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Abstract. The strictly anaerobic, fermenting bacterium

Pelobacter acidigallici degrades several trihydroxyben-

zene derivatives to stoichiometric amounts of acetate.
We now report on the enzymatic activities in cell extracts
which are responsible for the fermentative degradation
of these aromatic compounds, and postulate a novel
phloroglucinol pathway involving triacetic acid as an
unusual metabolic intermediate. Gallate is decarboxylated to pyrogallol by a specific, Mg 2+-dependent, soluble
enzyme activity, followed by conversion of pyrogallol to
phloroglucinol, involving an unusual intermolecular
transhydroxylation described previously. Phloroglucinol
is then reduced to dihydrophloroglucinol (5-hydroxy1,3-cyclohexanedione) by an NADPH-dependent phloroglucinol reductase. Dihydrophloroglucinol is cleaved
hydrolytically to 3-hydroxy-5-oxohexanoic acid, which
is then oxidized to triacetic acid (3,5-dioxohexanoic acid)
by a unique, NADP §
dehydrogenase. Triacetic acid is activated by CoA transfer from acetyl-CoA,
and then converted to 3 acetyl-CoA by two subsequent
fl-ketothiolase reactions. ATP is generated via phosphotransacetylase and acetate kinase.
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Pelobacter acidigallici degrades the trihydroxybenzenes
pyrogallol (1,2,3-trihydroxybenzene) and phloroglucinol
(1,3,5-trihydroxybenzene), and their carboxylated derivatives to stoichiometric amounts of acetate (Schink and
Pfennig 1982). Pyrogallol is converted to phloroglucinol
by a novel transhydroxylase reaction involving 1,2,3,5tetrahydroxybenzene as cosubstrate (Brune and Schink
1990 a). The third trihydroxybenzene isomer, hydroxyhydroquinone (1,2,4-trihydroxybenzene), is not utilized by
P. acidigallici, but is degraded by P. massiliensis, a species
fermenting all 3 trihydroxybenzene isomers to acetate
(Schnell etal. 1991). Again, phloroglucinol is the key
intermediate formed in a sequence of several transhydroxylation reactions (Brune et al. 1991).
Little is known about the other reactions involved in
trihydroxybenzene degradation by P. aeidigaIliei. An
accumulation of pyrogallol or phloroglucinol by dense
cell suspensions grown on the respective carboxylated
substrates has been reported for P. acidigallici strain AG2
(Samain et al. 1986). Phloroglucinol is reduced by an
NADPH-dependent oxidoreductase (Schink and Pfennig
1982; Samain et al. 1986). The further reactions of the
pathway are to date unknown.
The pathway of anaerobic degradation of trihydroxybenzenes has been studied only with one other bacterium.
Eubacterium oxidoreducens uses essentially the same
initial reactions as P. acidigallici, but differs strongly with
respect to its obligate dependency on external electron
donors, formate or hydrogen, and the formation of
reduced fermentation products in addition to acetate
(Krumholz et al. 1987). Again, phloroglucinol is the key
metabolic intermediate; the NADPH-dependent phloroglucinol reductase has been purified (Haddock and Ferry
1989). With E. oxidoreducens, 3-hydroxy-5-oxo-hexanoate (HOHA) was identified as product formed from
dihydrophloroglucinol upon incubation with cell extracts, probably by hydrolytic cleavage (Krumholz et al.
1987). Enzymes involved in butyrate and acetate
formation from 3-hydroxybutyrate were demonstrated,
however, activation of H O H A and its cleavage to a
C4-acid could not be completely clarified (Krumholz
et al. 1987).
In this paper we demonstrate all enzymes involved in
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a novel p a t h w a y for c o n v e r s i o n of t r i h y d r o x y b e n z e n e s
to 3 acetate in P. acidigallici.

M a t e r i a l s and M e t h o d s

Chemicals
XAD-2 was purchased from Serva (Heidelberg, FRG); all other
commercial sources were as previously published (Brune and Schink
1990b).
Dihydrophloroglucinol was prepared by chemical reduction of
phloroglucinol with sodium borohydride according to Patel et al.
(1981), lyophilized, and separated from residual borate and
phloroglucinol by column chromatography on XAD-2
(0.05-0.1 mm; column 500x 10 ram) in water. Contrary to the
report of Fray (1958), no resorcinol was formed under these
conditions. Identity and purity were confirmed by UV spectroscopy
(2max = 278 rim) and HPLC (see below).
Triacetic acM (3,5-dioxohexanoic acid, TAA) was synthesized
as follows: TAA methyl ester was prepared from dehydroacetic
acid (3-acetyl-4-hydroxy-6-methyl-2-pyrone) by boiling in methanol/magnesium methoxide (Batelaan 1976), and was positively
identified by H-NMR and mass spectroscopy. The product
contained triacetic acid lactone (6-methyl pyranone), the thermal
decomposition product of TAA methyl ester (Batelaan 1976), as a
major impurity, but was used without further purification.
Saponification of the methyl ester was performed at mildly alkaline
conditions in dilute aqueous solution in the cold (which left the
diketone structure unaffected); a method thoroughly studied by
Witter and Stotz (1948a) with the ethyl ester. Acidification to
pH 2.5 precipitated most impurities stemming from the crude methyl
ester preparation. After centrifugation, the supernatant was
lyophilized; the resulting TAA preparation was about 65% pure,
as calculated from the UV absorbance of the preparation
(e275 = 3.01 mM- 1 cm- 1; Meister 1949) and its HPLC chromatogram at 275 nm. Attempts to further purify TAA failed due to its
extreme instability in organic solvents and in aqueous solution, and
its rapid spontaneous decarboxylation, as already observed by
Witter and Stolz (1948a). However, all impurity peaks in the HPLC
chromatogram remained unchanged under the experimental conditions employed.

Preparation of cell suspensions and cell extracts
Pelobacter acidigallici strain MaGal2 (DSM 2377) was grown in a
bicarbonate-buffered, sulfide-reduced mineral medium under a
N2CO / atmosphere (Brune and Schink 1990a). Sodium gallate or
other aromatic substrates (7.5raM) were added from filtersterilized, anoxic stock solutions. Cell suspensions and cell extracts
were prepared as described (Brune and Schink 1990a). When
indicated, cell extracts were dialyzed directly after preparation for
8 h in K-phosphate buffer (100 mM, pH 7.0), containing DTT
(2.5 raM) and MgClz (10 raM). All steps were performed under
strict exclusion of air at 0-4 ~ Cell suspensions were permeabilized
by addition of CTAB to a final concentration of 0.1 g/1 which was
sufficient for complete permeabilization to pyridine nucleotides in
the phloroglucinol reductase assay. Since permeabilization was
insufficient to allow free entry of CoA and its thioesters into the
cells, the respective assays were always performed with cell extracts.

Determination of enzyme activities
Enzyme activities were determined at 25 ~ under strict exclusion
of oxygen, either in spectrophotometrical assays (Brune and Schink
1990b), or in assays discontinuously analyzed by HPLC (Brune
and Schink 1990a). Samples were kept at 0 ~ until analyzed, or
were frozen at - 2 0 ~ All values are means of at least two
independent assays of less than 10% variation performed with

different cell extracts. Spectrophotometrical assays usually contained 5-50, discontinuous assays 50-150 gm protein ml-1. A linear
relationship between observed activity and protein concentration
was granted in all cases. Protein was quantitated by the
micro-protein assay described by Bradford (1976), with bovine
serum albumin as a standard.
Gallate decarboxylase (EC 4.1.1.59) and decarboxylation of
2,3,4- and 2,4,6-trihydroxybenzoate was routinely assayed spectrophotometrically following substrate disappearance upon addition
of cell extract. The extinction coefficients at the respective
absorbance maxima were approximately 8.3 (259 nm), 9.6 (255 nm),
and 7.7raM - l c m -1 (255nm). The assay mixture contained
K-phosphate buffer (pH 7.0), 100mM; MgClz, 10raM; DTT,
2.5raM; and the respective Na-trihydroxybenzoate, 0.1 mM. If
analyzed by HPLC, trihydroxybenzoate concentrations were
increased to 0.65 mM.
Tetrahydroxybenzene :pyrogallol hydroxyltransferase (EC
2 . - . - . - ) was assayed by discontinuous HPLC analysis (Brune and
Schink 1990a), 1,2,3,5-tetrahydroxybenzene and pyrogallol were
each 1 mM.
Phloroglucinol reductase (EC 1.1.1.-) was measured spectrophotometrically after Whittle et al. (1976), or by discontinuous
HPLC analysis of phloroglucinol and dihydrophloroglucinol. The
spectrophotometrical assay contained K-phosphate buffer (pH 7.0),
100mM; phloroglucinol, 5mM; and NADPH or NADH,
0.25 raM. For discontinuous assays, phloroglucinol and pyridine
nucleotides concentrations were increased to 1 mM.
Dihydrophloroglucinol hydrolase (EC 3.7.1.-) was assayed by
discontinuous HPLC analysis of dihydrophloroglucinol decrease
upon addition of cell extract. The assay mixture contained
K-phosphate buffer (pH 7.0), 100 raM; MgC12, 10 mM; DTT,
2.5mM; and dihydrophloroglucinol, 0.25-100mM. Spectrophotometric measurement at 278 nm, as reported by Krumholz
et al. (1987), was not possible since the permissive dihydrophloroglucinol concentrations in the assay mixture were rather low (ezvs
= 25 n m - 1 cm- 1), and limited the reaction rates considerably.

3-Hydroxy-5-oxohexanoate (HOHA ) dehydrogenase
(EC 1.1.1.-) was measured following NAD(P)H oxidation with
TAA spectrophotometrically at 365 nm. The standard assay mixture
contained K-phosphate buffer (pH 7.0), 100raM; NADH or
NADPH, 0.25 mM; and TAA, 1 mM.
3-HydroxyacyI-CoA dehydrogenase (EC 1.1.1.35-36), and 3hydroxybutyrate dehydrogenase (EC 1.1.1.30) assays were basically
identical to the HOHA dehydrogenase assay, except that Liacetoacetate, 10mM, or Na3-acetoacetyl-CoA, 0.3mM, were
substituted for TAA. The reverse reactions were tested with NAD §
or NADP +, 5 raM; and Li3-DL-fl-hydroxybutyryl-CoA, 1 mM, or
Na-DL-3-hydroxybutyrate, 10 mM.
Acetyl-CoA:triacetate CoA transferase (EC 2.8.3.-) was
measured by discontinuous HPLC analysis of TAA decrease upon
addition of acetyl-CoA. The assay mixture contained K-phosphate
buffer (pH 7.0), 100 mM; TAA, 3 mM; acetyl-CoA, 0.5 mM; and
CoA, 0.5 mM.
Acetyl-CoA :acetoacetate CoA transferase (EC 2.8.3.-) and
succinyl-CoA:acetoacetate CoA transferase (EC 2.8.3.5) were
measured in the spectrophotometrical assay used for fl-keto thiolase
determination (see below), except that Na-acetate or Na-succinate,
both 10 mM, replaced CoA. The reverse reactions were analyzed
analogously to the acetyl-CoA:TAA CoA transferase assay by
discontinuous HPLC analysis.
Acetoacetyl-CoA thiolase (EC 2.3.1.9) was measured spectrophotometrically at 303 nm by recording the disappearance of
acetoacetyl-CoA upon addition of CoA (Lynen and Ochoa 1953)
using e3o3 = 14-0mM-1 cm-1 determined for the acetoacetylCoA/Mg 2+ complex (Stern 1956). The assay contained Tris-HC1
buffer (pH 8.3), 100 mM; MgCI2, 10 mM; Na3-acetoacetyl-CoA,
0.1 mM; and Li3-CoA, 0.1 mM. Enzyme activity was corrected for
instability of acetoacetyl-CoA with dialyzed cell extract prior to
addition of CoA.
Triacetyl-CoA thiolase (EC 2.3.1.-) and acetoacetyl-CoA
thiolase were measured following acetyl-CoA formation and CoA
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decrease in a coupled assay in which the 3-oxoacyl-CoA esters were
produced by the respective CoA transferase reactions with
acetyl-CoA. The assay mixture was identical to that already
described for acetyl-CoA:triacetate CoA transferase except that
Tris-HC1 buffer (pH 7.3) was used. For calculation of specific
activities in the assays with TAA, the rate of acetyl-CoA formation
was equally attributed to the thiolytic cleavage of TAA-CoA and
acetoacetyl-CoA.
Phosphotransacetylase (EC 2.3.1.8) was assayed spectrophotometrically (modified after Michal and Bergmeyer 1974). The assay
mixture contained Tris-HC1 (pH 7.3), 100mM; Li-K-acetyl
phosphate, 3 mM; and Li3-CoA, 0.25 raM.
Acetate kinase (EC 2.7.2.1) was measured after Bergmeyer et al.
(1974). Dialyzed cell extracts had to be used due to the high
background reaction, which was further reduced by incubating the
assay mixture with 5 lam N,N'-dicyclohexylcarbodiimide (DCCD;
0.1 lamol mg protein- 1; 1 mM ethanolic stock solution), for 10 min
before starting the reaction.

800

600

=
o

.~

400

o
200

0

d
0

i

~

10

I

I

I

20

.
I

I

30

I

40

Time (min)

Fig. 1. Metabolism ofgallate by intact (i) or CTAB-permeabilized
(E?) cell suspension of Pelobacter acidigallici (80 lag protein ml- 1),
and the corresponding pyrogaUol concentrations (o, (3)

Analytical methods
Aromatic compounds, dihydrophloroglucinot, TAA, CoA and CoA
esters were analyzed by HPLC (Brune and Schink 1990a). Aromatic
compounds and dihydrophloroglucinol were separated on an
Ultrasphere-ODS column (4.6 x 150 mm, Beckman Instruments,
Mtinchen, FRG), using a 100 mM ammonium phosphate-buffer/
methanol solvent system (pH 2.6), of varying composition. For
CoA esters and TAA, a column (250x4mm) filled with
L1Chrospher 100RP-18 endcapped (5lam) stationary (Merck,
Darmstadt, FRG) was used. The mobile phase consisted of (A)
50 mM K-phosphate buffer (pH 6.4), and (B) methanol. Composition changed according to the following routine: injection, 16% B;
2.5 min, linear gradient to 25% B in 2 min; 5 min, 16% B; 10 min,
next injection.
Data were computer-analyzed and quantitated by comparing
peak areas with external and internal standards of known
composition. Peaks were routinely identified by on-line spectral
scans and comparison with reference compounds via retention times
and UV spectra.
Volatile fatty acids were analyzed by gas chromatography
(Platen and Schink 1987).
Results

Reactions prepaHng aromatic substrates for ring cleavage
Gallate-grown cell suspensions of Pelobacter acidigaIlici
converted gallate to acetate at in vivo rates without
significant accumulation of aromatic intermediates.
Higher concentrations o f pyrogallol or phloroglucinol in
the supernatant, as reported by Samain et al. (1986),
occurred only if the suspensions were insufficiently
buffered. However, when cells were permeabilized with
C T A B or disrupted by French Press treatment, pyrogallol
accumulated stoichiometrically with gallate consumption
(Fig. 1).
The specific activity (Table 1) and stability of gallate
decarboxylase in cell extracts depended strongly on the
presence of M g 2+. M a x i m u m activity was reached with
15 m M MgC12 in the reaction mixture; the apparent K m
for M g z+ was 5 m M (not shown). After ultracentrifugation of cell extracts at 200000 x g for 60 rain, the activity
was completely recovered in the supernatant. 2,3,4- and
2,4,6-trihydroxybenzoate were not decarboxylated by
extracts of gallate-grown cells, nor did P. acidigallici grow
with 2,3,4-trihydroxybenzoate. G r o w t h with 2,4,6-trihy-

Table 1. Enzymes involved in modification of aromatic substrates
and in ring cleavage by Pelobaeter aeidigallici
Enzyme a
1 Gallate decarboxylase
2 1,2,3,5-Tetrahydroxy
benzene : pyrogallol
transhydroxylase
3 Phloroglucinol reductase
(NADPH-dependent)
4 Dlhydrophloroglucinol
hydrolase

Specific activity b
[nmol 9 (min- mg protein)- 11
570 c
890
4980 c
3140

" Number designation as in Fig. 5
b Gatlate-grown cells
~ Spectrophotometrical assay

droxybenzoate was slower as c o m p a r e d to growth with
gallate; spontaneous decarboxylation of this c o m p o u n d
to phloroglucinol could not be ruled out.
Pyrogallol was converted to acetate by cell suspensions without significant lag phase only if the cells were
grown with pyrogallol. With intact cells, no aromatic
intermediates accumulated. If suspensions were permeabilized with CTAB or if cells were disrupted by French
Press treatment, the pyrogatlol concentration did not
change. U p o n addition of the cosubstrate 1,2,3,5-tetrahydroxybenzene, pyrogallol was instantaneously and
completely converted to phloroglucinol (Table 1).
Phloroglucinol, which is also metabolized only by
intact cells, is reduced to dihydrophloroglucinol by cell
extracts or permeabilized cells if N A D P H is added as
cosubstrate (Table 1). With N A D H , the activity was
< 3% as compared to N A D P H . In the reverse direction,
an N A D P + - d e p e n d e n t reoxidation of chemically synthesized dihydrophloroglucinol to phloroglucinol was
confirmed (data not shown).

Cleavage of dihydrophloroglucinol
Dihydrophloroglucinol was stable in control experiments
with boiled cell extracts, but was completely metabolized
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Table 2. Enzymes involved in //-oxidation, formation of acetylCoA, and substrate-level phosphorylation by P. aeidigallici

5O

Enzyme a

Specific activity b
[nmol 9 (rain. mg protein)- t]

5 3-Hydroxy-5-oxo-hexanoic
acid dehydrogenase
(NADP +-dependent)
3-Hydroxyacyl-CoA
dehydrogenase
3-Hydroxybutyrate
dehydrogenase
6 Acetyl-CoA : TAA
CoA transferase
Acetyl-CoA : acetoacetate
CoA transferase
Succinyl-CoA : acetoacetate
CoA transferase
7 Triacetic acid//-ketothiolase
8 Acetoacetyl-CoA
//-ketothiolase
9 Phosphotransacetylase
10 Acetate kinase
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Fig. 2. Stability of dihydrophloroglucinol in the presence of fresh
(e) and boiled (o) P. acidigallieicell extract (240 gg protein ml- 1)
to an u n k n o w n product by both permeabilized cells and
cell extracts (Fig. 2; Table 1). F r o m experiments with
various dihydrophloroglucinol concentrations, an apparent Km of approximately 1 m M was estimated. The
reaction is presumably hydrolytic since it was not influenced by the presence of C o A or phosphate in the
assay mixture. The reaction was not stimulated by the
addition of 0.25 m M CoA, nor was it impeded if the
phosphate buffer was replaced by Tris, neither with
freshly prepared nor with dialyzed cell extracts. There
was also no indication of C o A ester formation in the
H P L C c h r o m a t o g r a m if 0 . 2 5 m M acetyl-CoA or
0.25 m M C o A plus 2.5 m M A T P was included in the
assay.

Enzymes of [l-oxidation and formation of A TP

<3
<3
(685) c
800 d (240)~
2860 a
(282) +
15500 d (171)+
3 820
53

" Number designation as in Fig. 5
b Gallate-grown cells
c Decrease of free acid in HPLC assay (rate limited)
a Acetoacetyl-CoA decrease in spectrophotometrical assay
Acetyl-CdA formation in HPLC assay (rate limited)
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Cell extracts did not contain 3-hydroxybutyrate dehydrogenase or 3-hydroxyacyl-CoA dehydrogenase, i.e. they
did not reduce acetoacetate or its CoA-ester, neither with
N A D H nor with N A D P H . However, if in the same assay
acetoacetate was replaced by chemically synthesized
triacetic acid (TAA, 3,5-dioxohexanoic acid), N A D P H
was rapidly oxidized. Specific activity of this enzyme,
referred to as 5-oxo-3-hydroxyhexanoate ( H O H A ) dehydrogenase, was the highest of all enzymatic activities
observed with this organism (Table 2). The activity
was stable under b o t h anaerobic and aerobic assay
conditions, and remained unchanged after freezing
(-20 ~
or storage of cell extracts on ice for 24h.
Kinetic characterization showed a pronounced specificity
for T A A [Kin = 0.36 m M , Vm,x = 34.4 lamol 9 (min 9mg
protein)-1; see Fig. 3] and N A D P H [Km = 66 gM,
Vmax = 31.1 g m o l - (rain- 1. mg protein)- 1]. Acetoacetate
could not replace TAA, and N A D H was oxidized with
only 4% of the activity observed with N A D P H .
If T A A was incubated with cell extracts in the absence
of N A D P H , its concentration remained unchanged, as
compared to controls lacking cell extract. Furthermore,
acetoacetate formation from T A A could be excluded
since N A D H oxidation by cell extracts in the presence
of T A A was not increased if commercial 3-hydroxybutyrate dehydrogenase was added. However, if acetyl-CoA
was added, T A A was consumed, indicating the presence
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Fig. 3. Double reciprocal plot of TAA reductase activity

versus

TAA concentration. See text for apparent K~ and Vm,xvalues fitting
the regression curve. The assay mixtures contained cell extract with
5 Ixg protein ml- 1

of an a c e t y l - C o A : T A A C o A transferase. Addition of
free C o A to the reaction mixture gave higher reaction
rates (Table 2), but this was not m a n d a t o r y since C o A
was endogenously formed from acetyl-CoA (see below).
Figure 4A represents a typical time course of this
reaction. Most interestingly, the initial acetyl-CoA concentration did not decrease but rather increased concomitant with T A A consumption, accompanied by a
stoichiometric (1 : 1) decrease of free CoA. N o acetoacetyl-CoA nor any peak indicating an intermediary accumulation of T A A - C o A was observed in the H P L C
c h r o m a t o g r a m of the assay mixture. Apparently, two
subsequent/~-ketothiolytic activities acting on the C o A
esters of T A A and acetoacetate prevent accumulation of
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these metabolites to higher concentrations. The rate of
acetyl-CoA formation was always considerably lower
than that of TAA consumption. This discrepancy was
markedly higher in phosphate-buffered assay mixtures
as compared to those with Tris buffer, reflecting the
instability of acetyl-CoA in the presence of cell extracts,
which was also observed in control experimente and is
probably due to the regeneration of free CoA from
acetyl-CoA by a highly active phosphotransacetylase
(Table 2). Acetate accumulated as final product.
Similar results were obtained when in analogous
experiments TAA was replaced by acetoacetate, but
specific activities were lower (Table 2). Higher activities
of acetoacetyl-CoA : acetate CoA transferase were determined in spectrophotometric assays (Table 2) which
allowed a more sensitive and direct measurement of
acetoacetyl-CoA decrease. Unfortunately, direct measurement of this activity with TAA-CoA was not possible
since all efforts to chemically synthesize the latter
compound were unsuccessful. An acetoacetyl-CoA:
succinate CoA transferase was found in a spectrophotometric assay as well (Table 2), but if succinyl-CoA
was substituted for acetyl-CoA in the experiment shown
in Fig. 4, acetyl-CoA formation from TAA had a significant lag phase. This implies that CoA is not directly
transferred from succinyl-CoA to TAA, but that the
reaction is initiated by acetyl-CoA formation by other
means. This is supported by the observation that acetylCoA formation from TAA was initiated even in the
absence of acetyl-CoA, provided that CoA was present
and phosphate buffer was used. This phenomenon may
again be explained by the formation of catalytic amounts
of acetyl-CoA by phosphotransacetylase. Use of dialyzed
extracts and Tris buffer suppressed this reaction.
A highly active/%ketothiolase catalyzed the thiolytic
cleavage of acetoacetyl-CoA (Table 2). It is not possible
to decide whether the same/?-ketothiolase is responsible
for the conversion of TAA-CoA to acetoacetyl-CoA.
The acetyl-CoA finally formed by the two subsequent
thiolytic cleavages was converted to acetyl-phosphate by
a highly active phosphotransacetylase (Table 2). Substrate level phosphorylation via acetate kinase was
detectable only at low specific activities, because the assay
was severely hampered by high ATPase activity in the
cell extracts. Dialysis and preincubation with DCCD

reduced the background sufficiently to allow positive
identification of acetate kinase activity (Table 2).
Discussion

The combined results of earlier investigations and of the
experiments presented in this report finally allow the
completion of the reaction sequence involved in trihydroxybenzene degradation in Pelobacter acidigallici
(Fig. 5). This "phloroglucinol pathway" proved to be
unique in the intermolecular transhydroxylation reaction
converting pyrogallol to phloroglucinol, and in the
occurrence of triacetic acid as an intermediate in the
fermentative breakdown of the six-carbon core of the
ring cleavage product to 3 acetate residues.
The results obtained in this study regarding the
reactions preparing the trihydroxybenzene derivatives for
ring cleavage are in general agreement with the other
reports on P. acidigallici and other trihydroxybenzenedegrading bacteria. The presence of enzymatic activities
in P. acidigallici decarboxylating the trihydroxybenzoates
gallate and phloroglucinol carboxylate to the respective
trihydroxybenzenes had been already postulated by
Schink and Pfennig (1982) on the basis of growth
experiments. Later, Samain etal. (1986) observed a
transient accumulation of pyrogallol or phloroglucinol
in dense cell suspensions of P. acidigallici strain AG2
(DSM 3663) when incubated at high concentrations with
several carboxylated derivatives. Strain MaGal2, however, did not grow on 2,3,4-trihydroxybenzoate, nor
was this compound decarboxylated by extracts of
gallate-grown cells. The same was true for 2,4,6trihydroxybenzoate; the ability of this compound to serve
as a growth substrate may be inferred by its spontaneous
decarboxylation to phloroglucinol, since neutralized
aqueous stock solutions were never free of phloroglucinol. In the light of these observations, the reported
NADPH-dependent reduction of 2,4,6-trihydroxybenzoate by cell extracts of strain AG2 (Samain et al. 1986)
should be reconsidered. The low specific activity of
gallate decarboxylase in cell extracts of Eubacterium
oxidoreducens (Krumholz et al. 1987) may be explained
by the lack of Mg 2 §
in the respective assay mixture,
a prerequisite for enzyme stability and activity in our
experiments.

422

COOHO

C02
OH

@

OH

@
OH

HO

OH

~0~

HQ

OH

OH

0

NRDP+

OH

9

0
0
O
~ S C o R
HSC~~
o

0

0

0

"~
0

0

OH

0

Rcetyl-CoR
o

@

@

#

~

2 Rcetyl-CoR

HSCoR

~
2 Pt

|
2 Rcetyl-@

2 HSCoFI

--~-~
2 RDP

2 RCETRTE
2 RTP
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the enzyme activities given in Tables 1 and 2

Decarboxylation of trihydroxybenzenes is not difficult
to envisage. Thermal decarboxylation of gallate occurs
in neutral aqueous solution upon autoclaving (Snow
Boles et al. 1988), and spontaneous decarboxylation of
2,4,6-trihydroxybenzoate represented an experimental
problem even at room temperature. Decarboxylation of
monohydroxybenzoates to phenol involves free energy
changes (AG ~ in the range of - 1 9 to - 2 1 kJ" mo1-1
(calculated after Thauer et al. 1977). Contrary to sodium
ion-pumping decarboxylases acting on several aliphatic
acids (Dimroth 1987), the gallate-decarboxylating activity in P. acidigallici was found only in the soluble
fraction of French Press extracts of gallate-grown cells
(data not shown). It is possible that the equilibrium of
the initial reaction is responsible for creating a substrate
sink in the cell in order to enable gallate uptake by
facilitated diffusion, a mechanism postulated for hydroxybenzoate uptake in Rhodopseudomonas palustris (Hatwood and Gibson 1986).
Conversion of pyrogallol to phloroglucinol is caused
by an intermolecular transhydroxylation reaction (Brune
and Schink 1990a) which proved to strictly depend on
the presence of 1,2,3,5-tetrahydroxybenzene as hydroxyl
donor in the assay. Hydroxyhydroquinone, the third
isomer of trihydroxybenzene, is not a growth substrate
for P. acidigallici. Our studies with P. massiliensis showed
that hydroxyhydroquinone conversion to phloroglucinol
involves a sequence of at least three individual transhydroxylation reactions, one of which is not catalyzed
by P. acidigallici cell extracts (Brune et al. 1992).
P. acidigallici reduces phloroglucinol to dihydrophloroglucinol in a specifically NADPH-dependent
reaction. This appears to be the principle in many
anaerobic bacteria preparing the aromatic nucleus of
phloroglucinol for ring cleavage. The reaction was
observed in the photometabolism of Rhodopseudomonas
growing on phloroglucinol (Whittle et al. 1976), later

with a strictly anaerobic Coprococcus sp. (Patel et al.
1981) and E. oxidoreducens (Krurnholz et al. 1987), in
which dihydrophloroglucinol was identified as the
reduction product. A direct hydrogenation of pyrogallol
and gallate, as postulated by Kaiser and Hanselmann
(1982), was never confirmed. The phloroglucinol reductase
of E. oxidoreducens has been purified and characterized
by Haddock and Ferry (1989). The first report on a
phloroglucinol reductase, however, was published by
Blackwood et al. (1970) for a Pseudomonas sp. growing
aerobically on phloroglucinol. The same initial reaction
is also catalyzed by aerobic fungi (Pate1 et al. 1990), but
in both cases degradation does not proceed via the
phloroglucinol pathway but involves oxygenase reactions.
Dihydrophloroglucinol is not stable in the presence
of P. acidigallici cell extracts. Hydrolytic cleavage is most
probable, considering that the/?-oxidative step to TAA
occurs at the free acid level. Moreover, no stimulating
effect of CoA or aeetyl-CoA on the reaction could be
demonstrated, and no CoA esters other than those added
were detected by HPLC. 2-Oxo-4-hydroxyadipate was
postulated as the hydrolysis product for Rhodopseudomohas gelatinosa (Evans 1977; Evans and Fuchs 1988), but
Krumholz et al. (1987) isolated and identified 3-hydroxy5-oxo-hexanoate (HOHA) as the product of dihydrophloroglucinol hydrolysis in E. oxidoreducens. This and
the presence of TAA reductase in P. acidigallici strongly
indicate that the ring fission reaction occurs at the
fi-diketo function formed by the enol-ketone tautomerism
of dihydrophloroglucinol.
No 3-hydroxyacyl-CoA dehydrogenase or 3-hydroxybutyrate dehydrogenase activity was present in P. acidigalIici, however, N A D P H was rapidly oxidized by TAA.
This acitivity is most probably the reverse reaction of a
H O H A dehydrogenase which/?-oxidizes H O H A to TAA
at the free acid level. Apparently, the enzyme does not
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react with 3-hydroxybutyrate or acetoacetate, since we
did not find 3-hydroxybutyrate dehydrogenase activity
in cell extracts. Vice versa, commercial Rhodopseudomohas spheroides 3-hydroxy-butyrate dehydrogenase reacted only very slowly with TAA (specific activity less
than 3% of that with acetoacetate), an observation
already reported by Brock and Williamson (1985) for a
similar enzyme of non-specified origin. Apparently, the
low specificity for 3-hydroxyalkanoic acids reported for
this enzyme does not apply to the 5-oxo-derivatives.
Free TAA should be easily cleaved to acetoacetate
and acetate by a //-diketoacid hydrolase (//-diketonase,
EC 3.7.1.2). This enzyme occurs in various mammalian
tissues and catalyzes the hydrolytic cleavage of 3,5dioxoacids such as TAA and fumaryl acetoacetate (Witter
and Stotz 1948b; Meister 1949). It can also act on
2,4-dioxoacids, as reported for the pathways of gentisic
and homogentisic acid degradation in liver tissue, and
for the metabolism of resorcylic compounds in Pseudomonas putida (for literature, see Davey and Ribbons
1975). Nonetheless, TAA proved to be stable in the
presence of P. acidigallici cell extracts. TAA decrease was
not enhanced by removing acetoacetate from the
equilibrium with 3-hydroxybutyrate dehydrogenase and
N A D H (Brock and Williamson 1968, 1985).
However, upon addition of catalytic amounts of
acetyl-CoA, TAA was completely converted to acetyl
residues, most probably catalyzed by the consecutive
actions of a to date unknown acetyl-CoA:TAA CoA
transferase and one or two //-ketothiolases acting on
TAA-CoA and/or acetoacetyl-CoA. Lynen and Ochoa
(1953) showed that acetoacetyl-CoA : acetate CoA transferase can also act on C6-homologues of 3-oxoacids; if
this applies also to the 5-oxo-derivatives, acetoacetate
activation with acetyl-CoA may be a side reaction of the
enzyme acting on TAA (Table 2). Since succinyl-CoA
could not activate TAA directly, the physiological role
of the acetyl-CoA : succinate CoA transferase activity in
P. acidigallici-cell extracts seems to be confined to its
involvement in the organism's anabolism (Brune and
Schink 1990b), even though the specific activity is rather
high.
The key enzymes of this phloroglucinol pathway were
also found to be present with similar specific activities
(data not shown) in P. massiliensis, which differs from
P. acidigallici mainly with respect to its unique ability to
convert hydroxyhydroquinone to phloroglucinol (Brune
et al. 1991).
The aliphatic part of the phloroglucinol pathway in
P. acidigallici (Fig. 5) differs significantly from the pathway suggested for E. oxidoreducens (Krumholz et al.
1987), in which the reactions activating and cleaving
H O H A were not completely elucidated. Contrary to
P. acidigallici, E. oxidoreducens possesses high activities
of 3-hydroxybutyryl-CoA dehydrogenase (NAD +). Supported by the demonstration of 3-hydroxybutyryl-CoA
as the product of H O H A incubation with acetyl-CoA in
the presence of cell extracts, the authors postulated a
thiolytic cleavage of HOHA-CoA to 3-hydroxybutyrate
and acetyl-CoA. We regard this mechanism as highly
speculative because a//-hydroxyacid is rather difficult to

cleave hydrolytically or thiolytically in the 6-position (i.e.
in //-position to a hydroxyl group). The isomeric
3-oxo-5-hydroxyhexanoyl-CoA would be a much better
candidate for this reaction. For P. acidigallici, both
isomers of H O H A are possible intermediates, since both
//- and 6-oxidation of the respective isomer would yield
TAA.
In contrast to E. oxidoreducens, P. acidigallici employs
N A D P + and not NAD § as coenzyme in //-oxidation,
thus regenerating the N A D P H consumed by phloroglucinol reductase. This renders P. acidigallici indepen -.
dent of external electron donors such as formate or H2,
allowing the formation of 3 acetate per trihydroxybenzene
and thus a higher theoretical ATP yield as compared to
E. oxidoreducens, which has to release the excess electrons
by butyrate formation.
The free energy change (AG ~ of pyrogallol fermentation to 3 acetate is 158.3 kJ tool -1, as calculated for the
reaction C6H603 + 3 HzO ~ 3 C2H30~ + 3 H § from
the AGfO-values published by Thauer et al. (1977) and
the value for pyrogallol estimated by Kaiser and
Hanselmann (1982). This free energy change allows a
theoretical ATP yield of at least 2 ATP per substrate.
The phloroglucinol pathway given in Fig. 5 possesses 2
substrate level phosphorylation sites per trihydroxybenzene. Yet, the molar growth yields of P. acidigallici with
trihydroxybenzoate derivatives are in the range of 10 g
dry cell matter per mol of substrate (Schink and Pfennig
1982), indicating that in reality the ATP yield may be
smaller (Thauer et al. 1977).
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