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Abstract

Hydroxyphenylpyruvate reductase (HPPR) is an enzyme involved in the biosynthesis of rosmarinic acid in
Lamiaceae reducing hydroxyphenylpyruvates in dependence of NAD(P)H to the corresponding hydroxy-
phenyllactates. The HPPR protein was purified from suspension cells of Coleus blumei accumulating high
levels of rosmarinic acid by ammonium sulfate precipitation, anion exchange chromatography, hydrox-
ylapatite chromatography, chromatography on 2’,5-ADP-Sepharose 4B and SDS-polyacrylamide gel
electrophoresis. The protein was tryptically digested and the peptides sequenced. Sequence information was
used to isolate a full-length cDNA-clone for HPPR (EMBL accession number AJ507733) by RT-PCR,
screening of a C. blumei cDNA-library and 5-RACE-PCR. The open reading frame of the HPPR-cDNA
consists of 939 nucleotides encoding a protein of 313 amino acid residues. The sequence showed that HPPR
belongs to the family of D-isomer-specific 2-hydroxyacid dehydrogenases. The HPPR-cDNA was heter-
ologously expressed in Escherichia coli and the protein was shown to catalyse the NAD(P)H-dependent
reduction of 4-hydroxyphenylpyruvate to 4-hydroxyphenyllactate and 3,4-dihydroxyphenylpyruvate to 3,4-
dihydroxyphenyllactate.

Abbreviations: DTT, dithiothreitol;, G6PDH, glucose-6-phosphate dehydrogenase; HPPR, hydroxy-
phenylpyruvate reductase; IPTG, isopropyl-f-p-thiogalactoside; SDS, sodium dodecyl sulfate

Introduction

Rosmarinic acid, an ester of caffeic acid and 3,4-
dihydroxyphenyllactic acid, is a common natural
product from species of the Lamiaceae and Bora-
ginaceae (Petersen and Simmonds, 2003). It is
present in all plant parts and is supposed to act as
a preformed, constitutively accumulated defence
compound by virtue of its antimicrobial properties
(Szabo et al., 1999). Rosmarinic acid has attracted
interest because of its adstringent, antibacterial,

antiviral and antioxidant properties (Parnham and
Kesselring, 1985), for example in preparations
against Herpes simplex infections (Wolbling and
Leonhardt, 1994), as a putative cancer-protective
compound in food (Ho et al., 1994) or as potential
preservative in foods and cosmetics (D’Amelio,
1999). The biosynthesis of rosmarinic acid (see
Figure 1) has been under scrutiny since 1970 when
Ellis and Towers (1970) elucidated the precursors
of rosmarinic acid by feeding experiments
with  radioactively labelled amino acids.
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Figure 1. Biosynthesis of rosmarinic acid in Coleus blumei and biosynthetic pathways with common precursors. PAL, phenylalanine
ammonia-lyase; CAH, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; TAT, tyrosine aminotransferase; HPPR, hy-
droxyphenylpyruvate reductase (marked by a box); HPPD, hydroxyphenylpyruvate dioxygenase; RAS, ‘rosmarinic acid synthase’; 3-

H, 3’-H, 3- and 3’-hydroxylases.

L-phenylalanine was found to be the precursor for
the caffeic acid moiety, whereas L-tyrosine gave rise
to the 3,4-dihydroxyphenyllactic acid part of the
molecule. The same result was obtained by Razz-
aque and Ellis (1977) with rosmarinic acid-accu-
mulating cell cultures of Coleus blumei. L-
phenylalanine enters the general phenylpropanoid
pathway where it is converted to 4-coumaroyl-CoA
by phenylalanine ammonia-lyase (PAL), cinnamic
acid 4-hydroxylase (CAH) and hydroxycinnamic
acid:coenzyme A ligase (4CL) (Petersen et al., 1994,
1995a). L-tyrosine is transaminated by tyrosine
aminotransferase (TAT; EC 2.6.1.5) to 4-hy-
droxyphenylpyruvate (De Eknamkul and Ellis,
1987) which is then reduced by hydroxyphenyl-
pyruvate reductase (HPPR; EC 1.1.1.237) to 4-
hydroxyphenyllactate (Petersen and Alfermann,
1988; Hausler er al., 1991; Petersen et al., 1993).
HPPR can be considered the first specific enzyme
of rosmarinic acid biosynthesis since its substrate 4-
hydroxyphenylpyruvate is not only a precursor for
rosmarinic acid but also for homogentisic acid
which is needed for the formation of tocopherols
and probably plastoquinones, both essential in

photosynthetically active plant tissues (Hess, 1993;
Douce and Joyard, 1996). Since plants are known
to form their aromatic amino acids phenylalanine
and tyrosine via prephenate and arogenate (Ha-
slam, 1993), 4-hydroxyphenylpyruvate is not an
intermediate of aromatic amino acid biosynthesis
but has to be formed from L-tyrosine by tyrosine
aminotransferase in a transamination reaction (De
Eknamkul and Ellis, 1987). 4-Hydroxyphenyl-
pyruvate is then either transformed by hydroxy-
phenylpyruvate  dioxygenase @ (HPPD; EC
1.13.11.27) to homogentisate or by HPPR to 4-
hydroxyphenyllactate which is then coupled with 4-
coumaric acid from 4-coumaroyl-CoA to 4-cou-
maroyl-4"-hydroxyphenyllactate (Petersen and Al-
fermann, 1988; Petersen, 1991; Petersen et al.,
1993). The aromatic 3- and 3’-hydroxyl groups are
then introduced by two cytochrome P450-depen-
dent hydroxylation reactions (Petersen, 1997) and
rosmarinic acid is formed.

HPPR from suspension cultures of Coleus blu-
mei (Lamiaceae) has been fully characterized by
Hausler er al. (1991). The enzyme accepts 4-hy-
droxyphenylpyruvate as well as 3,4-dihydroxy-



phenylpyruvate as substrates but needs a free
4-hydroxyl group in the substrate; phenylpyruvate
does not serve as substrate. The lowest K, value
was found for 4-hydroxyphenylpyruvate. NADPH
as well as NADH are accepted as co-substrates,
but the highest affinity was found for NADPH.
After first attempts to purify HPPR by Meinhard
(1991), we report here on a more advanced puri-
fication of this enzyme which eventually led to the
isolation of a full-length cDNA clone coding for a
protein with HPPR activity from C. blumei.
According to its sequence, HPPR has to be
grouped into the family of p-isomer-specific 2-
hydroxyacid dehydrogenases so far mostly known
from prokaryotic organisms (Grant, 1989).

Materials and methods
Plant material

Suspension cultures of Coleus blumei (Lamiaceae)
were grown in CB medium with 2% (CB2) or 4%
(CB4) sucrose as reported previously (Petersen and
Alfermann, 1988).

Purification and peptide sequencing of HPPR

Suspension cells of C. blumei cultivated in CB4
medium for 8 days were harvested by vacuum fil-
tration, frozen in liquid nitrogen and stored at
=70 °C. Thawed cells (1000 g) were mixed with
200 g Polyclar 10 and ground in a pre-cooled
mortar in a total volume of 1000 ml 0.1 M
KH,PO4/K>,HPO, pH 7.0 containing 1 mM
dithiothreitol (DTT). The homogenate was cen-
trifuged at 41 416 x g for 20 min at 4-6 °C and
the resulting supernatant was used for a fraction-
ated ammonium sulfate precipitation with 40-60%
saturation of ammonium sulfate. Precipitated
protein was collected by centrifugation at
41 416 x g for 20 min at 4-6 °C, redissolved in
50 ml 20 mM bis-Tris-propane/HCl pH 6.0 with
1 mM DTT (buffer A) and desalted on PD-10
columns (Amersham Biosciences). This protein
extract was applied to a Q-Sepharose Fast Flow
column (Amersham Biosciences; & 5 cm X 12 ¢cm)
pre-equilibrated with buffer A. After washing the
column with 680 ml buffer A, bound protein was
eluted with 1000 ml of a linear NaCl gradient (0—
1 M) in buffer A. Fractions of 20 ml were col-
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lected, tested for HPPR activity and frozen at
=70 °C after addition of glycerol to a final con-
centration of 13%. Fractions with high HPPR
activity were pooled and the protein was precipi-
tated with ammonium sulfate (80% saturation)
and collected by centrifugation as described above.
The sediment was dissolved in 10 ml 25 mM
K,HPO4/KH,PO4 pH 6.8 containing 1 mM DTT
(buffer B) and desalted on PD-10 columns with the
same buffer. This protein solution was applied to a
hydroxylapatite column (Merck, & 1 cm x 11 cm)
pre-equilibrated with buffer B. The column was
washed with 20 ml buffer B, then a linearly
increasing gradient of 25-250 mM potassium
phosphate in 50 ml was used for elution of bound
proteins. Fractions of 2 ml were collected, tested
for HPPR activity and stored at —20 °C. Pooled
fractions from hydroxylapatite chromatography
with HPPR activity were applied to a 2’,5-ADP-
Sepharose 4B column (Amersham Biosciences; J
l cm x 4.5 cm)  equilibrated with 10 mM
K,HPO4/KH,PO, pH 6.5 containing | mM DTT
and 10% glycerol (buffer C). The column was
washed with 16 ml buffer C and then eluted with a
linear gradient of 0—1 M NaCl in buffer C in
30 ml. Fractions of 2 ml were collected, tested for
HPPR activity and then subjected to electropho-
resis on a SDS-polyacrylamide gel (10%) with a 5%
stacking gel essentially according to Laemmli
(1970). For sample preparation, protein was pre-
cipitated with 20% trichloroacetic acid, collected
by centrifugation at 16 000 x g for 20 min at
4-6 °C, washed twice with ice-cold 80% acetone
and dried. The protein was redissolved in 0.1 M
Na,COj3 containing 10% sucrose, mixed 5:1 with
5% sample buffer (10% SDS, 0.3 M Tris-HCI pH
6.8, 57.5% glycerol, 4% DTT, 0.01% bromophenol
blue) and boiled for 5 min in a water bath before
loading onto the stacking gel. After electrophoresis
for 2-3 h at 300 mA protein bands were visualized
by silver staining according to Blum et al. (1987).
Protein bands representing HPPR were identified
by comparing the HPPR activity in single fractions
with the staining intensity on the gel. Determina-
tion of amino acid sequences of tryptically di-
gested peptides of the putative HPPR band was
performed by Dr. Peter Hunziker (Biochemical
Institute, Universitdt Ziirich, Switzerland). Prior
to sequencing protein bands were stained with
Coomassie Brilliant Blue R250 (1.5 g in 100 ml
methanol, 5 ml glacial acetic acid, 895 ml water;
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destaining solution without Coomassie BB R-250).
The protein band in minced gel pieces was sub-
jected to tryptic digestion (0.4 mg trypsin) in 70 ul
0.1 M (NH4)HCO;, 2 mM CaCl, pH 7.9 over-
night at 37 °C. After removing the gel by centri-
fugation the supernatant was transferred to 20 ul
5% formic acid, 5% methanol. Of this solution 1 ul
was mixed with an equal volume of matrix solu-
tion (a-cyano-4-hydroxy cinnamic acid in trifluo-
roacetic acid/acetonitrile 1:2), dried and used for
MALDI-TOF mass spectrometry on a Bruker
model Biflex. Aliquots of the tryptic digestion were
submitted to electrospray mass spectrometry on a
Perkin-Elmer/Sciex model API III after solvent
exchange to 60% aqueous methanol/1% formic
acid.

Determination of protein concentrations

Protein concentrations were determined according
to Bradford (1976) with bovine serum albumin
(fraction V) as standard.

Molecular mass determination

The molecular mass of active HPPR was deter-
mined by gel filtration on a Superdex 200 HR
10/30  column (Amersham Biosciences; &
1 cm x 30 cm) with 50 mM Na,HPO4/NaH,PO,
pH 7.0 containing 0.15 M NaCl and 1 mM DTT
as ecluent at a flow rate of 0.5 ml/min. Low-
molecular-weight proteins (12.5-450 kDa) were
used for calibration under the same elution con-
ditions.

Isolation of total RNA and mRNA, cDN A synthesis
and establishment of the cDNA library

Total RNA was isolated from C. blumei suspen-
sion cells cultivated for 1-11 days in CB2 and CB4
with the phenol/chloroform method essentially
according to Sambrook et al. (1989). Poly(A)™
RNA was isolated from 50 pg of the total RNA
pool with Dynabeads Oligo (dT),s (Dynal Bio-
tech). cDNA for RT-PCR was prepared from 2 ug
poly(A)" RNA (from 7-day old suspension cells
from CB4 medium) with the Omniscript Reverse
Transcriptase System (Qiagen) according to the
manufacturers’ protocol. The cDNA library was
established in Agtl0 from mRNA isolated from

6-day old suspension cells of C. blumei cultivated in
CB4 medium as described (Petersen et al., 1995b).

Isolation of a full-length HPPR ¢cDNA clone

Amino acid sequences determined from tryptic
peptides (see Figure 3) of the putative HPPR
protein were used to design the degenerated DNA
primers (HPPR-f, 5-GC(ACGT)GT(AC-GT)GG
(ACGTAA(CT)(AT)HCG)(ACGT)AA(CT)GC-3’;
HPPR-r, 5-CC(ACGT)A(AG)(ACGT)CC(AGT)
AT(AGT)AT(ACG T)CC(ACGT)AC-3’) for RT-
PCR. RT-PCR was performed with cDNA from
7-day old suspension cells of C. blumei cultivated
in CB4 medium (see above) with Hot Star Tag
polymerase (Qiagen) in assays containing 5 ul 10x
buffer, 1 ul 25 mM MgCl,, 1 ul each of 100 uM
HPPR-r and HPPR-f, 1 ul 100 mM dNTPs, 2.5 ul
cDNA and 0.25 ul Hot Star Tag polymerase in a
total volume of 50 ul. Best RT-PCR conditions
were 39 cycles for 1 min at 95 °C (first cycle
15 min), 2 min at 49 °C (last cycle 5 min), 2 min at
72 °C (last cycle 10 min). The resulting amplicon
was ligated into pGEM-T (Promega) and trans-
formed into Escherichia coli DH5a and sequenced.
The 317 bp fragment was cut from the isolated
plasmid with Cfr42I and Ncol and labelled with
the DIG-High-Prime Kit (Roche Diagnostics) for
screening of about 60 000 plaque-forming units of
the C. blumei cDNA library in Agtl0 according to
the standard protocol of the DIG labelling and
detection kit (Roche Diagnostics).

Phage-DNA from positive plaques was purified
with Qiagen-tips 20 (Qiagen) according to the
manufacturers’ protocol, cut with EcoRI, ligated
into pGEM-4Z (Promega) and transformed into
competent E. coli DH5a. Sequencing revealed an
insert of 865 bp. 5-RACE-PCR with the Smart-
RACE-PCR system (BD Clontech) was used to
acquire the 5 terminus of the HPPR cDNA.
Template mRNA was purified from 5- to 7-day old
suspension cells of C. blumei grown in CB4 med-
ium (see above). The gene-specific primer used for
5-RACE-PCR was 5-GCCAAAATCAACCC-
GATCGCCAAATCC-3’. PCR conditions were
45 cycles at 94 °C for 30s, 68 °C for 30 s and
72 °C for 3 min. The 5-RACE-PCR amplicon was
ligated into pGEM-T and transformed into E. coli
DH5a. Plasmid DNA was isolated from several
individual transformants and sequenced.



The full-length open reading frame of the
putative HPPR ¢cDNA was amplified by RT-PCR
with the forward primer 5-GGAATTCCATAT-
GGAGGCGATTGGCGTTTTGATG-3" and the
reverse primer 5-CAGGATCCTATCA AACTA-
CTGGAGTTAAGAGAG-3 to introduce 5'-Ndel
and 3’-BamHI restriction sites containing start and
stop codons (italics), respectively, at the sequence
termini. Reverse transcription was performed with
the RevertAid Kit (Promega) with total RNA
from 5- to 7-day old cells of C. blumei as template.
PCR was performed with the Expand High
Fidelity PCR System (Roche Diagnostics) under
the following conditions: 38 cycles at 95 °C for
1 min, 60 °C for 2 min and 72 °C for 2 min and,
finally, 1 cycle at 95 °C for 1 min, 60 °C for 5 min
and 72 °C for 10 min.

Heterologous expression of the putative HPPR
¢DNA in Escherichia coli

The full-length PCR amplicon was digested with
Ndel and BamHI (MBI Fermentas) and ligated in-
frame into the expression vector pET15b (Nova-
gen) digested with the same restriction enzymes.
The plasmid was introduced into E. coli
BL21(DE3)pLysS made competent with the help
of the RotiTransform system (Roth). E. coli har-
bouring pET15b without an insert or pET15b with
HPPR cDNA were inoculated into 50 ml Luria-
Bertani (LB) medium supplemented with 100 ug/
ml ampicillin. The cells were grown at 37 °C
overnight under shaking (200 rpm) and diluted
1:10 with fresh LB medium containing 100 pg/ml
ampicillin. Isopropyl-p-p-thiogalactoside (IPTG)
was added to a final concentration of I mM when
bacterial growth was equivalent to a 4¢yo = 1.4 at
37 °C. After incubation at 37 °C under shaking
(200 rpm) for 3 h, bacteria were harvested by
centrifugation (5000 x g, 5 min). The bacterial
sediments were washed with 30 ml 20 mM 0.1 M
Tris—HCI pH 8.0 and stored at —70 °C overnight.
Soluble protein was extracted by sonication
(0.3 cycles, 100%, 1 min) of the bacteria in 2.5 ml
binding buffer (50 mM NaH,PO, pH 8.0, 300 mM
NaCl, 10 mM imidazole) per gram bacterial sedi-
ment. The crude extract was centrifuged at
5000 x g for 10 min at 4 °C to yield a cell-free
supernatant that was assayed for HPPR activity.
Metal chelate chromatography was performed
with Ni-NTA His-Bind Superflow Resin (Nova-
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gen) essentially according to the manufacturers’
protocol.

Determination of HPPR activity

The assay contained in a final volume of 0.25 ml
buffer (0.1 M KH,PO4/K,HPO, pH 7.0), 10 nmol
ascorbate, 1 ymol DTT, 0.5 umol NADPH,
0.25 umol 4-hydroxyphenylpyruvate (Sigma) and
100 ul crude protein extract. After 15 min incu-
bation at 30 °C the reaction was stopped by add-
ing 25 ul 6 M HCI. The assay was extracted three
times with 0.5 ml ethyl acetate and the organic
solvent was evaporated. The residue was re-dis-
solved in 100 ul HPLC eluent. The reaction
product was identified and quantified by HPLC on
a Hypersil ODS column (length 250 mm + pre-
column 20 mm, diameter 4 mm) with isocratic
elution and detection at 280 nm. The eluent was
10% methanol, 90% water and 0.01% H;PO,
(85%). The reaction product 4-hydroxyphenyllac-
tate was identified and quantified with an
authentic standard (Sigma).

DNA sequencing

Automated sequencing was performed by Prof.
U. Maier and Dr. S. Zauner at the Philipps-Uni-
versitdt Marburg (Fachbereich Biologie, Zellbiol-
ogie und Angewandte Botanik) on a LI-COR 4200
sequencer (MWG-Biotech). Cloned DNA was se-
quenced with IRD700/IRD800-labelled M13-20
standard primers and the Thermosequenase
Fluorescent Labeled Primer Cycle Sequencing Kit
with 7-deaza-dGTP (Amersham Biosciences).

Results
Purification and sequencing of HPPR protein

HPPR was first described as an enzyme of ros-
marinic acid biosynthesis from suspension cultures
of C. blumei (Petersen and Alfermann, 1988) and
characterized with respect to its kinetic properties
by Héusler et al. (1991) in partially purified protein
preparations. In order to be able to clone the
respective ¢cDNA and gene, first attempts were
made to purify this reductase (Meinhard, 1991). A
sufficient partial purification of the HPPR protein
was finally achieved by a series of ammonium
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Figure 2. Purification of HPPR from suspension cells of Coleus blumei. (A) Anion exchange chromatography on Q-Sepharose Fast
Flow, elution with a linear NaCl-gradient from 0 to 1 M. (B) Chromatography on hydroxylapatite, elution with a potassium phos-
phate gradient from 25 to 250 mM. (C) Affinity chromatography on 2’,5-ADP-Sepharose 4B, elution with a linear gradient of 0-1 M

NaCl.

sulfate precipitation between 40% and 60% satu-
ration of ammonium sulfate and column chro-
matography on Q-Sepharose Fast Flow,
hydroxylapatite and 2’,5-ADP-Sepharose 4B
(Figure 2A-C). This procedure resulted in a

4012-fold purification of HPPR with a yield of
18.6% (Table 1). The molecular mass of active
HPPR was determined by gel filtration and
resulted in an apparent molecular mass of
45-68 kDa. The fractions of the last purification
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Table 1. Purification protocol for HPPR from 1 kg suspension cells of Coleus blumei cultivated for 8 days in CB4 medium.

HPPR Total Specific HPPR Yield (%) Purification

activity (pkat) protein (mg) activity (ukat/kg) factor
Crude cell extract 52 536 2807.00 18.7 100 1.0
(NHy4),SO, precipitation 52 583 654.00 80.5 100 4.3
(40-60% saturation)
Q-Sepharose FF 54 096 138.00 391.4 103 20.9
Hydroxylapatite 21 795 10.93 1994.1 41 106.5
2’,5’-ADP-Sepharose 4B 9 763 0.13 75102.4 19 4011.9

step on 2’,5-ADP-Sepharose 4B were separately
tested for HPPR activity, electropherographed on
a SDS-polyacrylamide gel and visualized by Coo-
massie Brilliant Blue and silver staining. The
staining intensity of the separated protein bands
was compared to HPPR activity. This resulted in
the identification of two protein bands with good
correlation of staining and activity. A band cor-
responding to 58.6-62.2 kDa could be identified as
glucose-6-phosphate dehydrogenase (G6PDH; EC
1.1.1.49) by MALDI-TOF analysis of tryptic
peptides because of their similarity to the peptide
spectrum of GO6PDH from Solanum tuberosum
(SwissProt P37830; Graeve et al., 1994). Sequence
determination by electrospray mass spectrometry
of three peptides supported this identification
(peptide 1, YVSGSYDAPDGFQALDK; peptide
2, YQGVVIPEAYER; peptide 3, GPAEADQL-
LEK). Determination of the activity of G6PDH in
the fractions from chromatography on 2°,5’-ADP-
Sepharose 4B showed that HPPR and G6PDH co-
eluted during the purification process (HPPR,
fractions 16-23; G6PDH, fractions 16-24; highest
specific activity in both cases in fraction 20). The
subunits of G6PDH from S. tuberosum consist of
511 amino acid residues and have a molecular
mass of 58 470 Da. The active enzyme has been
described to be a homotetramer (Graeve et al.,
1994).

Two out of four tryptic peptides of the second
protein band corresponding to a molecular mass
of 32.6-37.2 kDa showed similarity to a putative
D-isomer specific 2-hydroxyacid dehydrogenase
from Arabidopsis thaliana (SwissProt Q9CA90).
This general activity corresponds to the activity
of HPPR which oxidizes the D-isomer of the
2-hydroxyacid 4-hydroxyphenyllactate to the
2-oxoacid 4-hydroxyphenylpyruvate or, in rosmari-
nic acid biosynthesis, catalyses the reverse reaction
(4-hydroxyphenylpyruvate — 4-hydroxyphenyl-

lactate). The open reading frame of the nucleotide
sequence from A. thaliana encodes a protein of 313
amino acid residues with a molecular mass of
34 161 Da and was found by sequencing chro-
mosome 1 of this plant (Theologis et al., 2000).
The gene from Arabidopsis was not expressed
heterologously and the activity was never estab-
lished.

Isolation of a full-length cDNA of the putative
HPPR

Sequences of two tryptic peptides (AVVGNSNA
and VG(L/TI)(L/T)G(L/T)G) of the partially purified
putative  HPPR protein were used to design
degenerated DNA primers for RT-PCR. The
degeneration degree was quite high since the ami-
no acids leucine (L) and isoleucine (I) could not be
distinguished during sequencing and due to the
multiplicity of codons for some of the amino acids
in the identified peptides. cDNA for RT-PCR was
synthesized from total RNA isolated from 7-day
old suspension cells of C. blumei grown in CB4
medium. PCR products with an approximate
length of 300 nucleotides were observed at all
annealing temperatures between 45 and 55 °C, but
the strongest signal was seen at 49 °C. After
cloning into pGEM-T, the nucleotide sequence of
this 317 bp amplicon was determined. The se-
quence showed 80% identity to the sequence of the
putative D-isomer specific 2-hydroxy-acid dehy-
drogenase from Arabidopsis (SwissProt Q9CA90).
The 317 bp fragment was labelled with DIG and
used to screen a cDNA library from C. blumei in
Agtl10 (Petersen et al., 1995b). This resulted in the
isolation of a cDNA of 865 nucleotides coding for
a protein of 260 amino acid residues and repre-
senting the 3" end of the putative HPPR cDNA.
The identity with the putative D-isomer-specific
2-hydroxyacid dehydrogenase from Arabidopsis
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aagcagt ggt aacaacgcagagt acgcgggaaccact cccacaat t t ct ccaact accact caaacaccat ct cc
ctegtct cccgccaccaacgccccgcagcgatggaggcgat tagcgt ttt gat gat gt gcccgat gagcacct ac
Al GV L MM M S T Y

tt ggagcaagagct t gacaagcggt t caagct cttt cgtt act ggact cagccggcgcagcegcegact t cct cget
L EQELDIKREFIKLFRYWTOQPAOQRIUDELA

ctgcagaccgagt ct at ccgcgceqgat gat t gggaat t cgaacgccggt gccgat get gagt t gat cgacgcact g
L Q AESI RAV VY GNS SNAGADAEIL I DAL

ccgaaact ggagat t gt gt cgagct t t agcgt gggt ct ggat aaggt t gact t gat caagt gt gaggagaagggg
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Figure 3. Full-length cDNA sequence for the putative HPPR from Coleus blumei. Start and stop codons are printed in italics, the
peptides identified by sequencing of the purified HPPR protein are underlined. The catalytic domain (PFAM PF00389, amino acid
residues 4-98) and the NAD(P)H-binding domain (PFAM PF02826, amino acid residues 100-279) typical of the family of p-isomer-

specific 2-hydroxyacid dehydrogenases are marked in grey.

was 78%. Isolation of the 5" end of the putative
HPPR c¢cDNA was achieved by 5-RACE-PCR
resulting in an amplicon of 400-500 bp. The
complete sequence obtained for the putative
HPPR (EMBL accession number AJ507733) con-
sisted of 1127 bp with an open reading frame
(ORF 106-1044) of 939 nucleotides encoding a
protein of 313 amino acid residues (Figure 3) with
a calculated molecular mass of 34 113 Da. All four
tryptic peptides of the partially purified HPPR
protein identified by peptide sequencing could be
retrieved in the translated amino acid sequence of
the putative HPPR ¢cDNA (Figure 3).

Functional expression of the putative HPPR ¢cDNA
in Escherichia coli

The complete open reading frame of the putative
HPPR ¢cDNA was amplified by long-distance PCR
incorporating at the same time restriction sites for
Ndel and BamHI. After cleaving the PCR product

with these restriction endonucleases the fragment
was ligated in-frame into the expression vector
pET15b digested with the same restriction en-
zymes and introduced into E. coli BL21(DE3)-
pLysS.

For expression studies, the bacteria were grown
in liquid LB medium and induced by the addition
of 1 mM IPTG. The bacteria were harvested 3 h
after induction. The bacterial protein extracts
from induced bacteria harbouring the expression
plasmid with HPPR cDNA were shown to catalyse
the NAD(P)H-dependent reduction of 4-hy-
droxyphenylpyruvate to 4-hydroxyphenyllactate
(Figure 4). This is the same reaction as observed
for HPPR from C. blumei (Petersen and Alfer-
mann, 1988; Hausler er al., 1991). Bacterial protein
extracts from bacteria with pET15b without
HPPR cDNA cultivated and treated in the same
way did not show significant HPPR activity (Fig-
ure 4). The low reduction of 4-hydroxyphenyl-
pyruvate in crude extracts from bacteria without
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Figure 4. Heterologous expression of HPPR in E. coli BL21(DE3)pLysS after induction for 3 h with 1 mM IPTG. pET15b — HPPR,
plasmid without open reading frame of HPPR; pET15b + HPPR, plasmid with open reading frame of HPPR; crude, crude bacterial

extracts; His-tag, purified by metal chelate chromatography.

HPPR c¢cDNA might be due to lactate dehydroge-
nase activities from primary metabolism of E. coli
(Garvie, 1980). This activity was completely
abolished after purification of HPPR via its His-
tag by metal chelate chromatography (Figure 4).
As HPPR from suspension cells of C. blumei, the
heterologously expressed enzyme accepted as
substrate 3,4-dihydroxyphenylpyruvate with the
highest specific activity (467/1207 pkat/kg with
NADH/NADPH = 100%) followed by 4-hy-
droxyphenylpyruvate (37%/57%). Reduction of
phenylpyruvate occurred only to a very low extent

(1.6%/1.8%).

Discussion

Hydroxyphenylpyruvate reductase (HPPR) catal-
yses the first specific biosynthetic step in the bio-
synthesis of rosmarinic acid from the aromatic
amino acids phenylalanine and tyrosine. 4-Hy-
droxyphenylpyruvate, formed by transamination
of tyrosine, is either a precursor for homogentisic
acid, an intermediate of tocopherol biosynthesis,
or of 4-hydroxyphenyllactate, a precursor of ros-
marinic acid (Figure 1). HPPR was purified by a
series of chromatographic steps (Figure 2) and
SDS-PAGE and used for sequencing of tryptic
peptides by MALDI-TOF and electrospray mass
spectrometry. The peptides showed homology to a
hitherto unidentified putative D-isomer-specific

2-hydroxyacid dehydrogenase from Arabidopsis
thaliana (Theologis et al., 2000) from a genome
sequencing project. This corresponds to the activ-
ity of HPPR. A full-length cDNA was isolated on
the basis of this peptide information by PCR
techniques and screening of a Coleus blumei cDNA
library. The full-length ¢cDNA clone (Figure 3)
could be actively expressed in Escherichia coli as a
His-tag fusion protein. Bacterial extracts prepared
from bacteria carrying the pET15b-plasmid with
the HPPR cDNA after IPTG induction showed
the expected HPPR enzyme activity (Figure 4). A
low activity found in crude extracts from bacteria
without the HPPR insert was probably due to
lactate dehydrogenase activities commonly found
in bacteria (Garvie, 1980). This activity was com-
pletely abolished after His-tag purification of the
bacterial extracts (Figure 4). Three different aro-
matic phenylpyruvate derivates were tested for
their acceptance as substrate. As the native enzyme
from C. blumei (Hausler et al., 1991), the
heterologously expressed HPPR accepted 3,4-di-
hydroxyphenylpyruvate best, followed by 4-
hydroxyphenylpyruvate with about 50% activity.
With the native enzyme no activity could be shown
with phenylpyruvate and this activity remained
very low (about 1.7%) with the heterologously
expressed enzyme. This small difference could
probably be due to the better analytical
methods used now. In contrast to native HPPR
(H&usler et al., 1991), the enzyme isolated from
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Figure 5. Sequence alignment of amino acid sequences of D-isomer-specific 2-hydroxyacid reductases and HPPR. The 17 conserved
amino acid residues are shown in black boxes. P26297, p-lactate dehydrogenase from Lactobacillus delbrueckii ssp. bulgaricus; P13443,
hydroxypyruvate reductase from Cucumis sativus; HPPR, hydroxyphenylpyruvate reductase from Coleus blumei; P08328, p-3-phos-
phoglycerate dehydrogenase from Escherichia coli; P17584, p-2-hydroxyisocaproate dehydrogenase from Lactobacillus casei; P05459,

-TKI--FAYAIREDEKPFL-—————--— KEWEDAHKDVEVEYTDKLLTPET-—--— AALA
MAKPVQIEVWNPNGKYRVVSTKPMPGTRWINLLIEQDCRVEICTEKKTILSVEDILALIG
7777777777 MEAIGVLMMCPMSTYL--EQELDKRFKL-FRYWTQPAQR----DFLALQA
****** AKVSLEKDKIKFLLVEGVHOKALESLRAAGYTNIEFHKGALDDEQ-----LKES
-MKI--IAYGARVDEIQYF--------- KOWAKDTGNT-LEYHTEFLDENT----- VEWA
7777777777777777 MKILVDENMPYARDLFSRLGEV----TAVP-----GRPIPVAQL

KGADGVVVYQQLDY TAETLQALADNGITKMSLRN
DKCDGVIGQLTEDWGEVLFSALSRAGGKAF SNMA
ESTIRAVVGNSNAGADAELIDALPKL--EIVSSFS
IRDAHFIGLRSRTHLTEDVINAAE-KLVAIGCFCI
KGFDGINSLQTTPYAAGVFEKMHAYGIKFLTIRN
ADADALMV-RSVT--KVNESLLAGKPIKFVGTAT,

NAIAEHAATIQAARILRQAKAMDEKVARHDLRW--APT-IGREVRDQVVE QOVF
ETTAELAASLSLAAARRIVEADEFMRAGRYDGWLPNLFVGNLLKGQOTVE SAY
DDVADLAIGLILAVLRRICECDKYVRRGAWK--FGDFKLTTKESGKRVE LAV
RSVAELVIGELLLLLRGVPEANAKAHRGVWNK--LAA-GSFEARGKKLE TQL
AATAEFALTDTLYLLRNMGKVQAQLOAGDYEK--AGTFIGKELGQQTVE OVA
IAVVEYVFSSLLMLAER------——----—--——-—-——- RL
MQ-IMEGFGAKVIAYDIFRNPELEKKG-------------—--- YYVDSLDDLYKQ.
ARMMVEGFKMNLIYFDLYQSTRLEKFVTAYGEFLKANGEAPVTWRRASSMDEVLRE
AE-RAEAFDCPISYFS-RSKKPN-TNY-—---—--—-—--————— TYYGSVVELASNSIBTL
GI-LAESLGMYVYFYDIENKLPLG-NA-------—------—--— TOVQHLSDLLNMSIN
IK-LFKGFGAKVIAYDPYPMKGD-HPD-—--——-————--————— FDYVSLEDLFKQSIBEVT

QA-RLEALGIKTLLCDP-PRADR-GDE----—-—-———-—————— GDFRSLDELVQRAINTL

SLHVPDVPA----NVHMINDKSIAKMKQDVVI S

GPLVIBETDAVIRGDSGKVFGYAM
SLHPVLDKT-- --TFHLVNKESLKAMKKDAILINCSIHGPVIBEAALVDHIERDNPMFRVGL
VVACPLTPE----TTHIINREVIDALGPKGVLI] RGPHVIEEPELVS EGRLGGAGL
SLHVPENPS----TKNMMGAKEISLMKPGSLLI CTVVIBRIPALCD. SKHLAGAAT
DLHVPGIEQ----NTHIINEAAFNLMKPGAIVI] PNLIINTQOAMLSNIMKSGKLAGVGI

TFHTPLFKDGPYKTLHLADEKLIRSLKPGAILI IGA DITALLTC EGQKLSVVL

EGIRVGVFNEDREGKEFPDARLADMI ARPNVLVTPRITAFYTTHAVRNMVVKAF - - -DN

PYMKPG-—-———————-——- DMKNAIIVERIASASKWTREGMATLAA- - -LN
PEVP-——==——=—===—~ EKIFGLENVVLLPRIVGSCTVETRKVMADLYV - - -GN
PATNS-—------- DPFTSPICEFDNVLLTPRTGGSTQEAQENTIGLEVA- - -GK
TEDLLNLAKHGSFKDPLWDEMLGMPNVVLSPRITAYYTETAVENMVYFSL - - - QH
PELNVE------—=------- 1.XK-KVDIGTSRTAGY TLEGKARGTTQVFEAYSK

* . * . .

NLELVEGKEAETPVKVG === === == == == = == mmmm — o omm oo
VLGKTRGY PV~ = WSDP-
LEAHFSGKPLLTPVV == == = == = — == = = — —mmm — e
LIKYSDNGSTLSAVNFPEVS-LPLHGG- —--—- RRLMHIHENRPGVLTALNKIFAEQGV-
LVDFLTKGETSTEVTGPAK -~ === === === = === === mmm oo oo

FIGHEQHVALDTLLPAPEFGRITLHGPLDQPTLKRLVHLVYDVRRDDAPLRKVAGIPGEF

DKLRKNYLERREWSSLYVI---CDDASAASLLCKLGFNAVHHPAR

erythronate 4-phosphate dehydrogenase from E. coli.

HPPR-transformed E. coli showed higher specific
activities with NADPH compared to NADH. This
cannot be explained at the moment, but highly

purified HPPR from C. blumei suspension cells
already showed nearly equal activities with the two
different electron donors (Meinhard, 1991).



Comparison of the translated amino acid se-
quences of the putative HPPR and putative
D-isomer-specific 2-hydroxyacid dehydrogenases
with unknown function from Arabidopsis thaliana
(Theologis et al., 2000) and Oryza sativa (EMBL
accession number Q8WO0A4) showed identities of
76.4% and 68.7%, respectively. The identity to
D-2-hydroxyacid dehydrogenases from prokary-
otes usually was considerably lower; here highest
identities were observed for putative 2-hydroxy-
acid dehydrogenases from Agrobacterium tume-
faciens (Wood et al., 2001) and Sinorhizobium
meliloti (Capela et al., 2001) with 52% and 44—
50%, respectively. A putative NAD(P)H-binding
domain was identified in the amino acid residues
100-279 (PFAM PF02826) and a putative catalytic
domain in the amino acid residues 4-98 (PFAM
PF00389) (see Figure 3). These domains were
identified as typical domains for the family of
D-isomer-specific 2-hydroxyacid dehydrogenases
(InterPro accession nyumber IPR002162; Grant,
1989; Kochhar et al., 1992). The NAD(P)H bind-
ing motif -G-X-G-X-X-G- is seen in the HPRR
sequence at amino acid residues 151-156 and reads
—G-L-G—R-I-G- (Figure 3). p-isomer-specific 2-
hydroxyacid dehydrogenases have so far mostly
been described from prokaryotic organisms.
However, hydroxypyruvate reductase (EC
1.1.1.81), being the same enzyme as D-glycerate
dehydrogenase (EC 1.1.1.29), is an enzyme of
photorespiration and was first cloned from
cucumber (Greenler et al., 1989; Schwartz et al.,
1991). p-3-Phosphoglycerate dehydrogenase (EC
1.1.1.95) was found in prokaryotes as well as in
eukaryotes as an enzyme of L-serine biosynthesis.
The plant enzyme is known from for example
Glycine max (Boland and Schubert, 1983), Pisum
sativum (Slaughter and Davies, 1975) and Triticum
aestivum (Rosenblum and Sallach, 1975). An
alignment of prokaryotic and eukaryotic D-iso-
mer-specific  2-hydroxyacid  dehydrogenases,
namely D-lactate dehydrogenase from Lactobacil-
lus delbrueckii ssp. bulgaricus (SwissProt accession
number P26297), hydroxypyruvate reductase from
Cucumis sativus (SwissProt P13443), p-3-phos-
phoglycerate dehydrogenase from Escherichia coli
(SwissProt  P08328), D-2-hydroxyisocaproate
dehydrogenase from Lactobacillus casei (SwissProt
P17584) and erythronate 4-phosphate dehydroge-
nase from E. coli (SwissProt P05459) with the de-
duced amino acid sequence of HPPR (Figure 5)
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revealed 17 conserved amino acid residues.
Kochhar et al. (1992) also described that 19 amino
acid residues were conserved in his alignment of D-
isomer-specific 2-hydroxyacid dehydrogenases of
which only two are missing in the alignment pre-
sented here. Among the conserved amino acid
residues is the NAD(P)H-binding motif G-X-X—
G-X-G—X-X-@G. Of the 17 conserved amino acid
residues 13 are found in the NAD(P)H-binding
domain (residues 100-279). The lower extent of
conservation in the catalytic domain (residues 4—
98) correlates with the higher variability of the
bound substrates, the different 2-hydroxy acids.
However, the two domain structure seems to
conserved as well and therefore the three-dimen-
sional structure of HPPR might be similar to the
structure of already crystallized prokaryotic de-
hydrogenases, such as p-glycerate dehydrogenase
from  Hyphomicrobium  methylovorum (1gdh;
Goldberg et al., 1994), phosphoglycerate dehy-
drogenase from Escherichia coli (1psd; Schuller
et al., 1995), hydroxyisocaproate dehydrogenase
from Lactobacillus casei (1dxy; Dengler et al.,
1997) or p-lactate dehydrogenase from Lactoba-
cillus helveticus (2dld; Bernard et al., 1995).
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