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The -mandelate dehydrogenase (-MDH) from the yeast

Rhodotorula graminis is a mitochondrial flavocytochrome b
#

which catalyses the oxidation of mandelate to phenylglyoxylate

coupled with the reduction of cytochrome c. We have used the N-

terminal sequence of the enzyme to isolate the gene encoding this

enzyme using the PCR. Comparison of the genomic sequence

with the sequence of cDNA prepared by reverse transcription

PCR revealed the presence of 11 introns in the coding region.

The predicted amino acid sequence indicates a close relationship

with the flavocytochromes b
#
from Saccharomyces cere�isiae and

Hansenula anomala, with about 40% identity to each. The

sequence shows that a key residue for substrate specificity in S.

cere�isiae flavocytochrome b
#
, Leu-230, is replaced by Gly in -

MDH. This substitution is likely to play an important part in

determining the different substrate specificities of the two en-

zymes. We have developed an expression system and purification

protocol for recombinant -MDH. In addition,we have expressed

INTRODUCTION

Flavocytochrome b
#

from the yeasts Saccharomyces cere�isiae

and Hansenula anomala is a mitochondrial -lactate dehydro-

genase (-LDH) that transfers electrons directly to cytochrome c

[1,2] and enables these organisms to utilize lactate as the sole

source of carbon and energy [3]. The red yeast, Rhodotorula

graminis, is one of few microorganisms capable of utilizing -

mandelate (-2-hydroxy-2-phenylacetate) as a substrate for

growth [4,5]. The first enzyme of the catabolic pathway, -

mandelate dehydrogenase (-MDH), has been isolated and

shown to share several features with the -LDHs (flavocyto-

chromes b
#
) from S. cere�isiae and H. anomala [6,7]. These

enzymes all contain FMN and protoporphyrin IX, their sizes are

very similar and the N-terminal sequences indicate that they may

be homologues [6].

Flavocytochrome b
#
from S. cere�isiae is a tetramer of identical

subunits, each consisting of two distinct domains [8]. The N-

terminal cytochrome domain is related to cytochrome b
&
, whereas

the FMN-containing C-terminal domain has a separate evol-

utionary history, with relatives found in plants, animals and

bacteria. These relatives all oxidize 2-hydroxyacids, but their

substrates differ in size, chemical nature and metabolic role.

Members of this family include the plant peroxisomal glycolate

oxidase [9], Pseudomonas putida -MDH [10], Mycobacterium

smegmatis lactate mono-oxygenase [11] and a long-chain

2-hydroxyacid dehydrogenase from rat kidney [12].

We have reported previously that Leu-230 of S. cere�isiae

Abbreviations used: L-MDH, L-mandelate dehydrogenase; L-LDH, L-lactate dehydrogenase; KIE, kinetic isotope effect ; PAL, phenylalanine ammonia
lyase; RT-PCR, reverse transcription PCR.
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and purified the flavin-containing domain of -MDH inde-

pendently of its cytochrome domain. Detailed steady-state and

pre-steady-state kinetic investigations of both -MDH and its

independently expressed flavin domain have been carried out.

These indicate that -MDH is efficient with both physiological

(cytochrome c, k
cat

¯ 225 s−" at 25 °C) and artificial (ferricyanide,

k
cat

¯ 550 s−" at 25 °C) electron acceptors. Kinetic isotope effects

with [2-#H]mandelate indicate that H–C-2 bond cleavage con-

tributes somewhat to rate-limitation. However, the value of the

isotope effect erodes significantly as the catalytic cycle proceeds.

Reduction potentials at 25 °C were measured as ®120 mV for

the 2-electron reduction of the flavin and ®10 mV for the 1-

electron reduction of the haem. The general trends seen in the

kinetic studies show marked similarities to those observed

previously with the flavocytochrome b
#
(-lactate dehydrogenase)

from S. cere�isiae.

flavocytochrome b
#
is a major determinant of substrate specificity

[13]. The crystal structure [8] shows that this side-chain is in

contact with the methyl group of pyruvate, the product of lactate

oxidation. -Mandelate is not a substrate for this enzyme but

acts as a competitive inhibitor. It is obvious from modelling

studies that mandelate cannot be accommodated in an equivalent

position because of steric interference between the Leu-230 side-

chain and the phenyl ring of mandelate. Sequence and structure

comparisons show that Leu-230 is replaced by Trp in glycolate

oxidase [9,14] and Ala in the -MDH from P. putida [10].

Apparently, therefore, a large amino acid side-chain in this

position correlates with a smaller preferred substrate, whereas a

smaller side-chain permits access to larger substrates.

Mechanistic studies with R. graminis -MDH have shown

some interesting differences between this enzyme and the -LDH

activity of S. cere�isiae flavocytochrome [7,15]. However, studies

to date with -MDH have been limited to steady-state experi-

ments, since the enzyme can only be isolated in small quantities

from R. graminis. We have developed an efficient heterologous

expression system to enable more detailed investigation of the

mechanism of this enzyme. Studies with the intact enzyme are

limited by the fact that spectral changes at the flavin cofactor are

masked by the intensely absorbing haem group. To resolve this

problem we have also expressed the flavin domain independently.

In this paper we describe a detailed kinetic characterization of

recombinant forms of both wild-type -MDH and its inde-

pendently expressed flavin domain.
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MATERIALS AND METHODS

Strains and plasmids

R. graminis GX6000 (American Type Culture Collection 20804)

was used as a source of RNA and DNA and was maintained,

grown, harvested and stored as described previously [16]. Esch-

erichia coli strains TG1, JM109 and NF1 were used as hosts for

recombinant plasmids. The plasmids pTZ19r and pTZ18r were

used for cloning [17] and the expression vector pRC23 [18] was

used to direct expression of -MDH. E. coli was routinely grown

in Luria broth supplemented where appropriate with 100 µg ml−"

ampicillin. For expression of recombinant enzyme, growth was

in Terrific Broth supplemented with 150 µg ml−" ampicillin.

DNA isolation

Chromosomal DNA was isolated from a 10 ml of stationary-

phase culture grown in YPD medium [1% (w}v) yeast extract,

2% (w}v) peptone and 2% (w}v) glucose]. The cells were

harvested by centrifugation and resuspended in 1 ml of breakage

buffer (0.9 M sorbitol}14 mM 2-mercaptoethanol}50 mM so-

dium phosphate buffer, pH 7.5). The cells were then disrupted by

vortexing with acid-washed glass beads. To this suspension 50 µl

of 0.5 M EDTA, pH 8.0, was added, vortexed briefly and then

50 µl of 10% SDS and 100 µl proteinase K solution (5 mg ml−")

were added to help lysis. The mixture was mixed well and

incubated at 65 °C for 30 min, then extracted with 1:1 phenol}
chloroform and the DNA was precipitated by addition of 0.5 ml

of absolute ethanol.

Plasmid DNA and single-stranded plasmid DNA were isolated

from E. coli transformants as described previously [19,20].

M13KO7 was used as helper phage for single-stranded DNA

production.

Isolation of RNA

RNA was isolated from a 100 ml culture of R. graminis grown

until mid-exponential phase in medium containing ,-man-

delate. The cells were harvested and resuspended in 1 ml of TNE

(50 mM Tris}HCl, pH 7.5}100 mM NaCl}5 mM EDTA). Acid-

washed glass beads were used to disrupt the cells with vigorous

vortexing for 2 min. Then 4 ml of TNE, 0.2 ml of 20% SDS and

4 ml of phenol were rapidly added and the suspension was

vortexed for another 2 min. The mixture was spun for 15 min to

separate the phases. The aqueous phase containing RNA was

removed and extracted with 1:1 phenol :chloroform until a clear

interphase was achieved. The upper phase containing the RNA

was removed and to this 0.1 vol. of 3 M Na acetate, pH 5.5, and

2 vol. of 100% ethanol were added to precipitate the RNA.

Before use in reverse transcription (RT)-PCR, contaminating

DNA was removed from the RNA by treatment with DNaseI. A

100 µl mixture containing 100 µg of total RNA and 10 units of

DNaseI in 20 mM Tris}HCl, pH 8.4}12 mM MgCl
#
}50 mM

KCl was incubated at 37 °C for 1 h. The reaction was stopped by

heating to 65 °C for 10 min and extraction with phenol}
chloroform (1:1). The RNA was precipitated with ethanol,

pelleted, dried and dissolved in 50 µl of H
#
O.

First strand cDNA synthesis

A mixture of 1 µl of oligo(dT)
"#

–
")

(500 µg}ml) and 15–20 µg of

total R. graminis RNA (treated with DNase) in 10 µl of sterile

distilled water was heated to 70 °C for 10 min and then quickly

chilled on ice. The contents of the tube were collected by brief

centrifugation, mixed with 4 µl of 5¬ first strand buffer (Gibco-

BRL), 2 µl of 0.1 M dithiothreitol, 2 µl of 5 mM dNTPs and 1 µl

(200 units) of SuperscriptTM II RNase H− reverse transcriptase

(Gibco-BRL) and incubated at 37 °C for 1 h. The products were

used immediately for PCR or stored at ®20 °C

RT-PCR

Forward primer H1549 (GGAATTCGAYGCNCARCTNCC-

NGTNAARCA) and reverse primer N7501 (TCGAAGCTTR-

TGYTTNGCNACYTTCNGC) were designed for amplification

of a short segment of the -MDH coding sequence using the N-

terminal sequence of the isolated enzyme [6]. Unfractionated R.

graminis RNA (15 µg) was reverse transcribed in a 20 µl reaction

mixture as described above. PCR was performed in a 50 µl

reaction mixture with 15 mM MgCl
#
, 5 pmol of each primer,

200 µM dNTPs and 1 µl of the reverse transcriptase reaction

products. After denaturing at 94 °C for 2 min, 40 cycles were

carried out as follows: 94 °C for 40 s, 52 °C for 1 min, 72 °C for

1 min. The reaction was completed by a further 7 min incubation

at 72 °C.

For amplification of the complete -MDH coding sequence,

the forward primer RI1 (CAACCCGGGATGGATGCTCAG-

CTGCCGGT) and the reverse primer RI2 (CGAAGCTTCT-

ACTCGGGCACCCACCG) were used. Reverse transcription

and PCR were carried out as above, except that the first three

cycles comprised 40 s at 94 °C, 30 s at 50 °C and 90 s at 72 °C.

The annealing temperature was then increased to 56 °C for a

further 35 cycles.

Construction of R. graminis DNA libraries

Approx. 10 µg of R. graminis genomic DNA was digested with

XbaI, SphI, SacI, BamHI, HindIII, PstI and EcoRI and separ-

ated on a 0.8% agarose gel and transferred to a Hybond-N

(Amersham) nylon membrane. The membrane was pre-hy-

bridized for 1 h at 65 °C, then hybridization was carried out

overnight at 65 °C. The probe was prepared from recombinant

pTZ19r containing the 85 bp product of RT-PCR that had been

labelled by the random priming method [21]. After washing with

increasing stringency, the membrane was allowed to dry and

was autoradiographed at ®70 °C. A genomic DNA library was

constructed by complete digestion of genomicDNAwith HindIII.

The resulting fragments were ligated with plasmid pTZ19r that

had also been cut with HindIII. About 6000 recombinants were

screened by hybridization under the same conditions as for

Southern blotting.

DNA sequence determination

The sequences of cDNA and genomic DNA were determined on

both strands using the dideoxy chain-termination method [22]

with the Sequenase (U.S. Biochemical Corp.) T7 polymerase.

Because of the relatively high GC content of R. graminis DNA

we found it necessary to use the dITP mixture in place of dGTP,

but this gave good quality, unambiguous sequence information.

The complete sequence of each DNA strand was determined

using a combination of subclones and specifically designed

internal primers. DNA sequence information was analysed using

the Wisconsin Package Version 9.0, Genetics Computer Group

(GCG), Madison, WI, U.S.A.

Western blotting

Proteins were separated by SDS}PAGE and electrophoretically

transferred to a nylon membrane (Hybond-N) as described

previously [23]. -MDH was detected using antiserum raised in

rabbit, followed by horse-radish peroxidase-conjugated goat
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anti-rabbit IgG (Bio-Rad) as secondary antibody. After washing,

enzyme activity was visualized using o-dianisidine as substrate.

Flavin domain expression

The -MDH coding sequence was modified by site-directed

mutagenesis using the oligonucleotide GATTGGCGGCGAA-

TTCATGGGCAAGAATGC. This introduced an EcoRI cleav-

age site between the sequences encoding the haem- and flavin-

containing domains and places an ATG initiation codon im-

mediately preceding the codon for Gly-99, the first residue of the

flavin domain. Resulting clones were screened for the intro-

duction of the EcoRI site and the entire flavin domain region was

sequenced to ensure that no unwanted mutations had been

introduced. The DNA encoding the flavin domain was trans-

ferred to the expression vector pRC23 as an EcoRI–HindIII

fragment. The recombinant plasmid was transformed into E. coli

JM109 cells. Growth and expression were as for the holoenzyme.

Purification of recombinant L-MDH

The following buffers were used during the purification pro-

cedure : buffer A, 0.1 M phosphate, pH 7.0; buffer B, 30 mM

phosphate, pH 7.0, with 1 mM -lactate ; buffer C, 10 mM

Tris}HCl, pH 7.5. Where possible, all manipulations were carried

out at 4 °C.

-MDH was isolated from E. coli using the following protocol.

Approx. 25 g of pelleted wet cells (from 5 litres of culture) were

snap-frozen in liquid nitrogen. The frozen cells were then

resuspended in 250 ml of buffer A. Lysozyme was added to a

concentration of approx. 0.2 mg[ml−" and EDTA to a final

concentration of 1 mM. The suspension was left stirring for

60 min, after which it was centrifuged at 39000 g for 10 min to

remove cell debris. The red supernatant was then applied to a

DE52 (Whatman) column (10 cm¬4.5 cm) equilibrated in buffer

A. The red coloured -MDH passed straight through the column

and was collected. At this stage the solution containing the

enzyme had an A
#'*

}A
%#$

ratio of around 8. This solution was

then dialysed for C 2 h against a 10-fold greater volume of buffer

B. After dialysis, the solution was loaded onto a DEAE-Sephacel

column (20 cm¬3 cm) previously equilibrated with buffer B.

The -MDH bound as a tight red band at the top of the column.

The column was then washed with several volumes of buffer B.

The enzyme was eluted using a gradient from 0 to 0.3 M NaCl in

buffer B. Fractions with an A
#'*

}A
%#$

ratio of C 2 (30% pure)

were collected and pooled. The resulting solution was dialysed

overnight against a 10-fold greater volume of buffer B. After

dialysis, the protein was loaded on to a CQ Sepharose (Sigma)

column (20 cm¬3 cm) equilibrated in buffer B. The column was

washed with several columns of buffer B and then eluted using an

identical gradient to that used for the DEAE-Sephacel column.

Fractions with an A
#'*

}A
%#$

ratio of % 1.0 (50% pure) were

pooled and concentrated to 1 ml using a Centriprep 50 (Amicon).

The concentrated solution was loaded on to an S300-HR

Sephacryl gel-filtration column (1 m¬2.5 cm) which had been

previously equilibrated in buffer C. The protein was eluted from

the column in buffer C and fractions with an A
#'*

}A
%#$

ratio of

% 0.5 (& 95% pure) were pooled, concentrated, snap-frozen

and stored in liquid nitrogen.

Purification of L-MDH-flavin domain

Purification of the flavin domain was identical with that for the

holoenzyme, with the exception that the final S300-HR Sephacryl

gel-filtration column was not necessary.

Kinetic analysis

All experiments were carried out at 25³0.1 °C in 10 mM

Tris}HCl at pH 7.5, I 0.10. The buffer was 10 mM HCl

adjusted to pH 7.5 with Tris and corrected to I 0.10 by addition

of NaCl. Steady-state measurements involving enzymic oxidation

of -mandelate were performed using a Shimadzu UV2101PC

spectrophotometer. Cytochrome c (horse type VI; Sigma) or

ferricyanide (potassium salt ; BDH) were used as electron ac-

ceptors as previously described [24]. Pre-steady-state kinetics

were carried out using an Applied Photophysics SF.17MV

stopped-flow spectrophotometer. Measurements of the rates of

reduction of the cofactors of -MDH by -mandelate were

monitored at 438.3 nm (a haem isosbestic) for the flavin and at

either 557 or 423 nm for the haem group. Pre-steady-state

reduction of the -MDH flavin domain was monitored at 450 nm.

Collection and analysis of data were as previously described for

flavocytochrome b
#

[24,25]. Measurements of kinetic isotope

effect (KIE) values were also performed as previously described

[24].

Synthesis of D,L-[2-2H]mandelate

,-[2-#H] mandelic acid was prepared as the racemic mixture

by a method completely different to that reported previously by

Sme!kal et al. [7]. Although no special precautions are necessary,

standard safety procedures (such as the wearing of safety

spectacles) should be adopted and all operations should be

carried out in a fume cupboard. Sodium metal (1.6 g, 0.07 mol)

was carefully dissolved in 10 ml of #H
#
O (99.9% #H, 9.03 g,

0.45 mol; Fisher Acros) under a nitrogen atmosphere in a three-

necked flask fitted with condenser. Because of the enormous heat

development, the flask was cooled with ice. After preparation of

this solution, 1.15 g (7.56 mmol) of ,-mandelic acid was added

and this mixture was boiled for 4 h. The nitrogen atmosphere

was retained while the solution cooled down overnight. The

following day, 120 ml of 1 M hydrochloric acid was added to the

reaction mixture to obtain acidic conditions. The crude product

was extracted four times with 30 ml portions of ether and the

organic layer was dried with 10 g of magnesium sulphate for 2 h.

This solution was filtered and the ether was removed, leaving a

slightly yellow crude product. Recrystallization was carried out

with CHCl
$
and cyclohexane and yielded white crystals of -[2-

#H]mandelic acid (0.768 g, 5.01 mmol, 66.3% yield) with a

melting point of 119 °C, in agreement with the literature value

[26]. The isotopic content of this -[2-#H]mandelic acid was

determined to be & 95% by MS using a KRATOS M. S. 50 TC

spectrometer. The purity of the compound was further confirmed

by "H-NMR and "$C-NMR spectra recorded on a Bruker AC

Spectrometer (250 MHz).

Reduction potentials

The mid-point potentials for the haem and flavin groups of -

MDH were determined using the intact enzyme and the flavin

domain respectively. Reduction potentials were measured spec-

trophotometrically using a previously published redox poten-

tiometry method [27]. All experiments were performed at 25 °C
within a Belle Technology glove box under a nitrogen atmosphere

with oxygen maintained at ! 5 p.p.m. Conditions for poten-

tiometric titrations, including mediators, electrodes and protein

concentrations, were as described previously [28]. Nernst plots

for both reductive and oxidative titration sequences showed no

evidence of hysteresis, indicating that the systems were at

equilibrium during measurements. In the case of the flavin
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domain, only the potential for the two-electron couple from

oxidized to reduced could be determined.

RESULTS AND DISCUSSION

Isolation of the L-MDH gene

Fully degenerate oligonucleotide primers based on theN-terminal

sequence of -MDH were used to amplify R. graminis cDNA by

Figure 1 For legend see opposite page

the RT-PCR. The principal product was a fragment of the

expected size (85 bp). This was cloned in pTZ19r and sequenced.

Of eight clones that were sequenced, two had the expected coding

potential. One of these (pLM1) was then used as a probe to

isolate the entire -MDH gene from R. graminis DNA.

Aliquots of R. graminis genomic DNA were cut with various

restriction enzymes and subjected to Southern blotting. Hybrid-

ization with labelled pLM1 revealed that the amplified fragment
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Figure 1 Complete sequence of the L-MDH coding region

The sequence of the genomic DNA (top line) is aligned with the cDNA sequence (second line), clearly showing the positions of the ten introns in the region encoding the mature enzyme. The

sequences of these introns (2–11) are shown in bold face, as is the predicted intron 1, which lies upstream of the region amplified by RT-PCR. The amino acid sequence is shown below the

cDNA sequence, with the predicted mitochondrial targeting sequence in lower case. These sequences have been submitted to the EMBL database with the accession numbers AJ001430 and

AJ001431.

was contained on a HindIII fragment of 5.5 kb. A library of

HindIII fragments of genomic DNA was constructed in pTZ19r

and probed under conditions identical with those used for

Southern blot hybridization. A positive clone (pLM3) was used

for further DNA sequence analysis (Figure 1).

Isolation and sequencing of L-MDH cDNA

The presence of several introns in the -MDH coding sequence

was obvious from the presence of in-frame stop codons in the

genomic DNA. We therefore isolated cDNA to determine the

sequence of the protein encoded by this gene. This was achieved
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Figure 2 Sequence features of introns

The sequences of the 5« and 3« ends and the putative branch points of the 11 introns in the

L-MDH gene are indicated, along with their positions in the sequence. Sequence numbering is

as shown in Figure 1. The corresponding sequences for other genes from Rhodotorula [32] and

Saccharomyces cerevisiae [41] are shown for comparison.

using primers (RI1 and RI2) that were designed according to the

known N-terminal sequence of the isolated mature protein and

the C-terminal sequence predicted from the genomic DNA. The

latter primer contains a HindIII cleavage site and the former was

designed to incorporate both an XmaI cleavage site and a

methionine codon immediately preceding the first codon of the

mature -MDH coding sequence to allow later expression of the

cDNA. RT-PCR using these primers yielded a fragment, as

expected, of approx. 1.5 kb. This was cloned in pTZ18r and

pTZ19r using the XmaI and HindIII sites to yield the recombinant

plasmids pLM5 and pLM6, which were then used to determine

the complete sequence of the cDNA (Figure 1). The absence of

PCR-induced mutations was apparent from the exact corre-

spondence between the cDNA and genomic DNA sequences,

except for the presence and absence of introns.

The sequence of the gene from R. graminis encoding -MDH

has been determined and compared with the sequence of a

cDNA encoding the mature polypeptide. The GC content of

the cloned DNA is 60% and does not differ significantly between

coding and non-coding regions. The genomic sequence ap-

parently includes 11 short introns (Figure 2). The locations of ten

of these are clearly identified by alignment with the cDNA

sequence. Since the cDNA extended at the 5« end only as far as

the start of mature -MDH, there is no experimental evidence for

the presence of intron 1 (Figure 1), which lies within the

presequence coding region. However, the existence of this intron

and its location as shown are supported by several observations.

First, intron 1 shares sequence features, discussed below, with

other introns in this and other Rhodotorula genes. Secondly, no

in-frame ATG initiation codon is found in the region upstream

of the sequence encoding the experimentally determined N-

terminal amino acid sequence of mature -MDH. With the

intron located as shown, the N-terminal presequence is similar to

the presequences of flavocytochromes b
#

from S. cere�isiae and

H. anomala [29,30].

The genes encoding phenylalanine ammonia lyase (PAL) from

Rhodosporidium toruloides [31] and Rhodotorula rubra [32], both

of which are close relatives of R. graminis, revealed the presence

of six and five introns respectively. All introns in both PAL genes

contain the nucleotides GT at their 5« end and CAG at the 3« end.

These introns also share the same internal consensus sequence of

CTGAC, which presumably determines the RNA splicing branch

point. Introns in the -MDH gene are similar to introns in the

PAL genes, with sizes ranging from 59 to 125 bp. All 11 introns

have the invariant sequence of GT at their 5« ends. Intron 10 has

the sequence TAG at its 3« end; the other ten introns have the

consensus sequence CAG. The putative branch-point sequences

in the introns within the -MDH gene from R. graminis appear

to be more variable than those in the PAL genes (Figure 2).

Takahashi et al. [33] found that introns in the small nuclear RNA

genes in R. hasegawae are similar to pre-mRNA introns and have

a consensus internal sequence of CTRAC, where R is a purine (A

or G). The sequences of introns in the MDH genes indicate even

greater flexibility in the internal (branch-point) sequence. Only

four of the eleven introns contain the sequence CTGAC, but all

contain the sequence CTnAy. We have also noted flexibility in

the intron sequences of the -MDH gene from R. graminis

(R. M. Illias, J. S.Miles,C. A.Fewson, S. K.ChapmanandG. A.

Reid, unpublished work; EMBL database entry AJ001428).

Mitochondrial targeting sequence

-MDH, like flavocytochromes b
#

from S. cere�isiae [34], is

located in the mitochondrial intermembrane space (A. War-

burton and G. A. Reid, unpublished work). Targeting of flavo-

cytochromes b
#

in S. cere�isiae is directed by the N-terminal

presequence, which is unusually long, consisting of 80 amino

acid residues [29]. This peptide is removed by two distinct

proteolytic enzymes during transport to the intermembrane space

[35,36]. Functionally important features of the presequence

include a basic N-terminal region and a long uncharged region

towards the C-terminal end that is thought to span the mito-

chondrial inner membrane. These features are conserved in

several proteins that are targeted to the intermembrane space

and are also found in the predicted -MDH presequence.

Sequence of mature L-MDH

The sequence of -MDH is clearly very similar to the amino acid

sequences of the -LDHs from S. cere�isiae and H. anomala.

These enzymes are all flavocytochromes b
#
, which are composed

of distinct cytochrome and flavoprotein domains, connected by

a ‘hinge’ peptide [8,37]. The hinge is relatively poorly conserved,

as is a surface loop within the flavin-binding domain that is

apparently rather flexible [30]. The crystal structure of S.

cere�isiae flavocytochrome b
#

shows that the C-terminus, from

residue 487 to 511, forms an extended structure that contacts

each of the three other subunits within the homotetramer [8]. In

-MDH this C-terminal tail is absent, but this is unlikely to

indicate a difference in quaternary structure. Removal of residues

489–511 from S. cere�isiae flavocytochrome b
#

by site-directed

mutagenesis did not have a significant effect on tetramer for-

mation [38]. Furthermore, glycolate oxidase lacks a C-terminal

tail, but still has a similar 4-fold axis to that found with

flavocytochrome b
#

[15]. Overall, the -MDH sequence is

42–43% identical with each of the other flavocytochromes b
#
,

whereas the two -LDHs are 60% identical. The flavoprotein

domain of -MDH belongs to a family of 2-hydroxyacid dehydro-

genases, members of which have been found in bacteria, plants

and animals, as well as in fungi. The sequences of several of these

are aligned in Figure 3. Residues that have been identified, both

by examination of crystal structures and by biochemical charac-

terization of mutated enzymes, as being important for catalytic

activity are all conserved in -MDH. Whereas all enzymes in this

family are -2-hydroxyacid dehydrogenases and their catalytic
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Figure 3 Sequence comparison of L()-MDH from R. graminis (L-MDH)
and other 2-hydroxy acid dehydrogenases

The residue numbering relates to flavocytochrome b2 from S. cerevisiae (Scb2). The other

sequences are : H. anomala flavocytochrome b2 (Hab2), spinach glycolate oxidase (Gox), rat

hydroxy acid oxidase (Hao), P. putida L-MDH (Mdh), M. smegmatis lactate oxidase (Lox) and

L-LDH from E. coli (LctD). The amino acid sequences are shown in the vicinity of Ala-198 and

Leu-230, the positions of which are indicated by the vertical arrows.

mechanisms appear to be very similar, at least for substrate

oxidation, they vary considerably in their substrate selectivities.

-MDH has a strong preference for an aromatic substituent at

the 2-position and is inhibited for example by -lactate [7].

Similarly, -mandelate inhibits the -LDH activity of S. cere�isiae

flavocytochrome b
#
. Leu-230 has been identified as a particularly

critical residue in determining substrate specificity in flavo-

cytochromes b
#
. The residue found at this position varies

considerably within the -2-hydroxyacid dehydrogenase family

and there is an inverse correlation between the sizes of the

substrate side-chain and the amino acid side-chain. This cor-

relation is extended in -MDH, where the equivalent residue is a

glycine (Gly-225). Substitution of Leu-230 in S. cere�isiae flavo-

cytochrome b
#

by alanine results in an enzyme with a greater

selectivity towards substrates with a longer aliphatic side-chain,

such as 2-hydroxyoctanoate [14], clearly demonstrating the

importance of this residue. Ala-198 in S. cere�isiae flavocyto-

chrome b
#

has also been identified as important in determining

substrate specificity [14], and the equivalent residue in -MDH is

a glycine (Gly-195). The function of these residues is demon-

strated more clearly in the accompanying paper [39], with the

conversion of S. cere�isiae flavocytochrome b
#
into an efficient -

MDH.

Expression of L-MDH in E. coli

The -MDH cDNA was isolated from pLM5 as an XmaI–HindIII

fragment. This was ligated with the expression plasmid pKK223-

3 that had been cut with the same pair of enzymes to generate

pLM7. We could not detect -MDH expression in E. coli JM105

transformed with this plasmid. The -MDH cDNA was then

transferred to theE. coli expression vector pRC23,which contains

the bacteriophage λ P
L

promoter as an EcoRI–HindIII fragment

isolated from pLM7. The resulting plasmid, pLM8, was used to

transform E. coli JM109. Total cell protein from these trans-

formants was subjected to SDS}PAGE and -MDH was detected

by Western blotting (results not shown). JM109 does not express

a cI repressor so expression under these conditions was consti-

tutive. We found that levels of -MDH achieved in this system

were considerably higher than when pLM8 was used to drive

inducible expression in E. coli NF1, which also expresses a

temperature-sensitive cI repressor (results not shown).

The purification protocols developed for recombinant -MDH

and the independently expressed -MDH-flavin domain have

been described in detail in the Materials and methods section.

Purification data for the preparation of recombinant -MDH are

summarized in Table 1. These data demonstrate that one can

Table 1 Purification data for L-MDH

Details of the purification procedure are described in Materials and methods section. Amounts

are expressed per litre of culture.

Step Total protein (mg) L-MDH (mg) Yield (%)

Purification

(fold)

Cell lysate C 1000 C 140 100 1

DE52 C 750 C 110 79 1.1

Sephacel C 250 C 80 57 1.6

Q Sepharose C 100 C 50 36 3.6

S300 Sephacryl C 20 C 20 14 7.1

purify -MDH to homogeneity with a yield of 20 mg from one

litre of culture.

Kinetic properties

The steady-state kinetic parameters for the oxidation of -

mandelate by both -MDH and the -MDH flavin domain are

listed in Table 2. It is clear that the recombinant form of -MDH

can effectively catalyse the oxidation of -mandelate with both

physiological (cytochrome c) and artificial (ferricyanide) electron

acceptors. In fact, with ferricyanide as electron acceptor, the k
cat

value found with the recombinant -MDH holoenzyme

(550³25 s−") is considerably higher than the value previously

reported for the native enzyme from R. graminis (109³3 s−") [7].

The lower activity reported for the native enzyme is explained by

significant activity losses during the much longer purification

protocol originally used [7]. This activity loss was almost certainly

due to flavin dissociation from the enzyme, which was at very

low concentration throughout the preparation. With the recom-

binant enzyme, the more rapid purification procedure and much

higher concentrations of enzyme minimize flavin dissociation,

and thus there is little activity loss.

The values of k
cat

and K
m

listed in Table 2 are of a similar

magnitude to those previously reported for the oxidation of -

lactate by S. cere�isiae flavocytochrome b
#

(-LDH) and its

independently expressed flavin domain [28,40]. This would be

consistent with the idea that both these enzymes bind and

activate their respective hydroxyacid substrates in a similar

manner. Another similarity between the two enzymes is the fact

Table 2 Steady-state kinetic parameters for the oxidation of L-mandelate
by the L-MDH holoenzyme and its independently expressed flavin domain

All experiments were at 25 °C in Tris/HCl buffer, pH 7.5 (I 0.10 M NaCl). Electron acceptors

were used at saturating concentrations : 1 mM ferricyanide and 35 µM cytochrome c for the

holoenzyme and 6 mM ferricyanide for the flavin domain. Values of kcat are expressed as

electrons transferred per second per molecule of enzyme. Values of Km are expressed in

millimolar L-mandelate. The L-MDH flavin domain has negligible activity with cytochrome c. ND,

not determined.

L-MDH holoenzyme L-MDH flavin domain

Electron acceptor kcat (s−
1) Km (mM) kcat (s−

1) Km (mM)

Ferricyanide 550³25 0.35³0.02 500³50 0.33³0.02

Cytochrome c 225³15 0.35³0.05 ND ND
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Table 3 Pre-steady-state kinetic parameters and KIE values for the
reduction of the prosthetic groups in L-MDH by mandelate

All experiments were at 25 °C in Tris/HCl buffer, pH 7.5 (I 0.10 M NaCl). Values for flavin

reduction were obtained using the L-MDH-flavin domain (to avoid interference from the haem

absorbances) and for haem using the L-MDH holoenzyme. Rate constants (kF, flavin reduction ;

kH, haem reduction) are expressed as the number of cofactors reduced per second. Therefore

since reduction of flavin requires two electrons, values of kF should be doubled to express them

in electrons per second.

Flavin reduction Haem reduction

kF (s−1) Kd (mM) kH (s−1) Kd (mM)

L-[2-1H]Mandelate 450 (³30) 0.39 (³0.10) 605 (³50) 0.39 (³0.10)

D, L-[2-1H]Mandelate 340 (³10) 0.45 (³0.07) 505 (³20) 0.49 (³0.10)

D, L-[2-2H]Mandelate 81 (³3) 0.45 (³0.07) 115 (³10) 0.56 (³0.05)

KIE 4.2 (³0.3) 4.4 (³0.6)

Scheme 1 Linear representation of the catalytic cycle of mandelate oxidation and cytochrome c reduction by L-MDH

Rate constants (25 °C) are reported for the following steps : 1, L-mandelate! flavin electron transfer (from stopped-flow) ; 2, L-mandelate! L-MDH-haem electron transfer (from stopped-flow) ;

3, L-mandelate! cytochrome c electron transfer (from steady-state). Abbreviations : Fox., oxidized flavin ; Fred., reduced flavin ; Fsq., flavin semiquinone ; Hox., oxidized haem ; Hred., reduced haem ;

Mand, mandelate ; Phe, phenylglyoxylate ; Cox, oxidized cytochrome c ; Cred, reduced cytochrome c.

Table 4 Steady-state kinetic parameters and 2H kinetic isotope effects for the oxidation of D,L-mandelate by the L-MDH and L-MDH flavin domain

Conditions were as described in Table 2, except that the normal and deuterated substrates were the racemic mixtures. The kinetic isotope effect, KIE, is defined as : kcat[
1H]/kcat[

2H].

L-MDH holoenzyme L-MDH flavin domain

Substrate (electron acceptor) kcat (s−
1) Km (mM) KIE kcat (s−

1) Km (mM) KIE

D,L-[2-1H]Mandelate (ferricyanide) 300 (³10) 0.47 (³0.03) 316 (³19) 0.74 (³0.11)

D,L-[2-2H]Mandelate (ferricyanide) 88 (³4) 0.53 (³0.05) 3.4 (³0.3) 99 (³4) 0.79 (³0.08) 3.2 (³0.3)

D,L-[2-1H]Mandelate (cytochrome c) 155 (³5) 0.78 (³0.02) ND ND

D,L-[2-2H]Mandelate (cytochrome c) 92 (³10) 1.33 (³0.10) 1.7 (³0.2) ND ND ND

that the flavin domain of -MDH, like its -LDH counterpart

[40], has negligible cytochrome c reductase activity. This indicates

that electron flow from flavin to haem and then onto cytochrome

c is alike in -MDH and -LDH.

Under pre-steady-state conditions it is possible to determine

rate constants for the reduction of both the flavin and haem

groups in -MDH and these are listed in Table 3. Values for

haem reduction were determined using the -MDH holoenzyme.

Data for flavin reduction, on the other hand, were acquired using

the -MDH flavin domain, in order to avoid spectral interference

from the much more intense haem absorbance. The values from

Table 3, in combination with steady-state data, allow us to assign

rate constants to the various steps in the -MDH catalytic cycle

as shown in Scheme 1. The rate constants for flavin and haem

reduction (k
F
and k

H
, Table 3) are of a similar order of magnitude

to those reported for S. cere�isiae flavocytochrome b
#
[24] and its

independently expressed flavin domain [40]. This indicates that
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the microscopic steps for electron transfer are essentially the

same in both enzymes.

Further kinetic characterization of -MDH involved the

determination of deuterium KIEs in both steady-state and pre-

steady-state conditions (Tables 3 and 4). To measure these

isotope effects it was necessary to determine rate constants using

the racemic mixture, i.e. ,-mandelate, in order to make the

comparison with the isotopically labelled racemic substrate ,-

[2-#H]mandelate (see the Materials and methods section). The

KIE values from the steady-state experiments indicate that

removal of the C-2 hydrogen contributes significantly to rate

limitation with ferricyanide as electron acceptor, but much less

so when cytochrome c is used as the acceptor. Such a trend in

KIE values is similar to that reported previously for lactate

oxidation by S. cere�isiae flavocytochrome b
#

[24]. The obser-

vation of a significant KIE value for -MDH with ferricyanide as

acceptor contradicts a previous study [7] in which no isotope

effect was observed. We believe that various limitations in the

previous work, e.g. very small amounts of much less active

enzyme, made the determination of any KIE value very difficult,

and that these results are now superseded by the present more

rigorous study.

Kinetic isotope effects seen in the pre-steady-state lend support

to the steady-state experiments and indicate a steady erosion of

the KIE value at each step in the electron-transfer chain, e.g.

approx. 4 for flavin and haem reduction, 3 for ferricyanide

reduction and 2 for cytochrome c reduction. This decrease in

KIE values parallels observations from studies with S. cere�isiae

flavocytochrome b
#

[24], lending support to the idea that the

transition states are comparable in both enzymes.

Reduction potentials

Reduction potentials for the haem and flavin groups of -MDH

were determined using the holoenzyme and the flavin domain

respectively. Values at 25 °C and pH 7.5 were measured as

®120³10 mV for the two-electron reduction of the flavin group

and ®10³5 mV for the haem. It was not possible to separate the

two one-electron couples (i.e. oxidized}semiquinone and

semiquinone}reduced) for the flavin. These values can be com-

pared with the equivalent ones determined for S. cere�isiae

flavocytochrome b
#

(-LDH) which are ®17³3 mV for the

haem group and ®78³5 mV for the two-electron reduction of

the flavin. Thus, although the haem reduction potentials are the

same within experimental error, there is a significant difference

between the values for the flavin groups of the two enzymes. This

difference of some 40 mV indicates that the driving force for the

electron transfer from flavin to haem is substantially greater in -

MDH. This is in line with the fact that the rate constant for haem

reduction in -MDH (at 600 s−") is faster than that for -LDH

(450 s−") [24].

Conclusions

The sequence of -MDH shows a close relationship with other

flavocytochromes b
#
, but the differences in substrate specificity

may depend on key amino acid residues, particularly Gly-225

and Gly-195. Using the cloned cDNA, we have developed

efficient expression systems and purification procedures for both

the -MDH holoenzyme and the independent -MDH flavin

domain. Both steady-state and pre-steady-state kinetic measure-

Received 9 March 1998/17 April 1998 ; accepted 24 April 1998

ments show that the recombinant -MDH is an efficient -MDH

and cytochrome c reductase. The kinetic and potentiometric data

for -MDH are in most cases very similar to the analogous -

LDH from S. cere�isiae, i.e. flavocytochrome b
#
.

We are grateful to Charles Fewson and John Miles for their contribution to the early
stages of this work and for fruitful discussions. This work was funded by a grant from
the Leverhulme Trust and by the Biotechnology and Biological Sciences and Medical
Research Councils via studentships to D.R. and R.S. respectively. R.Md.I. was
supported by a Malaysian Government studentship. S.K.C. thanks the Royal Society
of Edinburgh for the award of an SOEID Fellowship.

References

1 Appleby, C. A. and Morton, R. K. (1954) Nature (London) 173, 749–752

2 Chapman, S. K., White, S. A. and Reid, G. A. (1991) Adv. Inorg. Chem. 36, 257–301

3 Pajot, P. and Claisse, M. (1974) Eur. J. Biochem. 49, 275–285

4 Durham, D. R. (1984) J. Bacteriol. 160, 778–780

5 Fewson, C. A. (1992) in The Evolution of Metabolic Function (Mortlock, R. P., ed.),

pp. 115–141, CRC Press, Boca Raton

6 Yasin, M. and Fewson, C. A. (1993) Biochem. J. 293, 455–460

7 Sme' kal, O., Yasin, M., Fewson, C. A., Reid, G. A. and Chapman, S. K. (1993)

Biochem. J. 290, 103–107

8 Xia, Z.-X. and Mathews, F. S. (1990) J. Mol. Biol. 212, 837–863

9 Volokita, M. and Somerville, C. R. (1987) J. Biol. Chem. 262, 15825–15828

10 Tsou, A. Y., Ransom, S. C., Gerlt, J. A., Buechter, D. D., Babbitt, P. C. and Kenyon,

G. L. (1990) Biochemistry 29, 9856–9862

11 Giegel, D. A., Williams, C. H. and Massey, V. (1990) J. Biol. Chem. 265, 6626–6632

12 Belmouden, A., Le, K. H. D., Lederer, F. and Garchon, H. J. (1993) Eur. J. Biochem.

214, 17–25

13 Daff, S., Manson, F. D. C., Reid, G. A. and Chapman, S. K. (1994) Biochem. J. 301,
829–834

14 Lindqvist, Y., Bra$ nde! n, C.-I., Mathews, F. S. and Lederer, F. (1991) J. Biol. Chem.

266, 3198–3207

15 Sme! kal, O., Reid, G. A. and Chapman, S. K. (1994) Biochem. J. 297, 647–652

16 Baker, D. P. and Fewson, C. A. (1989) J. Gen. Microbiol. 135, 2035–2044

17 Rokeach, L. A., Haselby, J. A. and Hoch, S. O. (1988) Proc. Natl. Acad. Sci. U.S.A.

85, 4832–4836

18 Crowl, R., Seamans, C., Lomedico, P. and McAndrew, S. (1985) Gene 38, 31–38

19 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning : A Laboratory

Manual, 2nd edn., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

20 Vieira, J. and Messing, J. (1987) Methods Enzymol. 153, 3–11

21 Feinberg, A. P. and Vogelstein, B. (1983) Anal. Biochem. 132, 6–13

22 Sanger, F., Nicklen, S. and Coulson, A. R. (1977) Proc. Natl. Acad. Sci. U.S.A. 74,
5463–5467

23 Haid, A. and Suissa, M. (1983) Methods Enzymol. 96, 192–205

24 Miles, C. S., Rouviere-Fourmy, N., Lederer, F., Mathews, F. S., Reid, G. A., Black,

M. T. and Chapman, S. K. (1992) Biochem. J. 285, 187–192

25 Daff, S., Ingledew, W. J., Reid, G. A. and Chapman, S. K. (1996) Biochemistry 35,
6345–6350

26 Zahorszky, U. I. and Musso, H. (1973) Chem. Ber. 106, 3608–3613

27 Dutton, P. L. (1978) Methods Enzymol. 54, 422–435

28 Black, M. T., White, S. A., Reid, G. A. and Chapman, S. K. (1989) Biochem. J. 258,
255–259

29 Guiard, B. (1985) EMBO, J. 4, 3265–3272

30 Black, M. T., Gunn, F. J., Chapman, S. K. and Reid, G. A. (1989) Biochem. J. 263,
973–976

31 Anson, J. G., Gilbert, H. J., Oram, J. D. and Minton, N. P. (1987) Gene 58, 187–199

32 Vaslet, C. A., Strausberg, R. L., Sykes, A., Levy, A. and Filpula, D. (1988) Nucleic

Acids. Res. 16, 11382

33 Takahashi, Y., Tani, T. and Ohshima, Y. (1996) J. Biochem. 120, 677–683

34 Daum, G., Bo$ hni, P. C. and Schatz, G. (1982) J. Biol. Chem. 257, 13028–13033

35 Gasser, J. M., Ohashi, A., Daum, G., Bo$ hni, P. C., Gibson, J., Reid, G. A., Yonetani, T.

and Schatz, G. (1982) Proc. Natl. Acad. Sci. U.S.A. 79, 267–271

36 Reid, G. A., Yonetani, T. and Schatz, G. (1982) J. Biol. Chem. 257, 13068–13074

37 Sharp, R. E., Chapman, S. K. and Reid, G. A. (1996) Biochemistry 35, 891–899

38 White, S. A., Black, M. T., Reid, G. A. and Chapman, S. K. (1989) Biochem. J. 263,
849–853

39 Sinclair, R., Reid, G. A. and Chapman, S. K. (1998) Biochem. J. 333, 117–120

40 Balme, A., Brunt, C. E., Pallister, R. L., Chapman, S. K. and Reid, G. A. (1995)

Biochem. J. 309, 601–605

41 Ruby, S. W. and Abelson, J. (1991) Trends Genet. 7, 79–85


