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Novel nuclear magnetic resonance spectroscopy techniques, designated metabolic observation, were used to
study aromatic compound degradation by the soil bacterium Acinetobacter calcoaceticus. Bacteria which had
been rendered spectroscopically invisible by growth with deuterated (2H) medium were used to inoculate
cultures in which natural-abundance 1H hydrogen isotopes were provided solely by aromatic carbon sources in
an otherwise 2H medium. Samples taken during the incubation of these cultures were analyzed by proton
nuclear magnetic resonance spectroscopy, and proton signals were correlated with the corresponding aromatic
compounds or their metabolic descendants. This approach allowed the identification and quantitation of
metabolites which accumulated during growth. This in vivo metabolic monitoring facilitated studies of catab-
olism in the presence of multiple carbon sources, a topic about which relatively little is known. A. calcoaceticus
initiates aromatic compound dissimilation by forming catechol or protocatechuate from a variety of substrates.
Degradation proceeds via the b-ketoadipate pathway, comprising two discrete branches that convert catechol
or protocatechuate to tricarboxylic acid cycle intermediates. As shown below, when provided with several
carbon sources simultaneously, all degraded via the b-ketoadipate pathway, A. calcoaceticus preferentially
degraded specific compounds. For example, benzoate, degraded via the catechol branch, was consumed in
preference to p-hydroxybenzoate, degraded via the protocatechuate branch, when both compounds were
present. To determine if this preference were governed by metabolites unique to catechol degradation, pathway
mutants were constructed. Studies of these mutants indicated that the product of catechol ring cleavage,
cis,cis-muconate, inhibited the utilization of p-hydroxybenzoate in the presence of benzoate. The accumulation
of high levels of cis,cis-muconate also appeared to be toxic to the cells.

Despite extensive research on bacterial hydrocarbon metab-
olism, little is known about how the presence of multiple car-
bon sources influences the degradation of an individual com-
pound. In these studies, a new nuclear magnetic resonance
(NMR) spectroscopy technique was used to monitor the ca-
tabolism of aromatic compound mixtures by the soil bacterium
Acinetobacter calcoaceticus. This technique, designated meta-
bolic observation NMR (MO-NMR), is based on the principle
that NMR spectrometers will not detect deuterated (2H) com-
pounds when tuned to proton (1H) frequencies (11, 14, 20, 32).
As described in this report, A. calcoaceticus was grown in fully
deuterated medium, thereby rendering the bacterial cultures
spectroscopically invisible. Mixtures of 1H aromatic com-
pounds were added to the deuterated cultures as sources of
carbon and energy, and samples were taken at specific times.
NMR spectra of the samples were used to monitor the meta-
bolic fates of the 1H compounds over time; these spectra pro-
vided information about the identity and the accumulation of
metabolic intermediates derived from the 1H compounds as
well as on the kinetics of metabolite flow. Since 1H is the most
abundant hydrogen isotope, this method allows metabolic in-
vestigation of any compound that contains nonexchangeable
hydrogens without requiring specific labeling.
The 1H-carbon sources provided to A. calcoaceticus in these

studies were each degraded via the b-ketoadipate pathway
(Fig. 1) (17, 26). Many compounds are degraded by this route,
each converted to either protocatechuate or catechol, both of

which serve as the substrates of ring-cleaving dioxygenases.
Following ring cleavage, a series of enzymatic reactions gen-
erates tricarboxylic acid cycle intermediates. During this pro-
cess, the metabolite b-ketoadipate enol-lactone is formed from
either protocatechuate or catechol (Fig. 1). A. calcoaceticus
produces two sets of isozymes to metabolize this common
intermediate. During growth with compounds that are metab-
olized to catechol, enzymes encoded by the catDIJF genes are
induced by cis,cis-muconate (6, 26). Protocatechuate induces
the isofunctional enzymes encoded by the pcaDIJF genes
needed for the catabolism of compounds converted to proto-
catechuate (6, 26). In A. calcoaceticus, therefore, the pathways
for protocatechuate and catechol degradation represent met-
abolically parallel but distinct branches of the b-ketoadipate
pathway.
To date, most studies of the b-ketoadipate pathway have

centered on the enzymes, inducers, and transcriptional regu-
lation involved in the degradation of a single carbon source.
Such laboratory conditions, however, do not accurately reflect
natural bacterial habitats in which numerous carbon sources
are present. Recent investigations of Alcaligenes eutrophus (1)
and Pseudomonas putida (23) indicate that in these bacteria
benzoate, degraded via the catechol branch of the b-ketoadi-
pate pathway, is degraded in preference to a second carbon
source such as acetate or p-hydroxybenzoate. The mechanisms
governing preferential benzoate consumption, however, have
not yet been elucidated.
Understanding catabolic regulation in multinutrient envi-

ronments requires techniques that can detect the complex ar-
ray of metabolites produced during the degradation of carbon
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source mixtures. The NMR-based techniques described here
can provide this information. As shown below, MO-NMR stud-
ies of A. calcoaceticus demonstrated hierarchical utilization of
aromatic carbon sources. Studies of mutant strains identified
one metabolite, cis,cis-muconate, which appears to be involved
in regulating preferential benzoate degradation in A. calcoace-
ticus.

MATERIALS AND METHODS

Bacterial strains and plasmids. A. calcoaceticus strains and plasmids are
shown in Table 1. All A. calcoaceticus strains were derived from BD413 (18, 19),
here designated ADP1. Two Escherichia coli strains, JM101 (36) and DH5a (4),
were used as plasmid hosts. Bacteria were cultured at 378C in 1H medium, either
Luria-Bertani broth (31) or minimal medium supplemented with a carbon source
as previously described (21, 27).
DNA manipulations and Southern hybridization analyses. Standard methods

were used for DNA purifications, subcloning, transformations, and Southern
hybridizations (31). Restriction endonucleases and T4 DNA ligase were used as
suggested by the supplier, New England Biolabs (Beverly, Mass.). DNA probes
for Southern hybridizations were labeled with digoxigenin by random priming,
and probes were detected with antidigoxigenin-alkaline phosphatase conjugates
and chemiluminescent substrates according to the instructions of the Genius
System (Boehringer Mannheim Corp., Indianapolis, Ind.).
Plasmid constructions.Modification of previously isolated plasmids generated

pIGG21, pIGG18, and pIGG12 (Table 1). In the following plasmid descriptions,
the restriction endonuclease site positions correspond to the 15,923-nucleotide

sequence of the ben-cat region in GenBank, accession number M76991. A.
calcoaceticus DNA on plasmid pIB1381 (22) was deleted between the SmaI and
SspI sites, positions 4,416 and 5,983, respectively, to generate pIGG21. This
deletion eliminated the 59 end of the catA gene and part of an open reading
frame upstream of catA (25). A deletion, encompassing the catBCIJFD genes,
between theMscI sites on plasmid pPAN4 (previously designated pAN4) (33), at
positions 11,557 and 14,412, generated pIGG18. Plasmid pIGG12 was also de-
rived from pPAN4 (33) by insertion of a DNA fragment from plasmid pHP45
(VSprSmr [29]) into the SphI site in catC, at position 12,005. The transcriptional
and translational stop signals of the VSprSmr fragment prevented catC expres-
sion.
Transformation of ADP1 with linear DNA. To the recipient wild-type strain,

grown overnight in 5 ml of succinate medium, 10 ml of 1 M succinate was added.
After incubation at 378C for 30 min, 100 ml of the culture and 20 ml of restriction
endonuclease-digested plasmid DNA (approximately 0.5 mg) were mixed, and
dilutions of the mixture were spread on agar plates. Individual colonies were
isolated and screened for the ability to grow with benzoate or cis,cis-muconate as
the sole carbon source. When antibiotics were used to select transformants, the
recipient cells and plasmid DNA were diluted with Luria-Bertani broth and
allowed to grow for 5 to 12 h prior to being spread on Luria-Bertani agar plates
containing antibiotics.
Growth of A. calcoaceticus with deuterated media. 2H-IG medium (Isogenetics

Inc., Chicago, Ill.) was prepared from algae grown photoautotrophically in deu-
terated water (.99% 2H2O) (11, 32). 2H2O was obtained from Ontario Hydro
International, Toronto, Canada. With this medium, A. calcoaceticus cultures had
doubling times of approximately 120 min when grown with aeration at 348C. A
different (defined) deuterated medium, 2H-MM, was prepared by suspending the
following ingredients in 2H2O: 12.5 mM KH2PO4, 12.5 mM Na2HPO4, 0.1%
(NH4)2SO4, and 0.1% concentrated base, pH 6.9. Concentrated base contained
10 g of nitrilotriacetic acid, 30 g of MgSO4, 2.5 g of CaCl2, 9.25 mg of
(NH4)6Mo7O24, 100 mg of FeSO4, and 50 ml of Hutner’s Metals 44 (9) in 500 ml.
To support growth, carbon sources were added to 2H-MM, as was a 10% volume
of 2H-IG medium to provide additional nutrients apparently required for deu-
terated growth. As expected, the 2H-IG-supplemented 2H-MMmedium was able
to support some growth even in the absence of added carbon sources. Under
these conditions, wild-type cells reached an approximate density of 107 cells per
ml, compared with an approximate density of 109 cells per ml in the presence of
added carbon sources. With aromatic compounds as carbon sources, the dou-
bling times of wild-type cells were approximately 120 min.
Culture conditions for MO-NMR studies. Cultures in 2H-IG medium, inocu-

lated from single colonies on succinate 1H-minimal medium plates, were grown
overnight. In the morning, a 100-ml sample of the culture was added to a tube
containing 6 ml of 2H-MM and 600 ml of 2H-IG medium. The addition of a
carbon source marked the start of an experiment, and 650 ml was taken from the
tube and frozen immediately following this addition (zero time point). Carbon
sources (1H compounds) were added at the following final concentrations to the
deuterated cultures: benzoate and p-hydroxybenzoate, 3 mM; anthranilate and
shikimate, 1 mM. The cultures were then incubated at 348C in tubes fixed at an
angle of approximately 608 from the horizontal plane of a shaking platform that
moved at 300 rpm to provide aeration. Periodically, 650-ml samples were with-
drawn and immediately frozen. The samples were kept frozen until NMR anal-
ysis. For each mutant, a preliminary test, with time points varying from 4 to 48 h,
determined an appropriate window for sampling times. The experiment was then
repeated with samples being removed every hour during the determined time
window.
MO-NMR spectroscopy. Each sample was thawed to room temperature and

immediately transferred to a 5-mm NMR tube with minimal disturbance. Each
tube was introduced into a 300-MHz General Electric QE-300 Fourier transform

FIG. 1. The protocatechuate and catechol branches of the b-ketoadipate
pathway in A. calcoaceticus. Compounds, genes, and enzymes are indicated by
boldface, italicized, and underlined text, respectively.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristic(s) Reference(s)
or source

A. calcoaceticus strains
ADP1 Wild type (BD413) 19
ISA13 catM::VS4013 30
ISA16 catC::VS4016 This study
ISA25 DcatBCIJF4025 This study
ISA29 DbenE-catA4029 This study

Plasmids
pUC19 Apr 35, 36
pHP45 Source of VS 29
pPAN4 Carries catBCIJFD 33
pIB1381 Carries benD-catA 22
pIGG12 VS in catC of pPAN4 This study
pIGG18 pPAN4 DMscI-MscI This study
pIGG21 pIB1381 DSmaI-SspI This study
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(FT) spectrometer, spun at approximately 20 Hz, and manually shimmed. A
presaturation pulse sequence was used, and the decoupling pulse was centered at
the residual 1H water peak (4.80 ppm). Approximately 2 min elapsed between
the transfer of the sample to the NMR tube and the start of data acquisition. A
4-min acquisition time consisting of 80 pulses incorporating a pulse angle of 458
to ensure full relaxation of the metabolites was used. After transfer of the free
induction decays to a Quadra 630 or IIci Macintosh computer (Apple Computer,
Inc., Cupertino, Calif.), MacFID software (Tecmag, Inc., Houston, Tex.) was
used for spectral analyses. Line broadening of 1.5 Hz was applied during an
exponential multiplication of the free induction decays prior to Fourier trans-
formations. Spectral interpretation was based on comparisons with the spectra of
known compounds and on predictions assuming deuteration at specific sites. The
positions of signals in NMR spectra which correspond to compounds involved in
these studies are provided in Table 2.
Concentrations of specific compounds were determined by integrating selected

peaks or sets of peaks that were well separated from other peaks. The integra-
tions were carried out with MacFID software, and the resulting peak areas were
normalized with respect to the number of protons. The areas were then com-
pared with the areas corresponding to known concentrations of compounds.
Comparisons of multiple samples containing the same concentrations of com-
pounds at time zero indicated only minor variations in peak areas.
Chemicals. cis,cis-Muconate was a gift from Celgene Corp., Warren, N.J. All

other chemicals were purchased from the Aldrich Chemical Co. Inc., Milwaukee,
Wis.

RESULTS

Preferential utilization of benzoate when provided with p-
hydroxybenzoate. Benzoate and p-hydroxybenzoate are de-
graded via the catechol and protocatechuate branches of the
b-ketoadipate pathway, respectively (Fig. 1) (17). The MO-
NMR techniques described above were used to monitor fully
deuterated wild-type A. calcoaceticus cultures provided with
benzoate, p-hydroxybenzoate, or a mixture of the two com-
pounds as carbon sources. Samples were taken at specified
times following the addition of the 1H-carbon sources, and the
NMR spectra of these samples are shown in Fig. 2. The posi-
tions of NMR signals characteristic of benzoate and p-hydroxy-
benzoate are listed in Table 2.
Approximately 30% of the benzoate was consumed within

the 5-h period following its addition to the culture (Fig. 2a and

d). After this time, the remaining benzoate was rapidly con-
sumed until no benzoate could be detected at all in the sample
taken at 8 h. The limit of detection for an individual metabolite
under these conditions was estimated to be 50 mM. Small
signals corresponding to those of cis,cis-muconate and b-ke-
toadipate (Table 2) were observed. Variable amounts of these
compounds, from 0 to 0.2 mM, were detected in repetitions of
this experiment in samples taken 5 to 10 h after the addition of
benzoate to the culture. Signals from other intermediates were
not observed.
When 3 mM p-hydroxybenzoate alone was provided to the

culture (Fig. 2b and d), it was completely consumed within 7 h.
No metabolic intermediates were detected during this process.
The time needed for the complete degradation of p-hydroxy-
benzoate was similar to that for benzoate degradation, approx-
imately 7 to 8 h. When a mixture of both compounds was
provided, however, benzoate was preferentially degraded. Ben-
zoate was consumed within 8 h, as it was when provided alone,
whereas p-hydroxybenzoate catabolism was delayed (Fig. 2c
and d). The amount of p-hydroxybenzoate in the 8-h sample
following addition of both carbon sources was approximately
75% of its initial level, indicating that the majority of the
p-hydroxybenzoate was not degraded until benzoate had been
completely consumed. The remaining p-hydroxybenzoate was
rapidly consumed within 2 h following the completion of ben-
zoate degradation. These results suggested that either benzo-
ate or its metabolic descendants were involved in inhibiting
p-hydroxybenzoate utilization.
Four carbon sources provided. Although benzoate was the

preferred carbon source in the two-compound mixture, its con-
sumption was delayed by the additional presence of anthrani-
late and shikimate, degraded via the catechol and protocat-
echuate branches of the b-ketoadipate pathway, respectively
(Fig. 1) (17). The spectra of samples from a deuterated wild-
type ADP1 culture provided with (1H) benzoate, p-hydroxy-
benzoate, anthranilate, and shikimate are shown in Fig. 3.
Whereas benzoate provided alone or with p-hydroxybenzoate
was completely consumed within 8 h (Fig. 2), approximately
90% of the benzoate provided as part of the four-compound
mixture remained undegraded in the culture at 8 h. After this
time, however, benzoate was rapidly consumed, and by 10.5 h,
no benzoate was detected.
In this experiment, the first NMR signals to decrease in

intensity over time corresponded to those of shikimate, fol-
lowed closely by anthranilate (Fig. 3; Table 2). Nevertheless,
during the first 7 to 8 h the rates of shikimate and anthranilate
utilization were relatively low compared with the rapid rate of
benzoate consumption once utilization commenced. It was dif-
ficult to assess whether shikimate, anthranilate, or both were
initially being used as sources of carbon and energy, because
metabolites derived from both shikimate and anthranilate ac-
cumulated in the culture. Since all spectral signals stem from
the only protons provided, the four added carbon sources, the
protocatechuate, cis,cis-muconate, and b-ketoadipate which
accumulated during the first 7 h should have resulted from
shikimate and anthranilate metabolism. During this time, the
benzoate and p-hydroxybenzoate levels did not change signif-
icantly. Shikimate and anthranilate were the likely sources of
protocatechuate and cis,cis-muconate, respectively. The spe-
cific source(s) of the b-ketoadipate, an intermediate in the
degradation of all four carbon sources, however, could not be
determined.
The p-hydroxybenzoate was not consumed during the 10.5 h

following its addition to the culture. The p-hydroxybenzoate
and all of the intermediary metabolites compounds were, how-
ever, ultimately degraded, as indicated by analysis of a sample

TABLE 2. NMR spectral signals

Compound Type of signal Location(s) of
signal (ppm)

Starting compounds
Benzoate Doublet 7.9

Multiplet 7.5–7.6
p-Hydroxybenzoate Doublet 7.8

Doublet 6.9
Shikimate Broad singlet 6.45

Broad singlet 4.40
Doublet of doublets 3.9–4.05
Doublet of doublets 3.65–3.8
Doublet of doublets 2.65–2.85
Doublet of doublets 2.1–2.3

Anthranilate Multiplet 7.2–7.35
Doublet 7.68
Multiplet 6.8–7.0

Metabolites
cis,cis-Muconate Doublet 5.95

Doublet 6.9
Protocatechuate Multiplet 7.33–7.45

Doublet 6.86–6.96
b-Ketoadipate Two peaks 2.35–2.44

Broad multiplet 2.75–2.9
Muconolactone Doublet 7.8

Doublet 6.2
Doublet 5.6
Doublet 2.5
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taken at 24 h (Fig. 3). The utilization of p-hydroxybenzoate
may have been inhibited by metabolites generated during the
degradation of benzoate or anthranilate via the catechol
branch of the b-ketoadipate pathway. There are three com-
pounds specific to the catechol branch of the pathway: cate-
chol, cis,cis-muconate, and muconolactone (Fig. 1). In order to
determine if any of these compounds inhibited p-hydroxyben-
zoate utilization, mutants that were blocked in the metabolism
of each of these three compounds were constructed.

Construction of mutants unable to degrade catechol. Muta-
tions were constructed in the catA, catB, and catC loci such that
benzoate catabolism would be blocked following the formation
of catechol, cis,cis-muconate, and muconolactone, respectively
(Fig. 1). With these mutants, it could be determined whether
the accumulation of, or the inability to form, any of the cate-
chol branch metabolites affected the utilization of p-hydroxy-
benzoate. The first step in making the chromosomal mutations
was the construction of plasmids carrying specifically altered

FIG. 2. Individual NMR spectra (aromatic region) of aliquots taken, at indicated times, from fully deuterated cultures of ADP1 which were provided at hour 0 with
1H-carbon sources: 3 mM benzoate (a), 3 mM p-hydroxybenzoate (b), or 3 mM benzoate and 3 mM p-hydroxybenzoate (c). (d) Concentrations of benzoate (ben),
p-hydroxybenzoate (p-OHB), cis,cis-muconate (diamonds), and b-ketoadipate (stars) were calculated by integration of NMR spectral peaks. Samples were provided
with a single carbon source (panels a and b and solid lines in panel d) or with two carbon sources (panel c and dashed lines in panel d).
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cat genes, as described in Materials and Methods. Linearized
plasmid DNA was used to transform the naturally competent
A. calcoaceticus strain ADP1, and transformants in which the
mutated genes replaced the wild-type chromosomal alleles
were isolated. The construction of the three mutant strains is
described below.
Plasmid pIGG21, carrying a deletion of the catA gene, was

digested with restriction endonuclease KpnI and used to trans-
form ADP1. A resultant transformant, strain ISA29, was iso-
lated and determined to have lost the ability to grow with
benzoate or anthranilate as the sole carbon source. In a sepa-
rate experiment, plasmid pIGG18, with a deletion encompass-
ing the catBCIJF genes, was digested with restriction endonu-
clease EcoRI and used to transform ADP1. A transformant
designated ISA25 had lost the ability to grow with either ben-
zoate, anthranilate, or cis,cis-muconate as the sole carbon
source. A third mutant was generated by insertional inactiva-
tion of catC. Plasmid pIGG12, with an VSprSmr fragment
disrupting catC, was digested with endonuclease EcoRI and
used to transform ADP1. Strain ISA16 was selected as an
SprSmr transformant. Southern hybridization methods con-
firmed that ISA29, ISA25, and ISA16 had the expected chro-

mosomal mutations in the catA, catB, and catC regions, respec-
tively.
Accumulation of metabolic intermediates and inhibition of

p-hydroxybenzoate utilization in catB and catC mutants. In
strain ISA16, the catC disruption (Fig. 1) did not affect the
utilization of p-hydroxybenzoate provided alone, as deter-
mined by MO-NMR experiments in which the wild-type and
ISA16 strains were indistinguishable (data not shown). In MO-
NMR experiments in which both benzoate and p-hydroxyben-
zoate were provided, however, ISA16 carried out the conver-
sion of benzoate to muconolactone prior to degrading
p-hydroxybenzoate, despite the inability to derive energy from
benzoate metabolism (Fig. 4a; Table 2). The p-hydroxybenzo-
ate was rapidly degraded after most of the benzoate had been
converted to muconolactone. In ISA16, as in the wild-type
strain, the presence of benzoate or the metabolite(s) derived
from it appeared to inhibit p-hydroxybenzoate utilization. High
sustained levels of muconolactone did not prevent p-hydroxy-
benzoate from ultimately being consumed.
In similar MO-NMR experiments with strain ISA25, which

cannot degrade cis,cis-muconate, it was shown that the chro-
mosomal deletion had no effect on the utilization of p-hydroxy-

FIG. 3. NMR spectra of samples taken at 0, 4, 5, 6, 7, 8, 9, 10.5, and 24 h after the addition of four 1H compounds, benzoate, p-hydroxybenzoate, shikimate, and
anthranilate, to a deuterated ADP1 culture. Spectra are shown in chronological order from 0 h (front) to 24 h (back) in panel a, with selected spectra shown in panel
b. The region of the spectra around the residual water peak was removed for simplification. For peak identification, see Table 2. The concentrations of the added carbon
sources and of metabolites derived from them in the 0- to 10.5-h samples were calculated by integration of the NMR peaks and are shown in panel c as indicated in
the box (ccm, cis,cis-muconate).
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benzoate when provided alone (data not shown). When pro-
vided with benzoate, however, p-hydroxybenzoate was not
consumed at all by ISA25 (Fig. 4b). In addition, no growth of
the culture was observed. Some benzoate was converted to
cis,cis-muconate, but even after 40 h following the addition of
the 1H compounds, approximately 70% of the benzoate re-
mained undegraded in the culture. ISA25 was unable to use
p-hydroxybenzoate as the source of carbon and energy in the
presence of benzoate. In addition, the presence of benzoate
prevented ISA25 from using other growth substrates. ISA25
did not grow with 1H minimal medium supplemented with
succinate or glucose if benzoate was present.
These results suggested a role for cis,cis-muconate in inhib-

iting p-hydroxybenzoate degradation and/or that the accumu-
lation of cis,cis-muconate from benzoate was toxic. To further
characterize the role of cis,cis-muconate in p-hydroxybenzoate
consumption, we studied a regulatory mutant, ISA13, in which,
as shown below, cis,cis-muconate accumulated to high, but
nonlethal, levels. Strain ISA13 carries an insertion in the catM
regulatory gene which results in decreased expression of the
catB-F genes needed for cis,cis-muconate degradation (30).
Strain ISA13 can utilize benzoate as the sole source of carbon,
but it grows slowly compared with the wild type (30). MO-
NMR experiments demonstrated that, unlike the wild type,
ISA13 accumulated cis,cis-muconate to high levels during
growth with benzoate (Fig. 5). This cis,cis-muconate was ulti-
mately completely degraded by ISA13 even though the time
required for the complete mineralization of benzoate was
much longer than that for the wild type (Fig. 2 and 5).
The results of MO-NMR experiments in which ISA13 was

provided with both benzoate and p-hydroxybenzoate are
shown in Fig. 4c. Despite the long time needed for benzoate
degradation, the p-hydroxybenzoate was not utilized until most
of the benzoate had been consumed and until the accumulated
cis,cis-muconate levels started to decline. After p-hydroxyben-
zoate degradation commenced, it proceeded rapidly to com-
pletion. In contrast, the conversion of approximately 1 mM
benzoate to 1 mM cis,cis-muconate by strain ISA25, which
cannot further degrade this intermediate, appeared to prevent
the consumption of p-hydroxybenzoate (Fig. 4b). Although
ISA13 also accumulated cis,cis-muconate to levels as high as 1
mM, p-hydroxybenzoate consumption was delayed but not pre-
vented. ISA13 was able to remove all of the accumulated

cis,cis-muconate from the culture within approximately 18 h
(Fig. 4c). As discussed below, these results are consistent with
cis,cis-muconate playing a role in inhibiting p-hydroxybenzoate
degradation.
Conversion of benzoate to catechol by a catAmutant with no

inhibition of p-hydroxybenzoate utilization. In contrast to the
behavior of ADP1, ISA16, ISA25, and ISA13, a strain carrying
a catA deletion, ISA29, exhibited no delay in p-hydroxybenzo-
ate utilization in the presence of benzoate. Moreover, MO-
NMR experiments indicated that in this strain the initial re-
moval of p-hydroxybenzoate from the culture commenced
prior to that of benzoate (Fig. 4d). The consumption of p-
hydroxybenzoate was not inhibited by the presence of benzoate
in the ISA29 culture, and p-hydroxybenzoate was consumed as
rapidly as when provided alone. Benzoate was quantitatively
converted to catechol (Fig. 4d). As discussed below, these
results suggested that the catA mutation blocked formation of
a compound(s) involved in inhibiting p-hydroxybenzoate ca-
tabolism.

DISCUSSION

Individual compounds in a mixture are consumed according
to a preferred hierarchy. A. calcoaceticus ADP1 consistently

FIG. 4. Addition of 3 mM 1H benzoate and 3 mM 1H p-hydroxybenzoate at 0 h to deuterated cultures of mutant strains ISA16 (a), ISA25 (b), ISA13 (c), and ISA29
(d). Concentrations of benzoate (ben), p-hydroxybenzoate (p-OHB), muconolactone (mlc), cis,cis-muconate (ccm), and catechol (cat) were calculated by integration
of NMR spectral peaks.

FIG. 5. NMR spectra (aromatic region) of samples taken at 0, 8, 10, 12, 14,
16, and 18 h after the sole addition of 1H benzoate to a deuterated culture of
catM strain ISA13. Spectra are shown in chronological order from front (0 h) to
back (18 h). Peaks corresponding to benzoate (ben) and cis,cis-muconate (ccm)
are indicated.
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consumed benzoate prior to p-hydroxybenzoate in the pres-
ence of both carbon sources. Benzoate, or metabolites derived
from it, appeared to delay the start of p-hydroxybenzoate deg-
radation by inhibiting its first step, which is catalyzed by an
inducible hydroxylase encoded by the pobA gene. In studies of
pobA expression, DiMarco et al. showed that benzoate could
slightly reduce the ability of p-hydroxybenzoate to induce pobA
expression (13). The low level of reduction (,10%), however,
suggests that transcriptional regulation alone is not responsible
for preferential benzoate consumption and/or that benzoate
itself is not the principal regulatory metabolite. Moreover,
temporal regulatory factors need to be considered, since the
extent of benzoate catabolism, the relative concentrations of
both carbon sources, and the timing of carbon source addition
may control the extent of the inhibition of pobA expression.
Nichols and Harwood compared cultures of P. putida grown

with either benzoate and p-hydroxybenzoate or p-hydroxyben-
zoate alone (23). The presence of benzoate resulted in lower
activity levels of both p-hydroxybenzoate hydroxylase (PobA),
which forms protocatechuate, and the subsequent enzyme
which cleaves protocatechuate, protocatechuate 3,4-dioxygen-
ase (23). In A. calcoaceticus, the activities of these two enzymes
may similarly regulate the metabolic flow of multiple carbon
sources. In the presence of the four carbon sources studied
here, the accumulation of protocatechuate from shikimate was
observed (Fig. 3). After 10.5 h, approximately 25% of the
shikimate initially present had been converted to protocat-
echuate but was not yet further catabolized, suggesting that
protocatechuate cleavage was rate limiting. The total amount
of shikimate which had not yet been utilized as a source of
carbon and energy may have been even higher, since some of
the accumulating b-ketoadipate may have derived from shiki-
mate. The carbon sources studied here were utilized in a hi-
erarchical fashion with the same consumption order consis-
tently repeated (Fig. 3). In all cases, the inhibition of
p-hydroxybenzoate utilization in the presence of compounds
degraded via the catechol branch of the pathway was striking.
Identification of cis,cis-muconate as a regulatory metabolite.

Studies of cat mutants indicated that cis,cis-muconate is in-
volved in inhibiting p-hydroxybenzoate degradation. Benzoate
catabolism commenced prior to p-hydroxybenzoate catabolism
in all strains examined except the catA-deleted ISA29 (Fig. 4d),
in which the conversion of benzoate to an inhibitory metabo-
lite(s) appeared to be prevented. Such a metabolite would
likely be cis,cis-muconate or muconolactone, since any inter-
mediates beyond muconolactone would be common to p-hy-
droxybenzoate degradation (Fig. 1). In the catCmutant ISA16,
benzoate was converted to muconolactone prior to p-hydroxy-
benzoate degradation, even though energy could not be de-
rived from this process. ISA16 forms both cis,cis-muconate and
muconolactone. Either or both of these compounds could have
inhibited p-hydroxybenzoate degradation, although the high
sustained level of muconolactone did not prevent p-hydroxy-
benzoate from ultimately being completely degraded. Only a
small amount of cis,cis-muconate, not more than 50 mM, was
detected in this experiment, but a transient localized accumu-
lation may have blocked p-hydroxybenzoate utilization until
cis,cis-muconate was converted to muconolactone. This possi-
bility is consistent with the complete prevention of p-hydroxy-
benzoate utilization in ISA25 by the conversion of benzoate to
cis,cis-muconate, a metabolite that in this mutant does not get
removed by further catabolism.
The inability of ISA25 to degrade p-hydroxybenzoate might

be caused by cis,cis-muconate toxicity rather than specific reg-
ulation of the b-ketoadipate pathway. Such toxicity could ac-
count for benzoate preventing ISA25 from growing with car-

bon sources such as succinate and glucose. Nevertheless,
accumulations of cis,cis-muconate being harmful and playing
regulatory roles are not mutually exclusive possibilities. The
high levels of cis,cis-muconate which accumulated in strain
ISA13 were not lethal but appeared to inhibit p-hydroxyben-
zoate consumption. The long delay in p-hydroxybenzoate deg-
radation by this mutant corresponded to the delayed catabo-
lism of cis,cis-muconate. The detected levels of cis,cis-
muconate, however, did not always correspond directly to
regulatory effects. For example, the preferential utilization of
benzoate or p-hydroxybenzoate was determined within the first
few hours after carbon source addition (Fig. 2 and 4), during a
time when cis,cis-muconate was not always identified by MO-
NMR techniques. As described below, regulation may be gov-
erned by localized metabolite concentrations which would not
have been detected in these experiments.
Location of compounds detected by MO-NMR. The com-

pounds detected in these MO-NMR experiments were most
likely in the medium rather than within the cells even though
the entire culture was examined spectroscopically. Consistent
with this prediction, analysis of the medium again after the
bacterial cells were removed from several samples did not
result in significant diminution of the NMR signals (data not
shown). Mechanisms of transport for compounds of the b-ke-
toadipate pathway and the relationships between internal and
external metabolite concentrations are not yet known. MO-
NMR can be used to detect the internal metabolite concen-
trations of cells which have been separated from the culture
medium, provided that sufficient cellular material is available
for NMR analysis.
Utilization of cis,cis-muconate as a carbon source. cis,cis-

Muconate provided exogenously to ADP1 as a carbon source
did not inhibit the degradation of p-hydroxybenzoate (data not
shown). In this case, cis,cis-muconate may be taken into the
cell concomitant with its degradation such that high internal
levels of this compound do not accumulate. In contrast, ben-
zoate degradation may lead to internal accumulations of cis,
cis-muconate that can repress p-hydroxybenzoate catabolism.
It is also possible that the inhibitory role of cis,cis-muconate
requires other metabolites, such as benzoate, benzoate diol,
and/or catechol, such that the presence of cis,cis-muconate is
necessary but not sufficient for inhibition. Two transcriptional
activators, BenM (10) and CatM (30), regulate benzoate deg-
radation in response to cis,cis-muconate. This compound in-
duces all of the enzymes needed for catechol degradation in A.
calcoaceticus, and it also regulates the conversion of benzoate
to catechol (10). CatM was not needed for the inhibition of
p-hydroxybenzoate utilization in the presence of benzoate,
since this still occurred in the catM mutant ISA13. Whether
BenM is needed for this inhibition remains to be determined.
Metabolite channeling: efficient utilization of carbon

sources. The inability to detect most metabolites of the wild-
type strain during catabolism may reflect efficient channeling
of metabolites through the b-ketoadipate pathway. The genes
needed for the catabolism of aromatic compounds are ar-
ranged in two distinct chromosomal clusters (16), and the
organization within these regions may contribute to tight tran-
scriptional control of adjacent genes or operons. In addition,
this genetic arrangement may facilitate the proximal associa-
tion of proteins with related functions, contributing to the
efficient funneling of metabolites through each branch of the
pathway. In mutants ISA16 and ISA29, benzoate was quanti-
tatively converted to muconolactone and catechol, respec-
tively. Neither muconolactone nor catechol, therefore, appears
to be a feedback inhibitor of benzoate degradation. In strain
ISA25, however, only approximately 30% of the benzoate was
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converted to cis,cis-muconate. This might result from specific
feedback inhibition mediated by cis,cis-muconate, the inability
to generate energy from p-hydroxybenzoate degradation, the
toxicity of cis,cis-muconate, or some combination of these fac-
tors.
MO-NMR analysis of metabolism. In this paper, we describe

MO-NMR spectroscopy, a new technique in which the full
deuteration of microbial cultures renders them invisible to
proton NMR spectroscopy. After the addition of unlabeled
natural-abundance 1H compounds to the deuterated culture,
metabolism can be monitored spectroscopically. Detectable
proton signals originate only from the added compounds, any
metabolites derived from them, or the residual water peak.
High deuteration levels (.95%) are needed to significantly
reduce the 1H signals present in the cell material and medium.
The full deuteration of organisms, which can be readily accom-
plished with many strains of bacteria, algae, and yeast (15),
requires specialized growth medium. There may be physiolog-
ical consequences of deuteration, and some microorganisms
grow poorly with deuterated medium (15), perhaps because
enzymatic reactions involving 2H rather than 1H compounds
are adversely affected. A. calcoaceticus grew at a reduced rate
in deuterated medium, with a doubling time of approximately
120 min, compared with wild-type doubling times in 1H media
of approximately 30 to 90 min. Despite the physiological effects
of deuteration, these MO-NMR methods permit in vivo me-
tabolite monitoring not possible with other techniques. In vari-
ations of the methods described here, the cells and the sur-
rounding culture medium can be analyzed independently,
cultures may be incubated directly in the spectrometer with
continuous data acquisition, or, alternatively, the activities of
cell extracts made from deuterated cultures can be deter-
mined. Compared to chromatographic techniques, NMR sam-
pling times of several minutes are relatively short, and analyses
of the NMR spectra allow direct metabolite identification.
Although elegant noninvasive magnetic resonance imaging

techniques are illuminating metabolic processes in a range of
organisms, including humans, these techniques are too com-
plex and expensive to be of practical use in studies of microbial
physiology (2, 3, 5, 7, 34). The usefulness of other NMR tech-
niques with hydrogen (1H), carbon (13C), nitrogen (15N), and
phosphorus (31P), the most studied and biologically important
magnetic nuclei, may depend on certain conditions (7). 13C
and 15N are of low natural abundance, making detection dif-
ficult unless specifically labeled compounds are used (8, 28).
31P NMR is restricted to compounds that contain that nucleus,
although interpretation of the spectra is simplified by the lim-
ited number of phosphorous-containing compounds. 1H NMR
has the opposite problem: the abundance of protonated com-
pounds makes spectral interpretation impossible without fil-
tering techniques. Single overwhelming signals, such as those
in 1H NMR resulting from H2O, may be significantly reduced
with presaturation pulses or magnetic field gradients, whereas
multiple quantum coherence spectroscopy or spin echo ap-
proaches may be used to observe specific compounds in com-
plex mixtures (12, 24, 34). In a few specialized cases it is
possible to examine the appearance and disappearance of me-
tabolites that are at high concentrations in the cells. However,
the vast array of chemicals in cells and culture media are
sufficiently alike in their 1H NMR spectral characteristics to
preclude metabolic studies of individual compounds without
the addition of labels.
MO-NMR studies of natural-abundance 1H compounds are

easily accomplished with FT-NMR spectrometers using stan-
dard single-pulse sequences. In general, sufficient 1H is present
in the D2O (1%

1H is equivalent to approximately 1 M pro-

tons) to warrant using some means of water suppression, such
as a presaturating pulse. Using a 300-MHz FT-NMR spec-
trometer and this approach, short data acquisition times of less
than 5 min were sufficient to allow us to monitor the catabolism
of natural 1H, off-the-shelf compounds by fully deuterated A.
calcoaceticus cultures and to detect metabolites at concentra-
tions of approximately 50 mM. These approaches allow the
direct observation of metabolite flow and may be successfully
applied to studies of bacterial catabolism.
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