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Abstract. In the present study, high-resolution magic-angle 
spinning (HRMAS) nuclear magnetic resonance (NMR) 
spectroscopy was applied to live Pseudomonas aerugi-
nosa (PA) bacterial cells to determine the metabolome of 
this opportunistic Gram-negative human pathogen, and in 
particular, its response to the volatile aromatic low molecular 
weight signaling molecule, 2-aminoacetophenone (2-AA). 
Multi-dimensional HRMAS NMR is a promising method 
which may be used to determine the in vivo metabolome of 
live intact bacterial cells; 2-AA is produced by PA and triggers 
the emergence of phenotypes that promote chronic infection 
phenotypes in in vitro and in vivo (animal) models. In the 
present study, we applied one-dimensional and two-dimen-
sional proton (1H) HRMAS NMR to PA cells which were 
grown with or without 2-AA in order to examine the associa-
tions between metabolites and cellular processes in response 
to 2-AA. We also compared whole-genome transcriptome 
profiles of PA cells grown with or without 2-AA and found that 

2-AA promoted profound metabolic changes in the PA cells. 
By comparing the whole-genome transcriptome profiles and 
metabolomic analysis, we demonstrated that 2-AA profoundly 
reprogramed the gene expression and metabolic profiles of the 
cells. Our in vivo 1H HRMAS NMR spectroscopy may prove to 
be a helpful tool in the validation of gene functions, the study of 
pathogenic mechanisms, the classification of microbial strains 
into functional/clinical groups and the testing of anti-bacterial 
agents.

Introduction

Pseudomonas aeruginosa (PA) is an ubiquitous Gram-negative 
bacterium that inhabits a wide array of natural environments, 
and is important in a clinical context, as it is a multi-anti-
biotic-resistant human pathogen associated with hospital 
infections (1,2) and is a major cause of morbidity and mortality 
in patients with cystic fibrosis (CF). PA colonizes the lower 
respiratory and gastrointestinal tracts, as well as the mucosa 
and skin of hospitalized patients treated with broad-spectrum 
antibiotics. The development of chronic PA respiratory infec-
tions is mediated through a complex adaptive process that 
effects essential physiological changes in both bacterial cells 
and the host, that allow PA to survive and persist in the host 
environment. PA cells secrete small molecules that act as 
specific chemical signals to positively regulate pathogenic 
pathways (3), which direct the production of virulence factors 
for pathogenic infection, host colonization and interspecies 
microbial interactions (4). Knowledge on the bacterial signals 
required to promote the pathogen adaptation and/or transition 
from acute to chronic infection remains rudimentary (5).

Bacterial cell walls are complex, consisting of inte-
grated macromolecules including carbohydrates, lipids and 
proteins (6). The structure and synthesis of these cell walls is 
unique, with many of the components not found anywhere else 
in nature (7). Current understanding of bacterial cell wall struc-
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tures is based on data derived from the destructive analyses of 
its individual components (7), and as such, this in vitro data 
may not faithfully reflect the native structural and conforma-
tional information. An alternative approach to such analyses is 
the non-targeted profiling of the physiological state of bacterial 
cells, such as metabolomic profiling.

Metabolomics is the comprehensive determination of 
the low molecular weight metabolite complement within a 
biological sample. As metabolites are downstream from gene 
transcription and enzyme activities, metabolomics has the 
potential to provide a more accurate snapshot of the actual 
physiological state of a cell or cells, as opposed to transcrip-
tome and proteome profiling (8).

To this end, metabolomics has been used to study the 
responses of bacteria to different physiological states and 
stressors (9-11), and nuclear magnetic resonance (NMR) spec-
troscopy has been employed to profile microbial species for 
differentiation and classification, including in vivo profiles of 
yeast strains, and of marine unicellular algae via magic-angle 
spinning (12).

Cell high-resolution magic-angle spinning (HRMAS) 
NMR spectroscopy can be used to distinguish detailed struc-
tures present on bacteria (13,14). Moreover, multi-dimensional 
HRMAS NMR is a powerful tool for the in vivo analysis of live 
bacterial cells (15). HRMAS is a novel non-destructive meth-
odology that substantially improves spectral line-widths to 
allow high-resolution spectra to be obtained from intact cells, 
cell tissue cultures (16,17) and unprocessed tissues (18,19). 
1H HRMAS NMR has also enabled the investigation of the 
associations between metabolites and cellular processes (21), 
and NMR spectroscopic analyses have reported the presence 
of bacteria and PA on extracted cells (22). To avoid chemical 
modifications by the extraction/purification of metabolites, 
and to maintain cell integrity, in the present study, we applied 
HRMAS NMR methodology to live PA to characterize and 
quantify the metabolic profile of these cells and their surface 
structures. We also specifically focus on specific metabolites 
that are likely involved in PA-mediated host inflammation.

Materials and methods

Cell samples. The PA strain used in the present study was 
RifR human clinical isolate UCBPP-PA14. The mutants of 
PA14 described in this study are isogenic to UCBPP-PA14. The 
bacteria were grown at 37˚C in Luria-Bertani (LB) broth or 
on plates of LB agar containing appropriate antibiotics or the 
compounds, unless mentioned otherwise. The overnight PA14 
cultures were grown in LB and diluted the following day in 
fresh medium in triplicate. A total of 10 ml of culture adjusted 
to an OD600 of 2.0 nm was centrifuged, and the pellet was 
washed once with PBS.

NMR spectroscopy. Following bacterial growth in LB to an 
OD600 of 2.5, bacterial samples (50 and 40 µl) were introduced 
into the 4-mm zr rotor and 10 µl D2O (deuterium lock reference) 
containing 10 mM trimethylsilyl propionic-2,2,3,3-d4 acid 
(TSP; Mw=172, δ=0 ppm, external chemical shift reference) 
was added to the rotor with the sample plus 10 µl TSP/D2O 
solution (50 mM). 1H HRMAS NMR spectroscopy experiments 
were performed on a Bruker Bio-Spin Avance NMR spectrom-

eter (600.13 MHz) using a 4-mm triple resonance (1H, 13C, 2H) 
HRMAS probe (Bruker Biospin Corp, Billerica, MA, USA). 
The temperature was controlled at 4˚C by a BTO-2000 unit in 
combination with a MAS pneumatic unit (Bruker).

Samples were spun at 3,000 Hz, and two different types 
of one-dimensional (1D) proton spectra were acquired 
using a water-suppressed spin-echo Carr-Purcell-Meiboom
-Gill (CPMG) pulse sequence [90˚-(τ-180˚-τ)n-acquisition], 
as previously described (23). CPMG includes inter-pulse 
delay (τ=2π/ωr=400 µsec); 256 transients; spectral width of 
7.2 kHz; 8 k data points; and TR=3 sec. Further investigation 
of the metabolites was performed using a novel approach 
that combines a two-dimensional (2D), solid-state, HRMAS 
proton (1H) NMR method, total through-bond correlation spec-
troscopy (TOBSY) (24), which maximizes the advantages of 
HRMAS, and a robust classification strategy. Typical acquisi-
tion parameters were as follows: 2 k points direct dimension 
(13 ppm spectral width), 200 points indirect dimension (7.5 ppm 
spectral width), 8 scans with 2 dummy scans, 1 sec water pre-
saturation, 2 sec total repetition time, 45 msec mixing time and 
total acquisition time 45 min.

Quantification of metabolites. Concentrations using MestReC 
software (Mestrelab Research, Santiago de Compostela, Spain), 
an automated fitting routine based on the Levenberg-Marquardt 
algorithm, was applied after manual peak selection, adjusting 
peak positions, intensities, linewidths and Lorentzian/Gaussian 
ratio until the residual spectrum was minimized, as previously 
described (25,26). The metabolite concentration (mol/kg) was 
calculated using the following equation:

  Mass TSP (mg) Met Peak Area NTSP 1,000 g/kg-------------------------------- x ---------------------------- x --------- x -------------------------------------
Mol Weight (TSP) TSP Peak Area NMet Sample Weight (mg)

where mass TSP was constant (0.069 mg), the molecular 
weight of TSP=172.23 g/mol, metabolites (Met), NTSP is the 
number of proton of TSP (9 1H) and NMet is the number of 
proton of metabolites, as previously described (27).

Statistical analysis. The data are presented as the means ± stan-
dard error. Statistical analysis was performed using the 
Student's t-test: two paired samples were used for means. A 
p-value <0.05 was considered to indicate a statistically signifi-
cant difference (Table I).

Microarray hybridization. Biotinylated cRNA was gener-
ated with 10 µg total cellular RNA, according to the protocol 
outlined by Affymetrix Inc. (Santa Clara, CA, USA). cRNA 
was hybridized onto GeneChip P. aeruginosa Genome Array 
oligonucleotide arrays (Affymetrix Inc.), stained, washed and 
scanned according to the Affymetrix protocol.

Genomic data analysis. The PA14 cells were grown in 50 ml 
of Luria-Bertani (LB) broth at 37˚C without agitation and with 
3.0 mM 2-aminoacetophenone (2-AA). Triplicate samples 
from 2 independent experiments were harvested at OD600=2.0, 
and total RNA was purified using the RNAeasy spin column 
(Qiagen, Valencia, CA). The quality of the RNA was analyzed 
using a BioAnalyzer system (Agilent Technologies, Santa Clara, 
CA, USA). cDNA synthesis, labeling and hybridization was 
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performed according to the GeneChip® P. aeruginosa Genome 
array (Affymetrix Inc). 

The Affymetrix DAT files were processed using the 
Affymetrix-Gene Chip Operating System (GCOS) to create .Cel 
files. The raw intensity .Cel files from the 12 chips, 3 replicates 

each, were normalized by robust multi-chip analysis (RMA) 
(Bioconductor release 1.7) with PM-only models. Array quality 
control (QC) metrics generated by Affymetrix Microarray 
Suite 5.0 were used to assess the hybridization quality. The 
normalized expression values were analyzed by significance 
analysis of microarrays (SAM) using the permuted unpaired 
two-class test. Three replicates of PA14 in the absence of 2-AA 
were used as the controls and the experimental groups consisted 
of 2-AA-treated PA14 cultures in 3 replicates. Genes whose 
transcript levels exhibited either up- or downregulation (abso-
lute fold change of >1.5) and a q-value of <20% in response to 
2-AA treatment versus the controls were further analyzed.

Results and Discussion

NMR metabolomic and genomic analysis was carried out on 
PA, strain PA14. A representative 1D 1H CPMG HRMAS NMR 
spectrum obtained from live bacterial cells of the PA14 strain 
is shown in Fig. 1. The spectrum allows for the direct identi-
fication of several metabolites, such as aminoacids, osmolites 
and phospholipids [1, leucine; 2, isoleucine; 3, valine; 4, lactate; 
5, alanine; 6, lysine; 7, bonded alanine; 8, phospholipids; 
9, glutamate; 10, glutamine; 12, aspartate; 16, phospho-choline; 
17, betaine compounds; 18, glycine; 19, uridine monophos-
phate (UMP); 22, citrulline; 24, nicotinamide adenine 
dinucleotide (NAD)]. This novel approach to bacterial cell 
analysis is fast and provides important information. However, 
the peaks overlap in the 1D NMR spectra, and it is thus diffi-
cult to assign particular peaks to specific molecules. 2D 1H-1H 
TOBSY HRMAS was performed in order to better identify and 
resolve particular molecules, thus completing the metabolic 
profiling of bacterial cells (Fig. 2). Fig. 2 shows representative 
superimposed 2D 1H-1H TOBSY HRMAS NMR spectra of 
PA14 and PA14 + 2-AA. Compared to 1D spectra, 2D NMR 
spectra allowed for the clearer discrimination of signals. In the 
2D NMR spectra, additional metabolites were identified, such 
as: 11, glutathione; 13, cysteine; 21, N-acetyl signal; 23, tyrosine; 

Figure 1. One-dimensional (1D) 1H-Carr-Purcell-Meiboom-Gill (CPMG) of PA14 are reported, and different metabolites are labeled: 1, leucine; 2, isoleucine; 
3, valine; 4, lactate; 5, alanine; 6, lysine; 7, bonded alanine; 8, phospholipids; 9, glutamate; 11, glutathione; 12, aspartate; 16, choline; 17, betaine compounds; 
18, glycine; 19, uridine monophosphate (UMP); 22, citrulline; 24, nicotinamide adenine dinucleotide (NAD).

Figure 2. Representative two-dimensional (2D) 1H-1H total through-bond corre-
lation spectroscopy (TOBSY) high-resolution magic angle spinning (HRMAS) 
nuclear magnetic resonance (NMR) spectra NMR from PA14 are shown. 
Superimposed 2D TOBSY of PA14 (red) and PA14 + 2-AA (black). The cap-
sular polysaccharides are detected due to their N-acetyl signal (represented 
by the number 21), (2.02÷2.33/4.10÷4.33 ppm). Also, glutathione (represented 
by the number 11), a major cell antioxidant, is detected with higher resolution 
than in 1D. The major difference is in the 21 signals derive from the N-acetyl 
compound.
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Table I. 1H chemical shift (δ, ppm) of metabolites detected in 1D and 2D HRMAS spectra of bacterial cells.

Entry Metabolite δ 1H Assignment PA14 (mmol/g) 2-AA (mmol/g) % δ p-value

  1 Leucine 0.95 (d) δ-CH3 0.40±0.05 0.51±0.11 +28 0.40
  0.97 (d) δ-CH3

  1.70 γ-CH
  1.72 β-CH2

  3.75 α-CH
  2 Ile 0.99 (d) δ-CH3 0.15± 0.03 0.22±0.06 +47 0.18
  1.94 β-CH2

  3.75 α-CH
  3 Valine 0.99 (d) γ-CH3 0.21±0.02 0.32±0.05 +52 0.11
  1.04 (d) γ-CH3

  2.25 β-CH
  3.61 α-CH
  4 Lactate 1.33 (d) CH3 0.10±0.02 0.20±0.02 +100 0.009
  4.11 (q) CH
  5 Alanine 1.48 (d) β-CH3 0.22±0.02 0.38±0.03 +73 0.006
  3.79 (q) α-CH
  6 Lysine 3.04 (t) ε-CH2 0.21±0.03 0.18±0.03 -14 0.45
  1.73 δ-CH2

  1.48 γ-CH2

  1.91 β-CH2

  3.79 (t) α-CH
  7 Phospholipids 0.89 CH3 Traces Traces
  1.27 CH2

  3.27 N+(CH3)3

  8 Glutamate 2.35 γ-CH2 0.16±0.04b 0.22±0.05b +38 0.35
  2.06, 2.15 β-CH2

  3.77 (t) α-CH
  9 Glutamine 2.48 γ-CH2 0.089a 0.08±0.004b - -
  2.14 β-CH2

  3.79 (t) α-CH
10 Glutathione 2.55 γ-CH2 Glu Traces Traces  
  2.16 β-CH2 Glu
  3.80 α-CH Glu
  2.96 β-CH2 Cys
  4.57 α-CH Cys
  3.77 CH2 Gly
11 Aspartic acid 2.68, 2.82 β-CH2 nd 0.041a

  3.90 (dd) α-CH
12 Cysteine 3.05, 3.08 β-CH2 0.24±0.05b 0.25±0.05 +4 0.81
  3.98 α-CH
13 Creatine 3.04 (s) NCH3 Traces Traces
  3.92 (s) CH2

14 Acetate 1.92 (s) CH3 0.31±0.05 1.05±0.24 +239 0.04
15 Phosphocholine 3.21 (s) N(CH3)3 0.04±0.01 0.07±0.01 +75 0.20
  3.60 NCH2

  4.17 OCH2

16 Betaine compound 3.27 NCH3 0.45±0.03 1.31±0.3 +191 0.04
  3.90 NCH2
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24, phenylalanine. As shown for the TOBSY MR spectra, the 
capsular polysaccharides were identified due to their N-acetyl 
signal (represented by the number 21) (2.02÷2.33/4.10÷4.33 ppm). 
In addition, glutathione (represented by the number 11), a major 
cell antioxidant, was detected with higher resolution than in 
the 1D spectrum. The major difference was in the 18 signals 
derived from the N-acetyl compound.

The 24 metabolites were identified from the combined 
analysis of the 1D and 2D spectra of PA and are listed 

in Table I. We detected N-acetyl compound (signal at 
2.02÷2.33/4.10÷4.33 ppm), which is a constituent of the capsular 
polysaccharides (28). The use of TOSBY in HRMAS enabled 
us to detect all these metabolites, even when they were present 
in small amounts and hidden within other resonances (Fig. 2). 
The acetylation of bacterial surface polysaccharides, such as 
capsular polysaccharides (CPSs), is common in pathogens and 
has been shown to have immunogenic and functional impor-
tance (29). Other metabolites, such as betaine compounds were 

Table I. Continued.

Entry Metabolite δ 1H Assignment PA14 (mmol/g) 2-AA (mmol/g) % δ p-value

17 Glycine 3.56 (s) CH2 0.45±0.19b 0.66±0.32 +47 0.50
   
18 N-Ac- from PS 2.01 (s) CH3 0.26±0.02 0.46±0.01 +77 0.01
  2.08 CH3

  2.33 
  2.39 CH2

  4.32 CH2

  4.41 CH2

  5.44 CH2

19 Citrulline 1.54 β-CH2 0.15±0.01 0.32±0.02 +113 0.003
  1.88 γ-CH2

  3.15 δ-CH2

  3.76 α-CH
20 Uracil 5.80 5-CHur Traces nd
  7.53 6-CHur
21 NAD 8.21 N5 ring Traces Traces
  8.93 N3 ring
  9.23 N2 ring
  9.44 N6 ring
22 Tyrosine 3.06,3.15 β-CH2 nd Traces
  3.93 (dd) α-CH
  6.88 Hortho
  7.18 Hmeta
23 UDP 5.98. 1-CHrib Related Related
  4.38 2-CHrib to N-Ac to N-Ac
  4.34 3-CHrib
  4.23 4-CHrib
  4.02 5-CHrib
  5.97 4-CHur
  8.11(d) 5-CHur
24 Phenylalanine 3.11, 3.28 β-CH2 nd Traces
  3.98 α-CH
  7.33 Hortho
  7.38 Hpara
  7.43 Hmeta

%δ = [(w1-w2)/w2] x100 = where w1 = 2-AA values and w2 = PA14 values. aOne sample; btwo samples. The absolute quantification is derived 
from the 1D Carr-Purcell-Meiboom-Gill (CPMG) experiment. The concentration are mmol/g. 1D, one-dimensional; 2D, two-dimensional; 
HRMAS, high-resolution magic angle spinning; 2-AA, 2-amino acetophenone; NAD, nicotinamide adenine dinucleotide; UDP, uridine diphos-
phate; nd, not detected.



RIGHI et al:  EFFECTS OF A SMALL, VOLATILE BACTERIAL MOLECULE ON Pseudomonas aeruginosa BACTERIA2134

also detected. These molecules are well known to act as osmo-
protectors and have been shown to preserve L-homoserine 
lactone (HSL), the Pseudomonas Quinolone Signal (PQS) 
and 2-heptyl-4-quinolone (HHQ) bacterial cell-to-cell 
signaling (30). Betaine is synthesized from betaine aldehyde via 
the betB gene product (31). Betaine compounds were increased 
by 2-AA, thus indicating that 2-AA promotes osmoprotection  
to possibly increase bacterial survival in harsh conditions of the 
host environment.

The expression of the enzyme betaine aldehyde, NAD(P)+ 
oxidoreductase [EC .2.1.8, betaine aldehyde dehydrogenase 
(BADH)], involved in the second step of choline metabolism; 
betaine aldehyde dehydrogenase is induced by choline even when 
PA cells are grown in the presence of other carbon and nitrogen 
sources, such as glucose and ammonium (33). BADH from PA 
thus appears to be a suitable target for antimicrobial agents. In 
addition, in order to participate in the catabolism of choline, this 
enzyme may be crucial in the mechanisms of defense against 
osmotic and oxidative stress, both of which are conditions present 
in infected tissues (34). The acid product of the BADH from the 
PA reaction, glycine betaine, is a very efficient osmoprotectant 
and most likely acts as such in PA cells growing in the hyper-
osmotic environment of infected tissues (35). Most importantly, 
the inhibition of PaBADH will give rise to increased intracel-
lular levels of betaine aldehyde, a highly toxic compound (36). 
In fact, a PA strain defective in BADH cannot grow in choline, 
even if glucose is also present in the growth medium, due to the 
toxicity of betaine aldehyde (36). The finding that PA-BADH 
is expressed in the presence of other carbon compounds, such 
as glucose, provided that choline is also present in the bacterial 
growth medium (32), supports the possibility of using its inhibi-
tion as a means to combat the pathogen.

In relation to citrulline, we know that ornithine carbamoyl-
transferase (OTCase), (EC 2.1.3.3) catalyzes the carbamoylation 
of the γ-amino group of ornithine by carbamoyl phosphate to 
provide citrulline and inorganic phosphate (37). This thermo-

dynamically favored reaction operates in the synthesis of the 
amino acid, as performed in this study. PA catabolic OTCase 
catalyzes the second reaction in the arginine deiminase pathway, 
which is involved in ATP synthesis under conditions of energy 
depletion (38-40). The coupling system involving the produc-
tion and deamination of ATP from ADP, citrulline and Pi in the 
presence of carbamate may be used to determine the catabolic 
OTCase activity (41). In this study, in the presence of 2-AA, we 
observed an increase in citrulline in the bacterial cells. 

Comparing the whole-genome transcriptome profiles of 
PA cells grown with or without 2-AA demonstrates that this 
in vivo signal molecule reprograms the expression of 614 genes 
at late exponential and early stationary growth, when many 
virulence-related functions are most highly expressed (42). 
The analysis of the respective functions of these genes (Fig. 3) 
demonstrated that they encode several metabolic functions, 
including central intermediary, amino acid, carbon and energy 
metabolism pathways. As such, 2-AA promotes profound meta-
bolic changes in PA14 cells. We further performed whole cell 
HRMAS NMR spectroscopy to identify and quantify the PA14 
cell metabolome (Fig. 2), using a novel method, TOBSY, which 
combines 1D and 2D solid-state, 1H HRMAS NMR (24). 
TOBSY maximizes the advantages of HRMAS and, using 
a robust classification strategy, the 2D data enable a more 
complete determination of metabolites. While certain metabo-
lites are clearly detected and quantified using 1D spectra, 
including glycine, betaine compounds and glutamate (Fig. 2); 
other metabolites, including lysine, UMP and citrulline, require 
2D NMR to resolve and quantify their resonances that overlap 
in the 1D spectra. The combined use of 1D and 2D spectra 
can thus provide complete and unambiguous metabolite 
identification in complex biological samples. Comparing the 
whole-genome transcriptome profiles and metabolome studies 
of PA14 cells grown with or without 2-AA demonstrates that 
this molecule profoundly reprograms the gene expression and 
metabolism of the cell.

Figure 3. Functional classification of genes changed by 2-amino acetophenone (2-AA) compared to untreated PA14 cells.
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In conclusion, the combination of 1D and 2D 1H HRMAS 
NMR is a powerful in vivo technique which can be used in a 
variety of studies, including studies using live bacterial cells, 
as reported herein. Multi-dimensional HRMAS NMR using 
intact bacterial cells represents a promising method that may 
provide in vivo information on metabolomics in live bacteria. 
To this end, it can be complementary to existing chemical 
and biological methods, and likely complementary to mass 
spectrometry, which is a powerful metabolomics technique, 
but nevertheless is also a destructive technique. On the other 
hand, multi-dimensional in vivo HRMAS NMR is a promising 
method to determine the in vivo metabolome of live intact 
bacterial cells and the effects of compounds produced by PA, 
as they may induce the emergence of phenotypes that promote 
chronic infections in in vitro and in vivo (animal) models. To 
this end, our in vivo 1H HRMAS NMR technique should prove 
a helpful tool in gene function validation, the study of patho-
genesis mechanisms, the classification of microbial strains 
into functional/clinical groups, and the testing of bacterial 
molecules as performed here. Moreover, the technique may 
be used to find drugs that block the conversion of bacterial 
cells into the persister state and enables them to survive tradi-
tional antibiotic treatments  and thereby cause persistent and 
relapsing infections.
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