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Oxygen-sensitive gallic acid decarboxylase from Pantoea (formerly Enterobacter) agglomerans T71 was puri-
fied from a cell extract after stabilization by reducing agents. This enzyme has a molecular mass of approx-
imately 320 kDa and consists of six identical subunits. It is highly specific for gallic acid. Gallic acid
decarboxylase is unique among similar decarboxylases in that it requires iron as a cofactor, as shown by
plasma emission spectroscopy (which revealed an iron content of 0.8 mol per mol of enzyme subunit),
spectrophotometric analysis (absorption shoulders at 398 and 472 nm), and inhibition of the enzyme activity
by 2,2*-bipyridyl, o-phenanthroline, and EDTA. Another interesting feature of this strain is the fact that it
contains a tannase, which is used together with the gallic acid decarboxylase in a two-enzyme resting cell
bioconversion to synthesize valuable pyrogallol from readily available tannic acid.

Gallic acid decarboxylases catalyze the second step in the
degradation of the polyphenol tannic acid (13), the decarbox-
ylation of gallic acid to pyrogallol (Fig. 1). These enzymes are
very unstable due to their oxygen sensitivity, and none of them
has been purified so far (6, 10–12, 19, 21, 26, 34). During a
screening experiment we isolated a microorganism, identified
as Pantoea (formerly Enterobacter) agglomerans, that exhibits a
high level of gallic acid decarboxylase activity. We determined
how to stabilize this enzyme as a prerequisite for the purifica-
tion and characterization study described here.

P. agglomerans T71 contains both a gallic acid decarboxylase
and a tannase; the latter enzyme initiates tannic acid degrada-
tion. By using the combined activities of tannase and gallic acid
decarboxylase in a two-enzyme bioconversion, resting cells syn-
thesized useful pyrogallol from tannic acid.

MATERIALS AND METHODS

Materials. Tannic acid, gallic acid, and pyrogallol were obtained from Ishizu.
DEAE-Sephacel, Superdex 16-60 Hi-load, a fast protein liquid chromatograph
(FPLC), and the low-molecular-weight markers used for sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) were obtained from Pharma-
cia. The molecular marker proteins used for gel filtration were purchased from
Oriental Yeast. Unless otherwise stated, all other chemicals were obtained from
Wako, Osaka, Japan.

Screening and culture conditions. To prepare an enrichment culture, 3 g of
different soil samples from areas surrounding Okayama, Japan, was added to 50
ml of medium containing (per liter) 10 g of tannic acid, 2 g of (NH4)2HPO4, 1 g
of KH2PO4, 0.5 g of MgSO4 z 7 H2O, and 0.5 g of yeast extract (pH 6.0). The
enrichment culture was refreshed four times at 7-day intervals by transferring 100
ml of the culture into fresh medium. Microorganisms were isolated on agar plates
containing the medium described above except that 2 g of gallic acid per liter
replaced tannic acid as the main source of carbon and energy. The isolates were
cultivated on the medium containing tannic acid as the main source of carbon
and energy, and pyrogallol formation was determined by high-performance liq-
uid chromatography (HPLC) after 12 h of growth. The homogeneity of T71,
which was selected because it was the strain that produced the most pyrogallol,
was confirmed by growing the organism on agar plates containing 10 g of
polypeptone (Daigo) per liter, 5 g of meat extract (Mikuni) per liter, and 5 g of
NaCl per liter (pH 6.0) and by microscopic analysis.

In order to obtain large amounts of induced biomass, an overnight preculture
grown on the medium containing 10 g of polypeptone per liter, 5 g of meat
extract per liter, and 5 g of NaCl per liter (pH 6.0) was used to inoculate a 2-liter
shaking flask containing 400 ml of medium. The medium used to induce gallic
acid decarboxylase contained (per liter) 3 g of gallic acid, 5 g of glycerol, 5 g of
polypeptone, 10 g of yeast extract, 1 g of KH2PO4, 0.5 g of MgSO4 z 7 H2O, and
0.01 g of FeSO4 z 7 H2O (pH 6.0). The medium used to induce tannase contained
(per liter) 15 g of tannic acid, 5 g of sucrose, 2 g of (NH4)2HPO4, 1 g of KH2PO4,
0.5 g of MgSO4 z 7 H2O, and 0.5 g of yeast extract (pH 6.0). Cultivation was
carried out at 28°C for 24 h with reciprocal shaking. Cells were harvested by
centrifugation at 10,000 3 g at 4°C and were washed twice with 50 mM potassium
phosphate buffer (pH 6.0) (buffer A) containing 1 mM dithiothreitol and 50 mM
Na2S2O3.

Enzyme assay. Unless otherwise noted, decarboxylase activity was assayed at
30°C in 2 ml of buffer A containing 7.5 mM gallic acid and an appropriate
amount of enzyme. The reaction was stopped after 10 min with 2 ml of aceto-
nitrile, the preparation was centrifuged, and the gallic acid and pyrogallol con-
tents were determined by HPLC. One unit of activity was defined as the amount
of enzyme that catalyzed the formation of 1 mmol of pyrogallol per min. Tannase
activity was tested under the same reaction conditions except that 1% (wt/vol)
tannic acid replaced gallic acid as the substrate.

Resting cell bioconversions. Experiments to determine resting cell conversion
of tannic acid and gallic acid to pyrogallol were performed in 2 ml of buffer A
containing 50 mM L-ascorbate, 1.0% (wt/vol) tannic acid or 300 mM gallic acid,
and eightfold-concentrated resting cells. L-Ascorbate was used as the stabilizer
instead of dithiothreitol and Na2S2O3 because of its lower price and therefore its
higher relevance for application even if the stabilizing effect was reduced (76%
of the enzyme activity remained after 3 h of dialysis, compared to 98% of the
activity when 1 mM dithiothreitol and 50 mM Na2S2O3 were used). For tannic
acid conversion, a 20:1 (vol/vol) mixture of tannic acid-induced resting cells and
gallic acid induced resting cells and a combination of gallic acid-induced resting
cells and 13.5 U of tannase from Aspergillus oryzae were used as biocatalysts. For
conversion of gallic acid, gallic acid-induced cells were employed.

Enzyme purification. All purification steps were performed at 4°C in buffer A
containing 50 mM Na2S2O3 and 1 mM dithiothreitol unless otherwise specified.
Centrifugation was carried out for 30 min at 20,000 3 g. Gallic acid-induced cells
from 1 liter of culture broth (4.2 g [dry weight]) were suspended in 40 ml of buffer
A, disrupted for 20 min by ultrasonication (19 kHz; Insonator model 201M;
Kubota), and centrifuged. The crude extract was fractionated with ammonium
sulfate (30 to 50% saturation), and the 50% precipitate was dissolved in buffer A
and loaded onto a DEAE-Sephacel column (2.0 by 2.5 cm) previously equili-
brated with this buffer. The enzyme eluted at 40 mM KCl in a linear 0 to 200 mM
KCl gradient in this buffer; the enzyme was fractionated with ammonium sulfate
(40 to 50% saturation), centrifuged, and redissolved in buffer A. Then it was
applied to an FPLC Superdex 16-60 Hi-load gel filtration column (1.6 by 60 cm)
equilibrated with buffer A containing 0.2 M NaCl, and it eluted as a single,
symmetrical peak with this buffer at a flow rate of 30 ml/h. The purified enzyme
was dialyzed against buffer A containing 50% (vol/vol) glycerol, 50 mM Na2S2O3,
and 1 mM dithiothreitol and stored at 220°C.
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Enzyme characterization. Enzyme stability was examined by dialyzing the
crude extract against various reducing agents at different concentrations in buffer
A. The pH stability and temperature stability were determined by incubating the
enzyme for 3 h in 50 mM buffers at various pH values at 4°C and for 30 min in
buffer A at various temperatures, respectively, and then performing activity tests
under standard conditions. The Km was estimated from a Lineweaver-Burk plot.
Metals and group-specific inhibitors were tested by incubating the enzyme for 10
min with each compound at a concentration of 1 mM at 30°C in the standard
reaction mixture without gallic acid.

Analytical methods. Gallic acid and pyrogallol were analyzed with a Shimadzu
model LC-6A HPLC equipped with a Spherisorb S5ODS column (4.6 by 150
mm); 10 mM KH2PO4-H3PO4 (pH 2.8)–acetonitrile (99:1, vol/vol) a flow rate of
1 ml/min was the eluent, and the eluate was monitored at 230 nm. Authentic
gallic acid and pyrogallol were used for calibration. The retention times of gallic
acid and pyrogallol were 10.5 and 5.9 min, respectively. SDS-PAGE was per-
formed in 10% (wt/vol) polyacrylamide gels (29), and gradient PAGE (3 to 10%
[wt/vol] polyacrylamide) was performed with an Ato model AE-6000 NPG-310L
apparatus. The proteins in gels were stained with Coomassie blue R-250. The
proteins were quantified by the method of Bradford (5) by using bovine serum
albumin as the standard. Absorption spectra were recorded with a Shimadzu
model UV-240 spectrophotometer. The N-terminal amino acid sequence of 1 mg
of enzyme was analyzed by automated Edman degradation with a model 470A
gas phase amino acid sequencer (Applied Biosystems).

For the metal analysis, all glassware was briefly boiled in 0.1 M HCl and
exhaustively rinsed with bidistilled and deionized water before use. The iron
content of a 10-mg/ml purified enzyme preparation was measured with an induc-
tively coupled radiofrequency plasma spectrophotometer (model ICPV-1000;
27,120 MHz; Shimadzu) by using a cooling gas flow rate of 15 liters/min, a plasma
gas flow rate of 1.2 liters/min, and a carrier gas flow rate of 1.0 liter/min. For
qualitative analysis, spectra were scanned from 400 to 190 nm at a rate of 25
nm/min. Iron was quantified from the plasma emission spectrum at 259.9 nm by
using calibration curves prepared with standard solutions. The iron dependence
of the enzyme was examined by adding 0 to 100 mg of FeSO4 z 7 H2O per liter
to a medium containing (per liter) 3 g of gallic acid, 5 g of glycerol, 2 g of
(NH4)2HPO4, 1 g of KH2PO4, and 0.5 g of MgSO4 z 7 H2O (each compound was
the purest grade commercially available) in deionized and bidistilled water (pH
6.0).

The molecular mass of native gallic acid decarboxylase was estimated by
gradient PAGE and gel filtration on FPLC and HPLC with a TSK G-3000SW
column (0.75 by 60 cm; Toyo Soda) by using buffer A containing 0.2 M NaCl at
a flow rate of 0.7 ml/min as the eluent. The molecular mass was calculated from
a linear regression curve obtained from the mobilities of the standard proteins
glutamate dehydrogenase (290 kDa), lactate dehydrogenase (142 kDa), enolase
(67 kDa), adenylate kinase (32 kDa), and cytochrome c (12.4 kDa).

RESULTS

Microorganism. Strain T71, which utilized tannic acid and
gallic acid as sole sources of carbon and energy, was isolated
from a soil sample from an orchard near Okayama, Japan.
Preliminary studies revealed that this organism is a motile,
gram-negative, catalase-positive oxidase-negative strain which
produces round, cream-colored colonies that are 2 mm in
diameter and which exhibits fermentative growth on glucose.
These characteristics suggest that strain T71 belongs to the
soil- and plant-associated, facultatively anaerobic Enterobacter-
Erwinia group. Additional biochemical tests revealed that
strain T71 produces acid from a variety of sugars, lacks urease,
arginine dihydrolase, lysine decarboxylase, cytochrome oxi-
dase, and gelatinase activities, and does not produce H2S. On
the basis of these and other results (particularly the lack of
indole production and gas formation from D-glucose), strain
T71 was shown to belong to the new genus Pantoea (formerly
Enterobacter) (9) and was identified as P. agglomerans, which is
consistent with the results of a recent biochemical character-

ization of this species (17). T71 has been deposited in the
collection of the Fermentation Research Institute, Ministry of
International Trade & Technology, Japan, as strain FERM
P-16375.

Stability and activity of the enzyme. Probably due to oxygen
sensitivity, the purified gallic acid decarboxylase activity with-
out stabilization was totally lost after incubation for 3 h at 4°C.
The enzyme was stable in crude extract, and 82% of the activity
remained after 3 days. However, dialysis of the crude extract
against buffer A for 3 h resulted in a complete loss of activity.
If reducing agents were added to the dialysis buffer, enzyme
activity after 3 days was maintained best by 50 mM Na2S2O3
plus 1 mM dithiothreitol (about 77% of the enzyme activity
was retained). Preparations containing other reducing agents,
such as 50 mM Na2S2O3 alone, as well as 50 mM Na2S2O4, 50
mM Na2S2O5, and 50 mM ascorbate, retained about 50% of
the enzyme activity. A preparation containing 10 mM dithio-
threitol retained 17% of the enzyme activity, while no activity
was observed with preparations containing 1 to 10 mM gallic
acid, 1 to 10 mM pyrogallol, or 1 to 10 mM FeSO4 z 7H2O. The
purified enzyme was stored at 220°C in buffer A containing
glycerol and reducing agents with no loss of activity for 3
weeks. The enzyme was stable below at temperatures 50°C and
at pH 6.0 to 10.0. The pH and temperature optima of the
enzyme were determined to be 6.0 and 50°C, respectively.

Purification and structure of gallic acid decarboxylase. Gal-
lic acid decarboxylase, induced only by its substrate, was puri-
fied and both the yield and enrichment were limited by the
instability of the enzyme (Table 1). The SDS-PAGE results
indicated that the purified enzyme was homogeneous and that
the subunit molecular mass was 57 kDa (Fig. 2). The purity of
the enzyme was confirmed by the fact that it eluted as a single
symmetrical peak on HPLC and FPLC gels, which revealed
that the native molecular mass was 320 kDa. Gradient PAGE
revealed two bands, one at 165 kDa and one at 330 kDa,
suggesting that the native enzyme is a homohexamer that
might also appear as a trimer. The pure enzyme catalyzed the
decarboxylation of gallic acid to stoichiometric amounts of
pyrogallol with a Vmax of 150 U/mg and a Km of 0.96 mM.

N-terminal amino acid sequence. The sequence of the 15
N-terminal amino acids was found to be SNTEN LPAND
VYDLR. A database search, in which SWISS PROT and PIR
were used, revealed no homology to similar enzymes. How-
ever, currently the sequences of only two similar aromatic acid
decarboxylases are available (18, 27). The level of homology to
the nucleotide-derived N terminus of a hypothetical 28-kDa
protein of a red alga was 45%.

Effects of metals, inhibitors, and activators. The enzyme was
totally inhibited by oxidants, such as K2CrO4, (NH4)2S2O8, and
H2O2, by thiol-specific p-chloromercuribenzoate, by Ag2SO4,
by HgCl2, and by CuCl2; it was inhibited to lesser extents by
KCN (37% inhibition), NaNO3 (25%), and cuprizione (31%).

FIG. 1. Degradation of tannic acid.

TABLE 1. Purification of gallic acid decarboxylase from
P. agglomerans T71a

Step
Amt of
protein

(mg)

Total
activity

(U)

Sp act
(U/mg)

Fold
purification

Yield
(%)

Crude extract 814 7,420 9.1 1.0 100
(NH4)2SO4 (30–50%) 305 6,120 20 2.2 82
DEAE-Sephacel 44.8 3,380 75 8.3 46
(NH4)2SO4 (40–50%) 17.3 1,810 105 11.5 24
Superdex 16-60 Hi-load 5.2 782 150 16.5 11

a The original preparation contained 4.2 g (dry weight) of cells.
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No significant effects on enzyme activity were observed with
NaCl, BaCl2, CaCl2, MnCl2, MgSO4, PbCl2, ZnSO4, CoCl2,
SnCl2, NiCl2, CdCl2, Al2(SO4)3, Na2MoO4, NaN3, NaF, imi-
nodiacetic acid, iodoacetic acid, 5,59-dithiobis(2-nitrobenzo-
ate), and phenylmethylsulfonyl chloride. Cysteamine, semicar-
bazide, phenylhydrazine, and hydroxylamine, which are known
to inhibit pyridoxal 59-phosphate-dependent decarboxylases,
also had no influence.

Iron cofactor. The purified enzyme produced absorption
shoulders in the UV-visible spectrum at 398 and 472 nm (Fig.
3); the ratio of absorption at 398 nm (A398) to A280 was 0.064,
and the A472/A280 ratio was 0.038. The addition of gallic acid
slightly enhanced the A398 and A472. After Fe21 was added to
an iron-free synthetic medium, the specific activity increased;
the highest levels of enzyme activity were observed at concen-
trations greater than 30 mg/liter FeSO4 z 7 H2O (Fig. 4).
Plasma emission spectroscopy showed that the pure enzyme
contained 0.82 mol of iron per mol of subunit. The enzyme was
inhibited by Fe21-chelating agents, such as 2,29-bipyridyl (87%
inhibition), o-phenanthroline (50%), and EDTA (28%), at a

concentration of 1 mM. On the other hand, thiourea, N,N9-
diethyldithiocarbamate, 8-hydroxyquinoline, and Fe31-specific
Tiron (4,5-dihydroxy-m-benzene disulfonate) had no effect,
and FeCl2 and FeCl3 inhibited the enzyme slightly (29 and
24%, respectively).

Substrate specificity. None of the structural analogs of gallic
acid (namely, benzoate, 3- and 4-hydroxybenzoates, 2,3-, 2,4-,
2,5-, 2,6-, 3,4-, and 3,5-dihydroxybenzoates, 2,3,4-, 2,4,5-, and
2,4,6-trihydroxybenzoates, 4-hydroxy-3-methoxybenzoate, and
3- and 4-aminobenzoates) was decarboxylated when it was
added at a concentration of 10 mM to 20 U of enzyme. Fur-
thermore, the enzyme did not catalyze reverse carboxylation of
100 mM pyrogallol in a reaction mixture containing 1 M
NaHCO3 in buffer A.

Resting cell bioconversion of tannic acid to pyrogallol. After
induction by the substrates, the tannase activity was 85-fold
lower (0.013 mmol of tannic acid per min per mg [dry weight]
of cells) than the gallic acid decarboxylase activity (1.103
U/mg). Furthermore, tannase was not induced after growth on
gallic acid, and the times required for maximal biomass yield
(3.5 mg [dry weight] of cells per ml) and enzyme activity were
60 h on tannic acid-containing medium and 7 h on gallic acid-
containing medium. Low gallic acid decarboxylase activity was
observed after growth on tannase due to the formation of gallic
acid. In a two-enzyme reaction mixture containing both tannic
acid-induced resting cells and gallic acid-induced resting cells,
13 mM pyrogallol was formed from tannic acid (Fig. 5a). When
13.5 U of tannase from Aspergillus oryzae was added to gallic
acid-induced cells, 39 mM pyrogallol was formed (Fig. 5b). In
a one-step bioconversion in which gallic acid-induced resting
cells were used, 240 mM pyrogallol (30.2 g of pyrogallol per
liter) was formed from 300 mM gallic acid (Fig. 5c).

DISCUSSION

A number of gallic acid decarboxylases from mainly anaer-
obic sources have been described; however, these enzymes
have not been purified due to their instability (6, 10–12, 19, 21,
26, 34). P. agglomerans T71 gallic acid decarboxylase was also
found to be unstable; however, it was stabilized with reducing
agents as a prerequisite for purification. The stabilizing effect
of reducing agents suggests that the enzyme is sensitive to
oxygen. The enzyme can be induced by gallic acid. The other
gallic acid decarboxylases include both constitutive (10, 19, 21)

FIG. 2. SDS-PAGE of purified gallic acid decarboxylase from P. agglomerans
T71. Lane 1 contained low-molecular-weight marker proteins (molecular
weights, 94,000, 67,000, 43,000, and 30,000); the 20.1- and 14.4 kDa markers at
the bottom produced one band. Lane 2 contained 2 mg of purified enzyme.

FIG. 3. Absorption spectrum of purified gallic acid decarboxylase from P.
agglomerans T71. The spectrum was recorded by using 1 mg of purified enzyme
per ml in buffer A.

FIG. 4. Activation of gallic acid decarboxylase from P. agglomerans T71 by
iron. Different amounts of Fe21 were added to an iron-free synthetic medium.
After 30 h of cultivation, cell growth (dry weight) and enzyme activity were
determined.
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and inducible (6, 12, 21, 26, 34) enzymes. The high substrate
specificity of P. agglomerans T71 gallic acid decarboxylase is
consistent with data obtained for Eubacterium oxidoreducens
gallic acid decarboxylase (12), whereas most other gallic acid
decarboxylases have a broader substrate spectrum (6, 21, 26,
34).

Nonoxidative, aromatic acid decarboxylases generally have
no cofactor requirement (10, 12, 14, 15, 18, 19, 21, 22, 24,
26–28, 34); the only exception is a gallic acid decarboxylase
from anaerobic Pelobacter acidigallici that requires Mg21 (6).
We found evidence that iron is involved in the catalysis of P.
agglomerans T71 gallic acid decarboxylase. Since only 0.8 mol
of iron per mol of enzyme subunit was detected, we assumed
that a small amount of iron was lost during purification. Similar
losses of iron during purification have been described for sev-
eral oxygenases (3, 4). The oxygen sensitivity of this enzyme
might be due to an oxidable iron-sulfur cluster like the clusters
found previously in dioxygenases (30, 33). Electron spin reso-
nance studies should help substantiate this hypothesis, charac-
terize the cofactor role of iron, and determine whether Fe21 or
Fe31 is catalytically active.

Gallic acid is the product of acidic or enzymatic hydrolysis of
tannic acid, a readily available polyphenol in plants. Tannases
are used in the processing of tea and other plant products (20).
These enzymes have been found mainly in fungi (1, 2, 16, 25,
31, 32) and in some bacteria (7, 8). No gallic acid decarboxylase
has been found in a variety of gram-negative bacteria that
contain tannases (23). On the other hand, no tannases have
been found in gallic acid decarboxylase-containing microor-
ganisms (6, 10–12, 19, 21, 26, 34). P. agglomerans T71 is unique
in that it contains both a tannase and a gallic acid decarbox-
ylase. Pyrogallol, the product of tannase and gallic acid decar-
boxylase, has widespread industrial applications; it is used as a
developer in photography, for staining leather, fur, and hair, as
a precursor for dyes, and for determining oxygen concentra-
tions in gas analyses. This compound is produced industrially
from tannic acid by using an A. oryzae tannase and then auto-
claving gallic acid in the presence of 6 N HCl. The acid step
requires subsequent neutralization, which is accompanied by
the formation of huge amounts of salt. From an economic and
environmental view, a two-enzyme bioconversion under mild
reaction conditions is advantageous. The first attempts de-
scribed here resulted in pyrogallol yields of 13 to 39 mM, which
were limited by the tannase activity. In order to make this
process more economical for biotechnological applications, we
are currently optimizing simultaneous induction of tannase
and gallic acid decarboxylase. When gallic acid was used as the
substrate, the pyrogallol yield was increased to 240 mM, which
is in the range reported previously for microbial conversion by
Citrobacter sp. (35). Both the one- and two-enzyme bioconver-

sions described here are promising procedures for providing
pyrogallol preparations in an environmentally acceptable man-
ner.
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