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The biological toolbox is full of techniques developed originally for analytical chemistry.

Among them, spectroscopic experiments are very important source of atomic-level

structural information. Nuclear magnetic resonance (NMR) spectroscopy, although very

advanced in chemical and biophysical applications, has been used in microbiology

only in a limited manner. So far, mostly one-dimensional 1H experiments have been

reported in studies of bacterial metabolism monitored in situ. However, low spectral

resolution and limited information on molecular topology limits the usability of these

methods. These problems are particularly evident in the case of complex mixtures, where

spectral peaks originating from many compounds overlap and make the interpretation

of changes in a spectrum difficult or even impossible. Often a suite of two-dimensional

(2D) NMR experiments is used to improve resolution and extract structural information

from internuclear correlations. However, for dynamically changing sample, like bacterial

culture, the time-consuming sampling of so-called indirect time dimensions in 2D

experiments is inefficient. Here, we propose the technique known from analytical

chemistry and structural biology of proteins, i.e., time-resolved non-uniform sampling.

The method allows application of 2D (and multi-D) experiments in the case of quickly

varying samples. The indirect dimension here is sparsely sampled resulting in significant

reduction of experimental time. Compared to conventional approach based on a series

of 1D measurements, this method provides extraordinary resolution and is a real-time

approach to process monitoring. In this study, we demonstrate the usability of the

method on a sample of Escherichia coli culture affected by ampicillin and on a sample of

Propionibacterium acnes, an acne causing bacterium, mixed with a dose of face tonic,

which is a complicated, multi-component mixture providing complex NMR spectrum.

Through our experiments we determine the exact concentration and time at which

the anti-bacterial agents affect the bacterial metabolism. We show, that it is worth to

extend the NMR toolbox for microbiology by including techniques of 2D z-TOCSY,

for total “fingerprinting” of a sample and 2D 13C-edited HSQC to monitor changes in

concentration of metabolites in selected metabolic pathways.

Keywords: NMR spectroscopy, Propionibacterium acnes, non-uniform sampling, in vivo process monitoring,
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FIGURE 8 | z-TOCSY spectrum obtained after adding of 0.2% face tonic and

0.01% of glucose to a bacterial pellet in D2O. Panels (from the top)

correspond to A = 11 min, B = 139 min, and C = 349 min after the addition

of face tonic. Regions of changes are marked with circles: glucose (left) and

putrescine (right).

FIGURE 9 | Rate of consumption of glucose varies with the amount of face

tonic present in the sample. Each time glucose is 0.01% while face tonic is

varied as : red–0%, black–0.1%, blue–0.2%, yellow–0.3%, pink–0.4%. In each

case the trend line is obtained by taking the average of the peak integration

values of three glucose cross peaks present at coordinates : (3.46–4.6,

3.39–4.6, 3.23–4.6 ppm) in the z-TOCSY spectra.

FIGURE 10 | Rate of consumption of glucose varies with the amount of

mandelic acid present in the sample. In each case the trend line is obtained by

taking the normalized average of the peak integration values of three glucose

cross peaks in the z-TOCSY spectra present at coordinates : 3.4–4.6,

3.39–4.6, 3.23–4.6 ppm are integrated and averaged. In the sample each time

glucose is 0.01% while mandelic acid is varied as : red–0%, blue–0.002%,

black–0.004%.

Effect of other chemicals generally used in pharmaceuticals–
lappa root extract, extract from willow bark and lanicera
extract, have been studied by time-resolved NMR in a similar
manner. The data from these experiments are presented in the
Supplementary Material.

To selectively monitor the products of glucose metabolism,
time resolved HSQC experiments were implemented by using
13C glucose during the sample preparation. HSQC spectra of this
sample is shown at three different time points in Figure 11. One
can observe peaks from trehalose and the decrease in intensity of
glucose peaks at chemical shift range 3–4 ppm in 1H dimension
and 70–80 ppm in 13C dimension. A propionic acid peak is also
seen to grow at 1 ppm (1H) and 11 ppm (13C) and is a direct
product of glucose fermentation (Grinstead and Barefoot, 1992).
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FIGURE 11 | Zoomed-in regions of time-resolved HSQC spectra of a sample of bacteria with 0.01% of glucose and 0.1% of face tonic. Panels correspond to (from

the left): 9min, 9.5 h, 19 h after addition of both agents. In (A) one can see the product of glucose metabolism: peak from a methyl group of propionic acid growing

with time. In (B) one can see that glucose and trehalose peaks are present. The peaks from glucose decrease in intensity with time.

FIGURE 12 | Rate of production of propionic acid for P. acnes sample with

glucose only (blue), 0.002% of mandelic acid (red), and 0.1% of tonic (green).

In each case the trend line is obtained by taking the peak integral values of

propionic acid peak in 13C-HSQC spectrum.

Figure 12 shows time plot of the intensity of propionic acid peak
in the sample without any anti-bacterial agents, with mandelic
acid and with tonic.

4. DISCUSSION

The presented method allows a precise and continuous
monitoring of time-dependent processes in a biological sample.

The effect of various anti-bacterial agents on bacteria could
be monitored with a series of NMR experiments in time.
However, for accurate detection of the changes occurring during
the process one needs to resolve the various overlapping
peaks. TOCSY was chosen as our primary experiment because
of its ability to correlate all the protons in a spin system
making structure elucidation possible. This experiment is
generally sensitive because of the high natural abundance of
magnetically active 1H isotope. We used the experiment in its
optimized variant, providing cleaner spectra, known as z-TOCSY
(Braunschweiler and Ernst, 1983). z-TOCSY is often used in
identifying metabolites in mixtures of biological origin (see e.g.,
Massou et al., 2007).

The proposed extension of biological toolbox by 2D NMR
experiments based on TR-NUS is not limited to z-TOCSY. To
further enhance the selectivity of the technique one can use
isotope labeling of the compounds to observe only particular
metabolic pathways (Metallo et al., 2009; Chokkathukalam et al.,
2014). Isotopic labeling allows also to use heteronuclear 2D
experiments, i.e., those correlating hydrogen nuclei with e.g.,
magnetic isotopes of carbon (13C has spin 1

2 and associated
magnetic moment). The example of such a technique is
Heteronuclear Single Quantum Correlation (HSQC) experiment
(Bodenhausen and Ruben, 1980), used here to transfer coherence
from 1H to 13C nuclei and back. Through our work we have
shown the application of both z-TOCSY and 13C HSQC as good
complementary experiments for process monitoring.

The E. coli spectra match with the results of study by Griengl
(Griengl et al., 1999). Also, they show how ampicillin alters
the metabolism. As can be seen from Figure 5 the products
of cell decay, i.e., cadaverine and putrescine are produced in
larger amounts when ampicillin is added. As it was recently

Frontiers in Microbiology | www.frontiersin.org 9 July 2017 | Volume 8 | Article 1306

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Dass et al. Fast 2D NMR In vivo

shown, variety of bacterial antibiotics including ampicillin
induce oxidative stress in E. coli cells (Belenky et al., 2015),
and it is possible that polyamines, such as cadaverine and
putrescine, known to protect E. coli from hazardous oxygen
species were produced in these cells (Chattopadhyay et al.,
2003). Interestingly, as seen from Figure 6, ampicillin alters
the glucose metabolism toward more extensive lactic acid
production at the slight expense of alcoholic fermentation.
According to data collected by Belenky et al. (2015), treatment of
bacteria with ampicillin for 90 min caused more than three-fold
increase of acetyl-CoA abundance in cells. They also observed
that concentration of intermediate metabolites of TCA cycle
(e.g., citric acid, succinate, fumarate) increased in response to
the presence of ampicillin. This observation is in line with
our evidences, and may indicate that the larger number of
NADH molecules produced by intense reduction of NAD+

by oxidative decarboxylation of pyruvate and TCA cycle is
additionally regenerated (oxidized) thanks to lactic fermentation.
The z-TOCSY and 13C HSQC serve as independent tests of
repeatability. Comparing Figures 5, 6 shows, that the increased
lactate and decreased ethanol production under the effect of
ampicilin is observed in both tests, although with certain
deviations. One has to note, however, that conditions of NMR
measurements (e.g., temperature) can be controlled with high
precision and differences are caused by other factors.

For P. acnes, we collected interesting data regarding glucose
consumption in the presence of various concentrations of
face tonic (Figure 9). While low concentration of face tonic
(0.1–0.2%) slightly accelerated glucose consumption, the higher
concentration of this agent restored utilization of glucose to
the same level as in control. We hypothesize that face tonic
which contains plant extracts added to bacterial suspension in
low concentration supplements some nutritional substances and
by this way enables a bit more intense glucose consumption.
Figure 12 shows the rate of propionic acid production in P.
acnes. Interestingly, 0.1% of tonic, which according to data
presented in Figure 9 forced bacteria to somewhat faster glucose
consumption, almost completely hindered the production of
propionic acid. This may indicate that in the presence of
mandelic acid (0.002%) or face tonic (0.1%) P. acnes cells
use alternative pathway for ATP synthesis which does not
result in production of propionic acid. Brzuszkiewicz et al.
(2011) reported that even under anaerobic conditions all
protein members of respiratory chain are present. For yet
unknown reason, it is possible that fumarate respiration
occurs in the presence of mandelic acid or components of
face tonic. This process enables ATP production by F0F1
ATP synthase and can be accomplished by the presence
of NADH dehydrogenase/complex I (NDH-1) and succinate
dehydrogenase/fumarate reductase (SdhABC) whose expression
in varying growth conditions was confirmed by Brzuszkiewicz
et al. (2011). This pathway would explain our observations
regarding glucose consumption without production of propionic
acid in P. acnes samples. However, due to insufficient sensitivity,
our measurements were not able to confirm the presence of

succinate which is a final product of fumarate respiration in
P. acnes.

We have to emphasize, that the presented method, although
very selective, is able to monitor only main metabolites.
Due to inherently low sensitivity of multidimensional NMR
spectroscopy, less abundant products ofmetabolism can be found
only in long measurements of the stable samples (Rolin et al.,
1995; Deborde et al., 1998; Boyaval et al., 1999; Ye et al., 1999).
Nevertheless, the uniqueness of molecular “fingerprints” in 2D
spectra can make the method useful in many cases.

5. CONCLUSIONS

Nuclear magnetic resonance spectroscopy is a powerful tool
of chemical analysis. It can be also applied in microbiology
to monitor bacterial metabolism. However, studying bacterial
samples that vary in time has been done so far only with simplest
one-dimensional NMR techniques—since only they were fast
enough to serve as snapshots of a process. Conventional two-
and multi-dimensional experiments, although potentially can
provide more unique fingerprints of molecules, are too slow
for this purpose. We showed, that application of time-resolved
non-uniform sampling makes it possible to use two-dimensional
experiments of high resolution in a time-resolved manner. We
believe, that our method may find its applications in studies of
bacterial activity in a presence of complex mixtures.
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