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Methods for sampling, extracting, and quantitating the metabolic pools of
organic acids from bacteria have been developed. The concentration of these
metabolites was determined by a new gas chromatographic method that can
quantitatively determine the levels of lactate, pyruvate, fumarate, succinate,
malate, a-ketoglutarate, and citrate. Values obtained were confirmed by fluori-
metric analyses of five of the individual acids. In Escherichia coli, pools range
from about 1 to 5 pmol/g of dry weight, with a variation in replicate samples of
5 to 15%. Under similar conditions, these pools in Bacillus licheniformis are in
the same range, although the pyruvic acid pool is significantly larger.

Although gas chromatographic methods for
measuring the more common organic acids of
biological importance exist (1, 7-10, 17, 18, 21),
no reports have appeared that describe the
methodology needed to determine the intracel-
lular pools of these compounds in bacteria with
an accuracy comparable to alternate procedures.
Rosenqvist et al. (17) and Andersson et al. (1),
using the gas chromatograph, have detected
some tricarboxylic acid cycle intermediates, but
the levels reported are different from those re-
ported by Lowry et al. (11). These latter authors
show that enzymatic methods that use fluori-
metric analysis yield reproducible data for four
ofthese acids: pyruvate, citrate, a-ketoglutarate,
and malate. They also use rapid filtration as a
method of harvesting cells (11), a method that
we have confirmed to be preferable to centrifu-
gation (5). In addition, Weibel et al. (20) have
devised a rapid sampling technique for yeast
and have measured pools of several metabolites,
including pyruvate and citrate, by automated
fluorimetric analysis. This technique, however,
does not involve the washing of the yeast ceils;
but simply pumps samples of culture into pre-
cooled perchloric acid. Cook et al. (6) have used
similar techniques with a concentrated cell sus-
pension of Alcaligenes eutrophus H16.
The measurement of the intracellular pools

of the tricarboxylic acid cycle and related acids
in bacteria has been an elusive problem, because
the levels of these acids are relatively low and
exist in pools that are rapidly turning over (5,
18). Therefore, large quantities of cells must be
harvested rapidly by a method that ensures the
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complete removal of the extracellular medium,
since significant quantities of metabolic inter-
mediates have been found in the extracellular
medium of growing bacteria (5, 14). By filtration
on large membrane filters (Millipore Corp., Bed-
ford, Mass.), cells from about 100 ml of culture
can be harvested, washed, and placed in acid
within 30 s. When extracts from 10 such filters
are combined, sufficient amounts of the tricar-
boxylic acid cycle acids are available for analysis
by conventional gas chromatographic tech-
niques. We describe this complete method and
report on pool sizes of seven acids from two
different bacteria.

MATERlALS AND METHODS
Cell growth conditions. Bacillus licheniformnis

strain A-5, type I (19), and Escherichia coli K-12
were used as the experimental organisms. B. licheni-
formis was grown in three different media. The first
(glucose medium) consisted of minimal salts (14) sup-
plemented with 20 mM glucose and 10 mM NH4CI.
The second (glutamate medium) was composed of
minimal salts (15) together with 10 mM NH4Cl and
30 mM glutamate. Extracts of cells grown in these
two media were analyzed by gas chromatography. The
third (A) medium consisted of 250 mg ofMgCl2 6H20,
50 mg of CaCl2 * 2H20, 2 mg of MnCl2 4H20, 40 mg
of NaCl, and 10 mg of FeCl3 6H20 per liter supple-
mented with 65 mM potassium phosphate, pH 7.1, 15
mM glucose, and 5 mM (NH4)2SO4. Extracts of cells
grown in this medium were analyzed by fluorimetric
techniques. The composition of the medium used to
culture E. coli was that of Makman and Sutherland
(13).

All cells were grown in 1-liter lots except those
grown in the glutamate medium, which was 800 ml.
Cultures were grown in 2.8-liter Fernbach flasks
shaken on a gyratory shaker (New Brunswick Scien-
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tific Co., New Brunswick, N.J.) set at 240 rpm at
370C. Growth was monitored turbidimetically by us-
ing a Klett-Summerson colorimeter equipped with a
no. 54 filter. The dry weight of cells in a culture of B.
lichenifornis (5) or E. coli was determined by con-
struction of individual standard curves.
Sample collection. Cells were removed from a

culture flask with a 100-ml glass yringe or poured
into a graduated cylinder and were filtered under
vacuum on a 90-mm membrane filter apparatus (Mil-
lipore Corp.). A cylinder of gl tubing (90 by 160
mm) ground flat at both ends was used as a chimney.
Before filtering, the filter paper, either a 0.45-pm-pore
membrane filter (Millipore Corp.) or a Whatman
GF/C glass-fiber filter, was moistened with either pre-
warmed (37°C) distiUed water or medium (lacking the
carbon and nitrogen sources) to ensure a good vacuum
at the initiation of filtration. Immediately after filtra-
tion, the filter was washed with 10 ml of prewarmed
medium lacking the carbon and nitrogen sources. The
filters were then placed into cold acid to begin the
extraction procedure. Total time elad from the
start of sample collection to immersion of the filter
paper in acid was less than 30s.
We found that it was necessary to wash the cells

on the filter paper immediately after filtraton. Ex-
tracts prepared from unwashed B. licheniformis celLs
had ignificantly higher levels of pyruvate, fumarate,
succinate, and a-ketoglutarate, acids that we have
found to be present in relatively high concentrations
in the extracellular medium. Lowry et al. (11) did not
wash their filtered E. coli cells, but subtracted a pre-
determined value from reported levels However, since
larger quantities of these acids are present in the
extracellular medium of a B. licheniformis culture
than in a comparable E. coli culture, washing of cells
before acid extraction is necessary.

Identical data were obtained whether the cells were
washed once or three times or whether washed with
growth medium lacking or containing the carbon and
nitrogen sources. Therefore, a single wash with a
buffered salt solution appeared to be sufficient to rid
the filter paper of contaminating extracellular acids
as efficiently as possible without adverse effects. In
all cases, samples were taken when the cultures
reached a density of 150 to 200 #g of dry weight per
ml, a time in the growth cycle that is approximately
two generation times before the end of exponential
growth.

Preparation of cell extract for gas chroma-
tography. After the cells had been filtered and
washed, the filters were incubated in cold 0.1 M HCl
(70 ml) in a petri dish for 30 min. The filters were
then lifted above the 0.1 M HCI solution, rinsed with
distilled water, and discarded, and the contents of the
petri dish (includig the rinse) were centrifuged at
30,000 x g. The supernatant fluid (approximately 100
ml) was evaporated to drynes in a 1-liter round-bot-
tom flask on a rotary evaporator (Rinco Inst Co.,
Inc., Greenville, Ill). Evaporation was initiated with
the supernatant fliid at 40C and water bath at 37°C.
The residue was dissolved in water, quantitively trans-
ferred to a 250-ml round-bottom flask, and evaporated
to dryness again. Further drying was accomplished by
washing the residue twice with 3 ml of absolute

ethanol, each wash being followed by drying on the
rotary evaporator for 2 min, using a 340C water bath.
A final drying of 3 min at 32°C was done with a dry
condenser flask to prevent water vapor from being
swept into the dry flask when the vacuum was re-
leased. It is imperative that all samples be completely
dry before addition of BF3, because if not, the results
will be widely variant and unpredictable. Preparation
of methyl esters of the intracellular acids was done
by a modification of the method of Hautala and
Weaver (9). After the final drying, 4 ml of 14% BF3 in
methanol was added, and the mixture was incubated
at room temperature overnight, after which 4 ml of
50% saturated ammomum sulfate and 2 ml of spectro-
photometric grade chloroform were added. Methyl
esters of the acids were extracted into the chloroform
phase by 1 min of shaing, followed by a 45-min
equilibation period. The chloroform phase was re-
moved and stored over anhydrous sodium sulfate in a
screw-cap vial with a Teflon-lined cap, from which
samples were injected into the gas chromatograph.

Preparatton of cell extracts for fluorimetric
analysis. Many metabolites can be eaily assayed
fluorimetrically in protein-free cell extracts prepared
with either HC1O4 or trichloroacetic acid. HC1O4 is
usually prefered because most of the perchlorate can
be removed by precipitation of the potassium salt at
0 to 20C and because trichloroacetic acid has been
found to be an inhibitor of several enzymes used in
metabolite assays (12). The procedure used for the
preparation of perchloric acid extracts is based on the
one described by Lowry et aL (11) with minor modifi-
cationa After the cells had been filtered and washed,
the filters were placed into 15 ml of 0.3 N HC1O4 on
ice. The filter paper was incubated in the cold acid
for 20 min with periodic agitation with a lass tiring
rod. The filter paper was then squeezed dry with the
glass rod, and the solution was centrifuged at 12,000
x g for 10 min at 4°C. The supernatant liquid was
decanted and neutralized to a pH of approximately 6
with a calculated amount of 0.2 M K2CO3. After stand-
ing on ice for 5 min to facilitate the precipitation of
the KC1O4, the precipitated KC1O4 was removed by
centrifugation at 12,000 x g for 10 min at 4°C. The
supematant fluid was decanted and stored at -20°C
until analysis.
Gas chromatography. The instrument used in

this study was a Packard 409 gas chromatograph,
equipped with temperature proga i, dual flame
ionization detectors, and an automatic attenuator. Sig-
nals were recorded with a 1-mV Honeywell electronic
194 recorder, and hydrogen was supplied by an Elhy-
gen hydrogen generator (Milton Roy Co., St. Peters-
burg, Fla.). Dual stainlesteel columns (8 feet by
0.125-inch- [ca. 2.4 m by 2.86-mm] outer diameter)
packed with 15% Hi-Eff-2BP (an ethylene glycol suc-
cinate polyester) on 80- to 100-mesh Chromosorb W
were purchased from Applied Science Laboratories
(State College, Pa.).
Temperature programming was necessary due to

the broad spectrum of volatilities exhibited by the
methyl esters of the acids being investigated. Injection
volume was 10 p, with an attenuation of 128 and a
range of 1. Initially the columns were kept at 100°C
for 4 min, after which the temperature was increased
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to 190°C at 10°C/min. The temperature remained at
190°C for 22 min. Between runs, the oven and columns
cooled for 10 min. The temperatures of the injection
ports and detector chamber were maintained at 200
and 250°C, respectively.

Flow rates for the sample column were 37.5 ml of
He (carrier) per min, 375 ml of air per min, and 33.3
ml of H2 per min. Rates for the reference column
were 26.8 ml of He per min, 231 ml of air per min,
and 70.6 ml of H2 per min. Differences between these
flow rates to the two columns resulted from different
sensitivities of the two detectors and were necessary
to adjust the output signal to zero.

Quantitation of the acids was done using peak
height. For the purpose of providing a standard curve,
a cell sample was taken, and, after centrifugation, the
extract was divided in half. To one half, known
amounts of the acids were added from a standard
solution, while the other half served as a blank. Esters
of the two samples were prepared as described above
and analyzed. By plotting the extra peak height
against the amount of standard acid injected, standard
curves were constructed. There are several reasons
for preparing standard curves in cell extracts. It is
well known that extraction of organic acids from
aqueous solutions is affected by pH and salt concen-
tration. Since bacterial cells are cultured in various
media, extracts will contain tricarboxylic acid cycle
and related acids in the presence of a wide variety of
buffering salts of differing concentrations. The effi-
ciency of extraction of these acids will vary with each
medium and bacterial strain used. Consequently, a
standard curve must be prepared for each culture. By
the use of this procedure, the problem of the efficiency
of recovery of standard or unknown acids is circum-
vented and occasional internal standards are not nec-
essary. The range of variation among replicate samples
of standard acids in extracts appears to be somewhat
dependent on the bacterial extract used. With E. coli
extracts, the average variation among standard sam-
ples was ±7.2%, with a range of ±3 to 11.5% for
individual acids. When standard acids were measured
in B. lichenifornis extracts, the average variation was
±12.7%, with a range of ±7.1 to 25.4%.

Fluorimetric analyses. Fluorimetric assays ofme-
tabolites were performed in a Turner model 111 fluor-
imeter set at 30x sensitivity and equipped with a 7-
37 filter on the primary ifiter side and the combination
of no. 4 and 48 filters on the secondary filter side. All
assays were conducted at room temperature in se-
lected fluorimeter cuvettes (12 by 75 mm) with a total
volume of 4 ml. All solutions used in the fluorimetric
assays were filtered through 0.45-,um membrane filters
(Millipore Corp.) to remove any particulate matter
that would interfere with the stability of the fluori-
meter signal. Changes in fluorescence were recorded
on a Sargent-Welch model SRLG recorder. The
amount of a metabolite present in a cell extract was
calculated by reference to a standard curve of change
in fluorescence versus picomoles ofmetabolite for each
particular metabolite assayed. Once individual stan-
dard curves were obtained for each metabolite, the
reproducibility of these was checked periodically with
freshly standardized solutions.

Pyruvate was assayed according to the direct assay

procedure of Lowry and Passonneau (12) except that
50 mM phosphate buffer was used rather than imid-
azole-HCl buffer. The amount of pyruvate present
was quantitated by measuring the loss of reduced
nicotinamide adenine dinucleotide (NADH) fluores-
cence after the addition of lactate dehydrogenase (EC
1.1.1.27). Citrate was assayed according to the method
of Passonneau and Brown (16). The amount of citrate
present was quantitated by measuring the loss of
NADH fluorescence due to the conversion of citrate
to malate by the action of citrate lyase (EC 4.1.3.6)
and malate dehydrogenase (EC 1.1.1.37).
The conditions used for the measurement of a-ke-

toglutarate were those of Narins and Passonneau (15).
The amount of a-ketoglutarate present was quanti-
tated by measuring the loss of NADH fluorescence
after the addition of glutamate dehydrogenase (EC
1.4.1.3). Malate was assayed according to Method I
of Lowry and Passonneau (12). The amount of malate
present was quantitated by measuring the formation
ofNADH fluorescence due to the conversion ofmalate
to oxaloacetate by malate dehydrogenase in the pres-
ence of glutamate-oxaloacetate transaminase (EC
2.6.1.1) at pH 9.9. To prevent changes in the pH of
the reaction mixture caused by the presence of NH4'
in the enzyme preparations, the enzymes used in this
assay were treated to remove most of the NH4' from
the enzyme preparations. Enzyme suspensions (for
each day's assays) were layered on columns (0.9 by
10 cm) packed to a bed volume of 8 ml with Amberlite
IR-120 ion-exchange resin (Mallinckrodt Chemical
Works, St. Louis, Mo.) that had been converted to
the Na+ form. The enzymes were then eluted from
this column with sufficient 20 mM tris(hydroxy-
methyl)aminomethane-hydrochloride buffer (pH 8)
containing 0.02% bovine serum albumin to give a final
protein concentration of approximately 2 mg/ml for
the malate dehydrogenase and 1 mg/ml for the glu-
tamate-oxaloacetate transaminase preparation.

Fumarate was assayed according to the method of
Lowry and Passonneau (12). The amount of fumarate
present was quantitated by measuring the formation
of NADH due to the conversion of fumarate to oxal-
oacetate by fumarase (EC 4.2.1.2) and malate dehy-
drogenase in the presence of glutamate-oxaloacetate
transaminase at pH 9.9. Since the assay conditions
for the determination of fumarate were identical to
those for the determination of malate and involved
only the addition of fumarase to a cuvette after the
determination of malate was completed, it was neces-
sary to remove most of the NH4' from the fumarase
suspension by the above procedure. The concentration
of fumarase after it was eluted from the ion-exchange
column was approximately 2 mg/ml.

Materials. The following chemicals were obtained
in grade A form from Calbiochem: lithium L-lactate,
disodium fumarate, malic acid, and a-ketoglutaric acid.
Lyophilized citrate lyase and fluorimetric-grade
NADH were purchased from Boehringer-Mannheim
Corp. Citric acid monohydrate was a product of Allied
Chemical, and succinic acid was furnished by Fisher
Scientific Co. Sodium pyruvate (type II and dir6er
free, anhydrous), 14% boron trifluoride in methanol,
and all other enzymes and biochemicals were pur-
chased from Sigma Chemical Co. Spectrophotometric-
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grade Insta-Analyzed chloroform was obtained from
Baker. All other chemicals used were of reagent grade.
The selected fluorimeter cuvettes (12 by 75 mm) were
obtained from VWR Scientific. Double-distilled water
was used to prepare all solutions.

RESULTS AND DISCUSSION
Figure 1A shows the elution profile of the

methyl esters oflactate, pyruvate, fumarate, suc-
cinate, malate, a-ketoglutarate, and citrate from
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FIG. 1. (A) Elution profik of the gas chromato-
graphic separation ofthe methyl esters ofseven stan-
dard acids. AU conditions are given in Materials
and Methods. The automatic attenuator of the gas
chromatograph was actvated for the solvent (1-min
rentention time) and for the dimethylfumarate (8.5
min) and dimethyl succinate (9.5 min) fractions. (B)
A typical chromatogram of an extract from E. coli.
(C) Same extract as (B) to which 6 nmol of lactate,
23 nmol ofpyruvate, 3 nmol of fumarate, 7 nmol of
succinate, 6 nmol of malate, 5 nmol of a-ketoglutar-
ate, and 13 nmol of citrate have been added. The

automatic attenuator was activated by the dimethyl
succinate fraction.

the Hi-Eff-2BP column. In contrast to the re-
ports of others (8, 21) who used alternate liquid
phases, dual peaks for the elution of pyruvate
and a-ketoglutarate were not observed. In a
variety of experiments using other liquid phases
on Chromosorb W and either methyl (9) or
trimethylsilyl esters (7), we have found the pro-
cedure outlined in Materials and Methods to be
preferable. Attention was directed toward the
seven acids listed above because preliminar
results showed that these are the prime organic
acids found in extracts of both E. coli and B.
licheniformis cells.
When the esters from an extract of E. coli

cells are chromatographed, the typical profile
shown in part B (Fig. 1) is seen. The elution
pattern of acids from bacteria is much less com-
plex than that observed from urine or liver (7).
The base line drift observed in the 10- to 22-
min and 30-min areas is usually present and
leads, on occasion, to some difficulty in drawing
base lines under elution peaks. Since this drift
is not significant in the initial analysis of each
day, it is assumed that it is caused by the break-
down of the liquid phase of the column during
analysis. Our columns were normally kept at
1000C overnight with carrier gas flowing at the
rates given in Materials and Methods.

Part C (Fig. 1) was produced by adding known
quantities of acids to a fraction of the same
extract shown on part B. In this way, standard
curves for each ofthe seven acids were prepared;
an example of one set of standard curves is
shown in Fig. 2. It was necessary to prepare the
esters used in constructing standard curves in
crude cell extracts, because the yields of individ-
ual esters varied considerably and because of
differential loss of some of the acids during the
orginal concentration of the extracts.
We determined the pool sizes of the seven

acids in extracts of log-phase E. coli, grown on
glucose, and in B. licheniformis grown on either
glucose or glutamic acid; Table 1 compiles the
results of these studies. The first column repre-
sents data resulting from analyses of four E.
coli extracts, each assayed in duplicate. The
values shown for pyruvate, malate, and a-keto-
glutarate are very similar to those reported by
Lowry et al. (11) in E. coli, whereas Rosenqvist
et al. (17) reported values for lactate, succinate,
and malate that are significantly different, and
did not report values for a-ketoglutarate or cit-
rate.
In B. licheniformis celLs growing logarithmic-

ally on glucose, the pool sizes were unique but
in the same range as in E. coli. Pools of several
of the acids differed significantly (pyruvate, suc-
cinate, malate) from those of E. coli and liver
(11, 18). In confirmation of the work of Lowry

II
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FIG. 2. Typical standard curves plotting the detector response as a function of fumarate (0), succinate
(A), a-ketoglutarate (0), malate (X), citrate (5), lactate (A), and pyruvate (0) concentration. Each point
represents the average offour analyses.

TABLE 1. Pool sizes of carboxylic acids from log-phase cells
Microbial source (Amol/g of dry wt)

Acid determination B. licheniformis grown on:
E.colia ~~~~~~~~~Fluorimetric analysis of acids

E. colia
Glutamate" Glucose' from glucose-growncelLae

Lactate 0.9 ± 0.1 4.5 ± 1.6 0.8 ± 0.2
Pyruvate 2.5 ± 0.2 15.0 ± 2.4 14.7 ± 1.0 (13.7 ± 1.1)
Fumarate 0.9 ± 0.04 0.8 ± 0.2 0.22 ± 0.05 (0.12 ± 0.02)
Succinate 4.9 ± 0.1 4.5 ± 0.3 0.98 ± 0.2
Malate 3.4 ± 0.4 1.8 ± 0.3 1.0 ± 0.3 (1.1 ± 0.2)
Ketoglutarate 1.3 ± 0.05 3.7 ± 0.6 1.8 ± 0.4 (2.0 ± 0.2)
Citrate 1.6 ± 0.2 2.4 ± 0.5 (2.9 ± 0.1)

a Average of four analyses.
b Average of eight analyses.
c Average of four fluorimetric analyses.

et al. (11) reporting on the pools of several of
these acids, growth of cells on alternate carbon
sources led to altered pools of at least some
tricarboxylic acid cycle intennediates. When
grown on glutamate, B. licheniformis cells ac-
cumulated larger pools of lactate, succinate, and
a-ketoglutarate than cells grown on glucose (Ta-
ble 1). Therefore, pool sizes of these acids are
not constant in different biological systems, ne-
cessitating the measurement of pool sizes and
flux rates in many isotope studies.
Values obtained from analyses of B. licheni-

formis show a greater variability (up to 30%)
than those from E. coli, and we attribute this
to inefficient washing of the cells on the filters.

We found much larger quantities of most of the
organic acids in the culture filtrate of B. lichen-
iformis cells as compared with E. coli cultures.
Also, the amounts of these acids changed with
the stage of the life cycle of the cells and with
the nutrient medium used. Similar changes were
observed for pyruvate and citrate pools in yeast
(20), which, interestingly, are very similar to the
pyruvate and citrate pools of B. licheniformis.
These facts underscore the necessity ofthorough
washing of cells when measuring the levels of
intracellular pools. Lowry et al. (11) extensively
discuss the importance of filtering rather than
centrifuging cells as the method of harvesting
and have shown that their pool sizes represent
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an accurate picture of real intracellular pools.
Previous work from our laboratory (5) on the
measurement of amino acid pools supports this
thesis.
The reliability of the method was additionally

confirmed by fluorimetric analysis of five of the
organic acids in extracts of B. licheniformis cells
grown on glucose. These data are shown in pa-
rentheses in the last column of Table 1 and
indicate a significant concordance of the two
methods of analysis. We have also measured the
pyruvate pool in B. licheniformis cells (grown
on glutamate) by the spectrophotometric
method of Bucher and Pfleiderer (4) and found
similar values to those reported in Table 1. Using
fluorimetric methods, Lowry et al. (11) report
values of pyruvate, citrate, a-ketoglutarate, and
malate in E. coli extracts that are similar to
ours. Thus the results obtained using the new
gas chromatographic procedure are similar to
those obtained by fluorimetry.
The method presented here is convenient and

reliable, although variation among samples can
be somewhat large in B. licheniformis. Some of
this variability must be due to the nature of the
biological system (i.e., the presence of relatively
large amounts of many of these acids in the
extracellular medium), as values from logarith-
mically grown E. coli cells were quite precise.
In cases in which the pool size of more than
one acid is desired, this method is more rapid
than fluorimetric methods. The detection of as
little as 1 nmol of acid is common, and the
sensitivity could be increased by concentration
of the final chloroform solution. When taken as
a whole, we believe that this method ofsampling,
extraction, and gas chromatographic analysis
provides reliable values for the intracellular pool
sizes of most of the intermediates of the tricar-
boxylic acid cycle.
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