup and encapsulation of cells

E. coli cells, both wild-type and mutants were inoculated in 50 ml LB medium from an agar
plate and grown to ODggg of 0.6 — 0.8 before being spun down for encapsulation in alginate
at a density of 1x10° cells/ml using techniques to those previously described 16. A renal cell
carcinoma cell line, UOK262, was used as a representative cancer cell line (cells obtained
from Dr. W. Marston Linehan, National Cancer Institute, Bethesda, MD. Cells and
authenticated using STR profiling, October 2012). The UOK262 cells were also
encapsulated in alginate microspheres identical to prior publications #° from our group. To
model the inflammatory response, a mouse macrophage cell line, J774A.1, was obtained
from ATCC. These cells were grown on the surface of microcarrier beads (Cytodex®, Sigma
Aldrich, St. Louis, MO, USA) as these substrates were found to be optimal for cell
proliferation and metabolism. To mimic the activated state of macrophages, the cells were
stimulated using lipopolysaccharideat 50 ng/ml for 24 hours derived from £. coli (Sigma
Aldrich, St. Louis, MO, USA).

Once the cells were prepared for the bioreactor experiments with alginate or microcarrier
beads, as described above, 250 pl of the cell-laden spheres were loaded into the 5 mm
bioreactor. The cells were continuously perfused with high glucose (25 mM) DMEM media

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sriram et al. Page 9

warmed to 37 °C and provided with 95% oxygen at 1 ml/min flow rate as described
previously 18,

Preparation and polarization of 13C enriched samples

Samples of enriched and concentrated [1-13C] and [2-13C]pyruvic acid were prepared for
dynamic nuclear polarization (DNP) as detailed in prior work 1°. For cell suspension
experiments, a mixture of [1-13C] and [2-13C]pyruvic acid was used. This mixture was
polarized using a 3 T Hypersense (Oxford Instruments) DNP and dissolved in a phosphate
buffer. Approximately 16 umols of co-polarized [1-13C]pyruvate and [2-13C]pyruvate 1°
dissolution solutions were added to the cells. For subsequent experiments using the
bioreactor platform (wild type £. coliand variants), bacteria in the bioreactor were injected
with 8 pmols of [2-13C]pyruvate alone.

NMR Experiments

All hyperpolarized experiments were conducted using a 11.7 Tesla Varian INOVA (Agilent
Technologies, Santa Clara, Ca, USA) NMR spectrometer. For the bacterial cell suspensions,
500 ul of the dissolution solution was quickly added to the 500 pl of cells resuspended in
HEPES buffer, rapidly mixed and inserted into the magnet. For the bioreactors, the
dissolution solution was injected under flow continuously for 90 seconds at 0.5 ml/min.
NMR data were acquired every 3 s using a dynamic pulse-acquire sequence and 30° RF
pulses, for a total of for 300 s, with a spectral bandwidth of 20 KHz and 40000 points.

For bioreactor studies, 31P spectra was also acquired to ensure viability as previously
described 18. Briefly, data was acquired with a spectral badnwith of 12 KHz, 2048 averages
and 1s acquisition time using a pulse-acquire sequence employing a 90° RF pulse. The

chemical shift was referenced to a-NTP peak at —10 ppm as seen in prior bacterial work
41,42

Data Analysis

Dynamic spectra were summed and all analyses were performed using MNOVA (Mestrelab
Research, Spain). All results are reported as mean + standard deviation. Chemical shift
assignments were made based on literature 36 and databases (University of Texas,
Southwestern, Advanced Imaging Research Center, http://www.utsouthwestern.edu/
education/medical-school/departments/airc/tools-references/chemical-shifts/
andHumanmetabolomedatabase,hmdb.ca). Statistical significance was determined using
Student’s T-test with a threshold of significance denoted by p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hyperpolarized pyruvate is metabolized simultaneously by multiple pathwaysin E. coli
A) The schematic of the metabolic fate of the carbons in the first and second position of the

pyruvate molecule as its catabolized by £. coli. B) 13C hyperpolarized spectrum of the
various signals observable upon metabolism of pyruvate by £. coli. The * indicates
inpurities present in the precursors and the peaks labeled are tentatively identified as: a -
BHydroxybutyrate, b-phosphoenolpyruvate. The peak marked ‘u’ is not assigned.
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Figure 2. Acetate production is observed from metabolism of hyperpolarized C2 pyruvatein S.

aureus

A) HP 13C spectra shows the acetate signal that arises from metabolism of C2 pyruvate. B)
Kinetics of HP acetate and pyruvate signals show a robust production of acetate.

ACS Infect Dis. Author manuscript; available in PMC 2018 June 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sriram et al. Page 15

[2-*C] Pyruvate

Pi

Intracellu-
lar Pi

aNTP +

NAD/UDP BNTP

8 4 0 -4 -8 12 16 20
[1-13C] Acetate
[1-13C] Pyruvate
Summed
spectra

2.5 minutes

s

210 190 170
Chemical Shift (ppm)

Figure 3. Study of E. coli metabolism of HP [2—13C] pyruvate using an NM R-compatible,
perfused bioreactor platform

A) 31p spectra of £. coliencapsulated in alginate microspheres and shows viable cells. B)
[2-13C]pyruvate was injected into the bioreactor and studied for 2.5 minutes seconds. The
real-time enzyme Kinetics is clearly seen in the production of acetate signal. The summed
spectrum at the end reflects the total signal intensity for the entire time course.
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Figure 4. Conversion of [2-13C] pyruvate by bacterial and mammalian cellsreveal divergent
metabolic pathways

A) Schematic of the bifurcation of pyruvate metabolism that is prevalent in the mammalian
cells (green and red arrow) and bacteria (blue arrow). The green arrow denotes the
predominant fate of pyruvate in normal functioning mammalian cells. The red arrow denotes
the glycolytic phenotype exhibited by most malignant tumors and the blue arrows indicates
the primary pathway of wild type bacterial cells. B) C1 and C2 labeled co-polarized
pyruvate was injected into mammalian cells or £. coli. The top spectrum is that of E. coli, a
representative gram Gram-negative pathogen. The bacterial cell metabolism clearly depicts
the formation of acetate. In contrast, the bottom two spectra corresponding to renal cell
cancer and activated macrophages do not have any acetate signal. Furthermore, characteristic
mammalian cell metabolism is demonstrated by the lactate signal arising from the C1
pyruvate representative of glycolysis.
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Figure 5. Multiple compensatory pathways of acetate production from pyruvate existsin E. coli
A) Schematic of the two major direct pathways of acetate formation from pyruvate. B)

Representative spectra for each of the £. colivariant depicting the metabolism of
hyperpolarized [2-13C] pyruvate. C) Bar graph of the ratios of hyperpolarized metabolites
derived from pyruvate in the 4 different £. coli cell types studied. The bar graphs represent
the mean values of 3 replicates with standard deviation error bars. * denotes statistically
significant (p<0.05) difference from the wild type £. coli.
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