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Phloretin hydrolase catalyzes the hydrolytic C-C cleavage of phloretin to phloroglucinol and 3-(4-hydroxy-
phenyl)propionic acid during flavonoid degradation in Eubacterium ramulus. The gene encoding the enzyme
was cloned by screening a gene library for hydrolase activity. The insert of a clone conferring phloretin
hydrolase activity was sequenced. Sequence analysis revealed an open reading frame of 822 bp (phy), a putative
promoter region, and a terminating stem-loop structure. The deduced amino acid sequence of phy showed
similarities to a putative protein of the 2,4-diacetylphloroglucinol biosynthetic operon from Pseudomonas
fluorescens. The phloretin hydrolase was heterologously expressed in Escherichia coli and purified. The molec-
ular mass of the native enzyme was approximately 55 kDa as determined by gel filtration. The results of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and the deduced amino acid sequence of phy indicated
molecular masses of 30 and 30.8 kDa, respectively, suggesting that the enzyme is a homodimer. The recom-
binant phloretin hydrolase catalyzed the hydrolysis of phloretin to equimolar amounts of phloroglucinol and
3-(4-hydroxyphenyl)propionic acid. The optimal temperature and pH of the catalyzed reaction mixture were
37°C and 7.0, respectively. The Km for phloretin was 13 � 3 �M and the kcat was 10 � 2 s�1. The enzyme did
not transform phloretin-2�-glucoside (phloridzin), neohesperidin dihydrochalcone, 1,3-diphenyl-1,3-propandi-
one, or trans-1,3-diphenyl-2,3-epoxy-propan-1-one. The catalytic activity of the phloretin hydrolase was reduced
by N-bromosuccinimide, o-phenanthroline, N-ethylmaleimide, and CuCl2 to 3, 20, 35, and 85%, respectively.
Phloroglucinol and 3-(4-hydroxyphenyl)propionic acid reduced the activity to 54 and 70%, respectively.

The dihydrochalcone phloretin (2�,4,4�,6�-tetrahydroxydihy-
drochalcone) (structure is shown in Fig. 1) has been described
as an intermediate in the degradation of the flavone apigenin
and the flavanone naringenin as catalyzed by human intestinal
bacteria (23, 28). In addition, glycosides of phloretin are
present in apples and derived products (15). Flavones, fla-
vanones, and dihydrochalcones are subclasses of flavonoids, a
group of secondary plant metabolites ingested in considerable
amounts with food. Flavonoids are reported to have effects on
different stages of cancerogenesis, the immune system, and
hemostasis in animals (16). Owing to their antioxidant prop-
erties, they are able to scavenge free oxygen radicals and
thereby prevent lipid peroxidation (21). Because of these in-
teresting features of flavonoids, research has been carried out
on their bioavailability in the human body (22). It has been
known for several decades that the microbiota of the human
gut contributes to the conversion of ingested flavonoids (8, 19).

Eubacterium ramulus, which is present in the human gut
(29), is able to degrade flavonoids of various subclasses (23).
The organism is a gram-positive, anaerobic, nonsporulating,
chain-forming rod which was first described by Moore and
Holdeman in 1974 (18) and reisolated from human feces by
Schneider et al. (24). Its ability to degrade flavonoids has been

extensively studied (2, 23–25). The flavone apigenin is presum-
ably reduced to the flavanone naringenin in a first step which
is followed by an isomerization to the corresponding chalcone
structure. The chalcone is reduced to the dihydrochalcone
phloretin, which is subsequently hydrolyzed to phloroglucinol
and 3-(4-hydroxyphenyl)propionic acid (23). Although the
degradation pathway of flavones by E. ramulus has successfully
been elucidated, the enzymes involved have so far escaped
purification and characterization.

Phloretin hydrolases (EC 3.7.1.4) catalyzing the formation of
phloroglucinol and 3-(4-hydroxyphenyl)propionic acid (Fig. 1)
have been purified from the saprobe Erwinia herbicola (5) and
the mycelial felts of Aspergillus niger (17). The hydrolytic cleav-
age of a carbon-carbon bond adjacent to a carbonyl as cata-
lyzed by this enzyme is a rare kind of reaction and is notewor-
thy from an enzymological point of view (7). Here we describe
the cloning and sequencing of the encoding gene and the
subsequent purification and characterization of the recombi-
nant phloretin hydrolase of E. ramulus expressed in Esche-
richia coli.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. For cultivation of Eubacte-
rium ramulus (wK1), which was previously isolated by Schneider et al. (24), the
anoxic techniques applied were essentially those of Hungate (12) and Bryant (3).
Cultures were grown under strictly anoxic conditions in 16-ml tubes fitted with
butyl rubber stoppers and screw caps. The tubes contained 10 ml of standard
medium for growth of E. ramulus. One liter of standard medium consisted of 9 g
of tryptically digested peptone from meat, 1 g of proteose peptone, 3 g of meat
extract, 4 g of yeast extract, 6 g of glucose, 3 g of NaCl, 2 g of Na2HPO4, 0.5 ml

* Corresponding author. Mailing address: Department of Gastroin-
testinal Microbiology, German Institute of Human Nutrition Potsdam-
Rehbruecke, Arthur-Scheunert-Allee 114-116, D-14558 Nuthetal,
Germany. Phone: 49-33200-88470. Fax: 49-33200-88407. E-mail:
blaut@mail.dife.de.

6131



of Tween 80, 0.25 g of cystine, 0.25 g of cysteine, 0.1 g of MgSO4 � 7H2O, 5 mg
of FeSO4 � 7H2O, and 3.4 mg of MnSO4 � 2H2O and was adjusted to pH 7.0. E.
coli DH5� (9) was cultivated on standard I agar (Merck, Darmstadt, Germany)
plates under oxic or anoxic conditions. E. coli DH5�(pPH3) was cultivated on
standard I agar plates supplemented with ampicillin (100 �g ml�1). All cultures
were incubated overnight at 37°C.

Preparation of cell extracts. E. coli DH5�(pPH3) cultures were grown over-
night in standard I medium supplemented with ampicillin (100 mg liter�1). The
cell extracts were prepared under oxic conditions at 4°C. The cells were centri-
fuged (10,000 � g, 20 min, 4°C) and washed twice with 50 mM potassium
phosphate buffer (pH 7.0). Each gram of cell pellet was resuspended in approx-
imately 3 ml of TE buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA). Following
the addition of lysozyme to a final concentration of 0.2 mg ml�1, the cell
suspension was incubated for 20 min at 37°C with gentle shaking. Cell extracts
(approximately 17 mg of protein ml�1) were obtained by centrifugation (39,200
� g, 30 min, 4°C).

Enzyme and protein assays. Phloretin hydrolase was assayed in 50 mM po-
tassium phosphate buffer (pH 7.0) containing 60 �M phloretin (Roth, Karlsruhe,
Germany) added from a 1.2 mM stock solution in dimethyl sulfoxide (DMSO).
DMSO (final concentration, 5% [vol/vol]) reduced the phloretin hydrolase ac-
tivity by approximately 15%. However, 5% DMSO was necessary to completely
dissolve higher concentrations of phloretin. The reaction was started by the
addition of cell extract or enriched or purified protein solution (between 5 and
335 �g of protein ml�1). The hydrolysis of phloretin was monitored by measuring
the decrease in absorption at 288 nm in a Cary 1 UV-visible spectrophotometer
(Varian, Darmstadt, Germany). The transformation of phloretin to 3-(4-hy-
droxyphenyl)propionic acid and phloroglucinol was confirmed by high-perfor-
mance liquid chromatography (HPLC) analysis as follows: samples were taken
immediately after starting the reaction as well as after 10, 20, and 30 min and
mixed with 1 volume of methanol-H2O-acetic acid (50:45:5, vol/vol/vol) to stop
the reaction. The mixture was centrifuged at 12,000 �g for 5 min, and the superna-
tant was subjected to HPLC analysis. The Km value of the purified enzyme for
phloretin was determined at concentrations ranging from 4 to 130 �M. The influ-
ence of temperature and pH on enzyme activity was tested at temperatures between
20 and 50°C and pH values between 5.4 and 8.0. Inhibitors (1 mM) were preincu-
bated with the purified enzyme for 10 min at 4°C. Phloroglucinol and 3-(4-hydroxy-
phenyl)propionic acid were tested for their possible inhibitory effect on phloretin
hydrolase at concentrations of 120 �M. The substrate preference of the enzyme was
determined by testing 60 �M phloretin-2�-glucoside (Roth), neohesperidin dihydro-
chalcone (Evesa, Cádiz, Spain), 1,3-diphenyl-1,3-propandione, or trans-1,3-diphenyl-
2,3-epoxy-propan-1-one (Fluka, Deisenhofen, Germany). All compounds were
added from stock solutions in DMSO. The protein concentration was determined
according to the method of Bradford (1) using the Bio-Rad (Richmond, Calif.) dye
reagent and bovine serum albumin as the standard.

Detection of phloroglucinol. The phloroglucinol concentration was deter-
mined according to the method of Chatterjee and Gibbins using the vanillin-HCl
reagent (4).

HPLC. Phloretin and 3-(4-hydroxyphenyl)propionic acid were determined by
HPLC analysis according to the method of Braune et al. (2). Methanol and 2%
aqueous acetic acid served as the mobile phase to form a gradient as follows:
from 5 to 30% methanol in 20 min, from 30 to 50% methanol in 5 min, from 50
to 65% methanol in 5 min, 65% methanol maintained for 5 min, and from 65 to
100% methanol in 7 min. The flow rate was 0.8 ml min�1.

Cloning of the phloretin hydrolase gene (phy). Genomic DNA was isolated
from E. ramulus (wK1) using the InViSorb genomic DNA kit and following the
protocol of the manufacturer (InViTek, Berlin, Germany). The DNA (�10 �g)
was digested with Sau3AI (4 U) for 4 min at 37°C. The reaction was stopped by
heating to 65°C for 20 min. The DNA fragments obtained were ligated into the
BamHI-digested dephosphorylated plasmid pUC18 (31). E. coli DH5� was

transformed with this gene library by electroporation with a Gene Pulser (Bio-
Rad) according to the manual of the manufacturer. Approximately 4,000 clones
were screened for phloretin hydrolase activity using the fluorescence-quenching
test with 25 mM (final concentration) phloretin as quencher for 0.5 mM 1,6-
diphenyl-1,3,5-hexatriene (27). The plasmid DNA from two clones that were
positive in the fluorescence-quenching test, E. coli DH5�(pPH1) and E. coli
DH5�(pPH2), was isolated using the Wizard Minipreps DNA purification sys-
tem (Promega, Madison, Wisc.). To analyze the cloned fragments, pPH1 and
pPH2 were digested with the endonucleases BamHI, DraI, EcoRI, and HindIII.
The insert size of both plasmids was 4.3 kb. The size of the insert of the plasmid
pPH2 was reduced by using the HindIII restriction site. The resulting DNA
fragment of 2.4 kb from the plasmid pPH2 was ligated into a HindIII-digested,
dephosphorylated pUC18 plasmid. After electrotransformation, the resulting
clone E. coli DH5�(pPH3) was tested for its ability to hydrolyze phloretin by
using the fluorescence-quenching test (27) and HPLC analysis, respectively. The
purified plasmid was sequenced (double-strand sequencing; AGOWA, Berlin,
Germany).

Enzyme purification. All purification steps were carried out under oxic con-
ditions. The cell extract of E. coli DH5�(pPH3) containing the heterologously
expressed enzyme phloretin hydrolase was prepared by lysozyme treatment as
described above. Ammonium sulfate was added to the cell extract to achieve 55%
saturation. Following centrifugation (10,000 � g, 10 min, 4°C) the ammonium
sulfate concentration of the supernatant was increased to 60% saturation. The
pellet was resuspended in 50 mM potassium phosphate buffer (pH 7.0) and
loaded onto a DEAE Sephacel column (2.6 by 6 cm, DEAE Sephacel resin;
Amersham Biosciences, Freiburg, Germany), which was equilibrated with buffer
A (50 mM potassium phosphate [pH 7.0]), using the HiLoad fast-performance
liquid chromatography system (Amersham Biosciences). The column was
washed with 40 ml of buffer A at a flow rate of 2 ml min�1 followed by a 100-ml
linear gradient of 0 to 1 M KCl in buffer A. Fractions of 2 ml were collected, and
the fractions containing high phloretin hydrolase activity were pooled. The
pooled fractions were concentrated with a Centriprep 10 cartridge (Amicon,
Witten, Germany), and the salt concentration of the retentate was raised to 1 M
ammonium sulfate. The solution was applied to a phenyl Sepharose column
(HiLoad 16/10; Amersham Biosciences) and washed at a flow rate of 2 ml min�1

with 40 ml of 1 M ammonium sulfate in buffer A. The protein was eluted with a
60-ml linear gradient of 1 to 0 M ammonium sulfate in buffer A. The active
fractions of 2 ml were pooled and concentrated using a Centriprep 10 cartridge
(Amicon). In order to determine the molecular mass of the enzyme, the purified
enzyme was loaded onto a Superdex 200 column (1.0 by 30 cm; Amersham
Biosciences), which had previously been calibrated using an LMW gel filtration
calibration kit (Amersham Biosciences). The proteins were eluted with 50 mM
potassium phosphate buffer (pH 7) containing 100 mM KCl at a flow rate of 0.5
ml min�1. Fractions of 0.4 ml were collected.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out according to the method of Laemmli (14). Phosphorylase
b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30
kDa), trypsin inhibitor (20.1 kDa), and �-lactalbumin (14.4 kDa) (Amersham
Biosciences) were used as standards. Proteins were stained with the Bio-Safe
Coomassie G250 stain (Bio-Rad) according to the manual of the manufacturer.

Nucleotide sequence accession number. The sequence encompassing the phy
gene and the adjacent regions from E. ramulus has been submitted to GenBank
under the accession number AF548616.

RESULTS

Gene sequence of phloretin hydrolase. The specific activity
of the phloretin hydrolase in cell extracts of E. ramulus was

FIG. 1. Hydrolysis of phloretin catalyzed by phloretin hydrolase.
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0.0064 U mg of protein�1. The gene encoding this enzyme was
identified by screening a gene library of E. ramulus in E. coli
for phloretin hydrolase activity using the fluorescence-quench-
ing test (27). Of the approximately 4,000 clones analyzed, two
positive clones, E. coli DH5�(pPH1) and E. coli DH5�(pPH2),
were detected and isolated. The ability of the two clones to
hydrolyze phloretin was confirmed by the fluorescence-
quenching test (Fig. 2) and HPLC analysis. The plasmids iso-
lated from these clones were analyzed by restriction analysis
(data not shown). The resulting restriction patterns were iden-
tical, indicating that both plasmids harbor the same fragment
of chromosomal DNA inserted in the same orientation and,
therefore, most likely the same phloretin hydrolase gene. How-
ever, the phloretin hydrolase activity of E. coli DH5�(pPH2)
was higher than that of E. coli DH5�(pPH1). Therefore, E. coli
DH5�(pPH2) was used for further analysis. The size of the
cloned fragment in plasmid pPH2 was reduced, resulting in the

subclone E. coli DH5�(pPH3). The sequence analysis of the
2,280-bp genomic insert in pPH3 revealed two open reading
frames. Only open reading frames that were complete, that
were �180 bp in length, and that started with ATG were taken
into consideration. The smaller one, ORF1, encompasses 315
bp (nucleotides 270 to 584 of the insert). This open reading
frame was able to encode a protein of 12,585 Da, whose se-
quence, however, showed no similarities to protein sequences
deposited in databases. The second open reading frame, down-
stream of ORF1 and oriented in the same direction, consists of
822 bp (nucleotides 753 to 1574 of the insert) corresponding to
a protein of 274 amino acids. Since the resulting molecular
mass of 30,846 Da is in accordance with that observed for the
purified phloretin hydrolase (30 kDa) (see below) in SDS-
PAGE gels, this latter open reading frame, named phy, most
probably encodes the phloretin hydrolase. A putative promoter
region was identified by alignment with promoter sequences of
two bacterial strains phylogenetically closely related to E. ram-
ulus: Eubacterium sp. strain VPI 12708 and Clostridium sp.
strain TO-931 (Fig. 3A). The aligned promoter regions of the
bai (bile acid-inducible) operons were deduced from the tran-
scription start sites, which had been determined by primer
extension analysis (32). The alignment revealed a putative
transcription start site 91 bases upstream of the translation
start site of the E. ramulus phy gene. A putative terminating
stem-loop structure was found 44 bases downstream of the stop
codon of phy with a stem of 16 bp and a loop of 6 bases,
followed by a poly(U) sequence (Fig. 3B). The promoter and
terminator sequences identified suggest that the phloretin hy-
drolase gene is transcribed in a monocistronic form. Several
databases were searched for sequences showing similarity to
the deduced amino acid sequence of the phloretin hydrolase
(Phy). The search revealed similarities of Phy to several puta-
tive proteins. Two of these were of interest, namely the ones
derived from the open reading frame AF1466 from Archaeo-
globus fulgidus (13) and phlG from Pseudomonas fluorescens
(26). The alignment of Phy (amino acids 33 to 269) with the
hypothetical protein derived from AF1466 (amino acids 14 to

FIG. 2. Comparison of phloretin-degrading E. coli DH5�(pPH2)
(top left) and E. coli DH5�(pPH1) (top right) with phloretin-nonde-
grading E. coli DH5�(pUC18) (bottom) subjected to the fluorescence-
quenching test (27). A membrane, soaked in a mixture of 1,6-diphenyl-
1,3,5-hexatriene and phloretin, on an agar plate was inoculated with
the various bacteria.

FIG. 3. (A) Alignment of the putative phy gene promoter region of E. ramulus (nucleotides 645 to 665; GenBank accession number AF548616)
with the bai operon promoter regions of Eubacterium sp. strain VPI 12708 and Clostridium sp. strain TO-931 (32). Arrows denote transcription
start sites, and conserved regions are shaded in grey. The underlined sequences represent the putative �10 regions. (B) Putative transcriptional
terminator sequence downstream of the E. ramulus phy gene (nucleotides 1615 to 1669; GenBank accession number AF548616). The underlined
bases represent the palindromic sequences probably forming a stem-loop structure followed by a poly(U) sequence.
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250) showed 33% identical and 46% similar amino acids,
whereas the alignment of Phy (amino acids 36 to 213) with the
hypothetical protein deduced from phlG (amino acid residues
55 to 237) showed 24% identical and 41% similar amino acids.
The conserved amino acids are primarily located in the central
region of the aligned sequences (Fig. 4). While no function for
the hypothetical protein of AF1466 has been proposed, PhlG is
thought to be involved in the biosynthesis of 2,4-diacetylphlo-
roglucinol since this gene is part of the 2,4-diacetylphloroglu-
cinol operon (26).

Purification of the recombinant phloretin hydrolase. The
phloretin hydrolase activity in extracts from E. coli
DH5�(pPH3) was approximately 100-fold higher than that in
cell extracts from E. ramulus (0.7 U mg of protein�1 versus
0.0064 U mg of protein�1). SDS-PAGE analysis of the cell
extract of E. coli DH5�(pPH3) revealed a predominant pro-
tein band of approximately 30 kDa (Fig. 5), which is in close
agreement with the molecular mass of 30.4 kDa deduced from
the amino acid sequence of the phy gene. This predominant
protein band was not detected in the cell extract from E. coli
DH5�(pUC18). The heterologously expressed E. ramulus
phloretin hydrolase was purified from E. coli DH5�(pPH3) by

FIG. 4. Alignment of amino acid sequences of the phloretin hydrolase from E. ramulus (ErPhy; GenBank accession number AF548616), the
conserved hypothetical protein deduced from the open reading frame AF1466 of A. fulgidus (AfChp; GenBank accession number AE001001.1
[13]), and the putative protein derived from phlG of the 2,4-diacetylphloroglucinol biosynthetic operon of P. fluorescens (PfPhlG; GenBank
accession number AF207529 [26]). Amino acid residues which are identical in two of the sequences are shaded in grey, whereas amino acids
identical in all aligned sequences are shaded in black. The conserved tryptophan motif is marked by asterisks.

FIG. 5. SDS-PAGE of steps in the purification of the recombinant
phloretin hydrolase from E. ramulus. Lane a: molecular mass stan-
dards; lane b: cell extract (24 �g of protein); lane c: (NH4)2SO4
precipitate (55 to 60% saturation) (11 �g of protein); lane d: pooled
DEAE Sephacel fractions (8 �g of protein); lane e: pooled phenyl
Sepharose fractions (1.3 �g of protein). The arrow indicates phloretin
hydrolase. The gel was stained with Bio-Safe Coomassie G250 stain.
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ammonium sulfate fractionation and column chromatography
with an overall 13-fold enrichment and a recovery of 0.9%
(Table 1). In the cell extracts, phloretin hydrolase amounted to
7.5% of total protein. Phenyl Sepharose chromatography was
the most effective purification step. The resulting enzyme prep-
aration was �95% homogeneous as judged by SDS-PAGE
(Fig. 5).

Properties of the recombinant phloretin hydrolase. The ap-
parent native molecular mass of the recombinant phloretin
hydrolase was approximately 55 kDa, as determined by gel
filtration. The subunit size of 30.8 kDa suggests that the native
recombinant phloretin hydrolase consists of two identical
polypeptides. The hydrophobicity plot analysis indicates that
the enzyme is located in the cytoplasm, since no hydrophobic
regions of notable size were found. The enzyme catalyzed the
hydrolysis of phloretin to equimolar amounts of phloroglucinol
and 3-(4-hydroxyphenyl)propionic acid. While phloroglucinol
was determined colorimetrically, 3-(4-hydroxyphenyl)propi-
onic acid was identified by its retention time and its UV spec-
trum in HPLC-UV analysis. Maximal phloretin hydrolase ac-
tivity was observed at a temperature of 37°C and a pH of 7.0.
The Km value for phloretin was 13 	 3 �M, and the kcat was 10
	 2 s�1. The phloretin hydrolase transformed neither the
glycosides phloretin-2�-glucoside (phloridzin) and neohesperi-
din dihydrochalcone nor compounds showing a structure sim-
ilar to phloretin, such as 1,3-diphenyl-1,3-propandione and
trans-1,3-diphenyl-2,3-epoxy-propan-1-one. The phloretin hy-
drolase was found to be inhibited strongly by N-bromosuccin-
imide, which oxidizes tryptophan residues. At a concentration
of 1 mM, the enzyme activity was reduced to 3% by this
compound. The metal-ion-chelating agent o-phenanthroline (1
mM) considerably reduced the activity of the enzyme to 20%
of the control level. The sulfhydryl reagent N-ethylmaleimide
reduced the phloretin hydrolase activity at a concentration of 1
mM to 35%, while CuCl2 had little inhibitory effect on the
enzyme, reducing its activity only to 85%. At a concentration of
120 �M, the products of phloretin hydrolysis, phloroglucinol
and 3-(4-hydroxyphenyl)propionic acid, reduced the activity to
54 and 70%, respectively. MgCl2 or CaCl2 (both 1 mM) did not
affect the phloretin hydrolase activity.

DISCUSSION

The phloretin hydrolase (Phy) from E. ramulus was shown to
hydrolyze phloretin to 3-(4-hydroxyphenyl)propionic acid and
phloroglucinol. This reaction is part of the apigenin degrada-
tion pathway (23). The gene encoding Phy was cloned to allow
for the characterization of the underlying reaction and to re-
trieve information on the organization of the genes involved in
anaerobic bacterial flavonoid degradation. The resulting re-

combinant enzyme was purified and initially characterized in
order to gain insight into the catalytic mechanism, which is of
interest because the hydrolytic cleavage of a C-C bond adja-
cent to a carbonyl group is a rare kind of reaction in biochem-
istry (7).

So far, phloretin hydrolases have been purified from the
saprobe E. herbicola (5) and from the fungus A. niger (17).
However, the gene sequence encoding Phy from E. ramulus is
the first one to be determined for a phloretin hydrolase gene.
Moreover, phy represents the first gene that encodes an en-
zyme involved in the degradation of flavonoids by bacteria.
Database searches revealed similarity of the phloretin hydro-
lase from E. ramulus with several putative proteins. The amino
acid sequence of one of these hypothetical proteins, PhlG, has
been deduced from phlG, which is part of the 2,4-diacetylphlo-
roglucinol biosynthetic operon of P. fluorescens (26). However,
PhlG does not appear to be involved in the biosynthesis of
2,4-diacetylphloroglucinol. In view of the sequence similarity
of Phy and PhlG, it may be hypothesized that PhlG plays a role
in the degradation of 2,4-diacetylphloroglucinol via mono-
acetylphloroglucinol (26). The hydrolysis of the C-acetyl bonds
to form monoacetylphloroglucinol or even phloroglucinol from
2,4-diacetylphloroglucinol represents a reaction homologous
to that catalyzed by the phloretin hydrolase. In addition, the
substrates and products involved in both reactions are all de-
rivatives of phloroglucinol, which could explain the sequence
similarity observed. The sequences of Phy and PhlG showed no
similarities to any other protein sequences with known func-
tions deposited in databases. No conserved domains or binding
sites were found in the sequence of the phloretin hydrolase of
E. ramulus. C-C-cleaving hydrolases catalyzing reactions simi-
lar to the reaction carried out by phloretin hydrolase belong to
the �/
-hydrolase fold superfamily (11). These enzymes con-
tain the serine catalytic triad serine-aspartate-histidine (20). At
the serine position the conserved sequence motif GXSXG has
been observed (6, 10). Since the phloretin hydrolase sequence
of E. ramulus has no sequence similarity to other C-C-cleaving
hydrolases and also does not contain the conserved sequence
motif GXSXG, it can be assumed that this enzyme belongs to
another enzyme family.

Compared to the purified phloretin hydrolases from E. her-
bicola (213 U mg�1) (5) and A. niger (3.6 U mg�1) (17), the
specific activity of the E. ramulus enzyme purified from E. coli
(8.7 U mg�1) was similar to that of the fungal enzyme. How-
ever, the affinity for phloretin of the recombinant phloretin
hydrolase from E. ramulus with a Km of 13 �M was higher than
that of the corresponding E. herbicola enzyme (Km, 38 �M) (5)
or of the phloretin hydrolase from A. niger (Km, 0.3 to 0.4 mM)
(17). The activity of the phloretin hydrolase from E. ramulus

TABLE 1. Purification of phloretin hydrolase from E. coli DH5�(pPH3)

Purification step Total
activity (U)

Total
protein (mg)

Sp act, (U mg of
protein�1)

Purification
factor (fold) Recovery (%)

Cell extract 166.0 252 0.7 1 100
Dissolved (NH4)2SO4 precipitate

(55–60% saturation)
25.7 24 1.1 1.7 15.5

DEAE Sephacel 3.3 1.6 2.1 3.2 2.0
Phenyl Sepharose 1.5 0.17 8.7 13.2 0.9
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was reduced by CuCl2 as reported for the corresponding en-
zymes from A. niger (17) and E. herbicola (5). The sensitivity of
the E. ramulus enzyme to N-ethylmaleimide suggests the in-
volvement of cysteine in the catalysis. However, although cys-
teine residues occur in the sequence, these are not conserved
in the sequences aligned in Fig. 4. The almost complete inhi-
bition of the recombinant phloretin hydrolase of E. ramulus by
N-bromosuccinimide indicates that tryptophan may play a role
in catalysis. Three tryptophan residues were found in all three
of the aligned sequences that were part of the conserved motif
WWFXWH (Fig. 4) which could be involved in substrate bind-
ing. The strong inhibition of phloretin hydrolase by the metal-
ion-chelating agent o-phenanthroline indicates that metal ions,
such as iron, may be involved in catalysis. In contrast, the
phloretin hydrolase of A. niger is hardly affected by o-phenan-
throline (17). The products of phloretin hydrolysis, phloroglu-
cinol and 3-(4-hydroxyphenyl)propionic acid, reduced the ac-
tivity of the E. ramulus phloretin hydrolase, while the enzyme
from E. herbicola was not inhibited by these compounds even
at higher concentrations (5).

The inability of the E. ramulus enzyme to hydrolyze phlor-
etin-2�-glucoside is in accordance with that of the enzyme from
E. herbicola (5), indicating that the cleavage of the glycosidic
bond is a prerequisite for further degradation by the phloretin
hydrolases of these two organisms. In contrast, the phloretin
hydrolase from A. niger was reported to degrade glycosides
(17). The fungal phloretin hydrolase generally shows a broad
substrate spectrum, and hydroxylated acetophenone deriva-
tives and 2�,4,4�-trihydroxydihydrochalcone are even more ef-
ficiently converted than phloretin (17). In contrast, the phlor-
etin-related substances 1,3-diphenyl-1,3-propandione and
trans-1,3-diphenyl-2,3-epoxy-propan-1-one were not degraded
by the recombinant phloretin hydrolase of E. ramulus. These
compounds have no hydroxyl groups at all, indicating that
those substituents attached to the phenyl rings play a crucial
role in catalysis. This fact is not surprising since even the
number and position of the hydroxyl groups were shown to
have an influence on the accessibility of the compounds. Small
structural changes in the substrate phloretin result in greatly
reduced bacterial degradation in rat intestine (30).

Based on cloning and overexpression of the gene encoding
the phloretin hydrolase from E. ramulus presented herein,
further research will be carried out to unravel the mechanism
underlying the hydrolysis of phloretin. The knowledge of the
gene sequence of this enzyme involved in flavonoid degrada-
tion by gut bacteria allows the assignment of phloretin-cleaving
activities to organisms with similar gene sequences.
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