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COMPARISON OF THE AMINO ACID SEQUENCE OF
L-MANDELATE DEHYDROGENASE FROM RHODOTORULA
GRAMINIS WITH OTHER L-2-HYDROXYACID
DEHYDROGENASE ENZYME AND ITS PRIMARY STRUCTURE
PREDICTION

ROSLI MD. ILLIAS', GRAEME A. REID?, & NADZARAH A. WAHAB?

Abstract. A comparison of the primary structure for L-mandelate dehydrogenase (L-MDH)
from Rhodotorula graminis with other proteins from the protein databank suggests that there is
similarity between this protein and L-2-hydroxyacid dehydrogenase enzymes. R. graminis LMDH
exhibits 26-42% identity to L-lactate dehydrogenase from Saccharomyces cerevisiae, L-lactate dehy-
drogenase from Hansenula anomala, glycolate oxidase from spinach, I-lactate dehydrogenase from
Escherichia coli, Lrmandelate dehydrogenase from Pseudomonas putida and lactate-2-monooxygenase
from Mycobacterium smegmatis. Structurally conserved amino acids are predicted from LMDH
sequences corresponding to important regions of the cytochrome and FMN-binding domain de-
fined from the known three-dimensional structure of the I-lactate dehydrogenase from Saccharo-
myces cerevisiae.
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Abstrak. Perbandingan struktur primer L(+)-mandalate dehydrogenase (L-MDH) daripada
yis Rhodotorula graminis dengan protein lain di dalam bank data protein menunjukkan persamaan
di antara protein ini dengan kumpulan enzim L-2-hidroksiasid dehidrogenase. LMDH daripada R.
graminis mempamerkan kesamaan antara 26-42% kepada L-lactate dehidrogenase daripada Sac-
charomyces cerevisiae, 1 lactate dehidrogenase daripada Hansenula anomala, glikolat oksida daripada
bayam, I-laktat dehidrogenase daripada Escherichia coli, LMDH daripada Pseudomonas putida dan
laktat-2-monooksigenase daripada Mycobakterium smegmatis. Asid amino yang penting secara
strukturnya bagi LMDH diramalkan secara perbandingan dengan bahagian penting domain
sitokrom dan domain perlekatan FMN yang diperolehi daripada struktur tiga dimensi L-laktat
dehidrogenase daripada Saccharomyces cerevisiae.

Kata kunci: L-MDH, Rhodotorula gramisis, L(+)-mandalate dehydrogenase, asid amino,
flavocytochrome b,
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1.0 INTRODUCTION

Flavocytochrome b, catalyses the oxidation of L-lactate to pyruvate with subsequent
transfer of electrons to cytochrome C. This enzyme is a soluble component of the
intermembrane space of yeast mitochondria and enables yeast to use L-lactate as a
carbon and energy source [1]. L-(+)-mandelate dehydrogenase (LMDH) from the
yeast Rhodotorula graminis catalyses the oxidation of L(+)-mandalate to phenylglyo-
xylate [2]. The other type of mandelate dehydrogenase in R. graminis is D-mande-
late dehydrogenase which belongs to the family of D-isomer specific 2-hydroxyacid
dehydrogenase. The L(+)-xmandelate dehydrogenase from R. graminis is a totally
different enzyme from the D(—)-mandelate dehydrogenase in terms of its origin and
substrate specificity. There are many similarities between L-mandelate dehydroge-
nase from R. graminis and flavocytochrome b, (L-lactate dehydrogenase) from Sac-
charomyces cerevisiae. The crystal structure of flavocytochrome &y from . cerevisiae
shows that the enzyme is a tetramer of identical subunit, each consisting of two
distinct domain [3]. The N-terminal cythochrome domain is related to cytochrome
b5 whereas the FMN-containing C-terminal domain has a separate evolutionary his-
tory with relatives found in plants, animals and bacteria. This substrate differs in size
and chemical nature. In this study, computer analysis of the mature amino acid
sequence from R. graminis is carried-out. Comparison of the L-MDH amino acids
with other related proteins is discussed here and the prediction of its function based
on the 3-D structure of L-LDH from S§. cerevisiae has also been made.

2.0 METHODOLOGY

Amino acid sequences of L-mandelate dehydrogenase from Rhodotorula graminis
was compared with the protein sequence database of the SWISSPROT using the
program FASTA and PILEUP from the University of Wisconsin Genetics Com-
puter Group (UWGCG) package. The hydropathic profile of LMDH from R. graminis
was determined by means of Kyte-Doolitle method [4]. The plots obtained charac-
terize its hydrophobic character, which may be used in predicting the proteins mem-
brane-spanning domains, its potential antigenic sites and exposed region on the
surface of the protein.

3.0 RESULTS AND DISCUSSION
3.1 Amino Acid Sequence Comparisons

The multi ple alignment program PILEUP generates a dendogram representing the
relatedness of protein in a family. In this dendrogram (Figure 1) it can be seen that
L(+)-mandelate dehydrogenase is very closely related to L(+)-lactate dehydrogena-
ses from Saccharomyces cerevisiae and Hansenula anomala, which are flavocytochromes
by. L(+)-mandelate dehydrogenase from R. graminis represents a new type of micro-
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Figure 1 Family tree of the FMN-dependent a-hydroxy acid-oxidizing enzymes. The dendrogram
shows the output of the UWGCG programme PILEUP.The deadrogram indicates a cluster-
ing order from a cluster of sequences based on the similarity. gox_spiol. glycolate oxidase
from spinach, gox_rat: rat kidney hydroxy-acid oxidase, cyb2_hanan: L(+)lactate dehydro-
genase from Hansenula anomala, cyh2_yeast: L(+)-lactate dchdrogenase from Saccharomyces
cerevisiae, ednalmdh: L(+)-mandelate dehydrogenase from Rhodotorula graminis, mdlb_psepu.
mandelate clehydrogenase from Pseudomonas putida, [ldd_ecoli: lactate dehydrogenase from
E. coli, 1a2m_myesm: lactate mono-oxygenase from Mycobacterium smegmatis. The diagram
shows that L(+)-mandelate dehydrogenase is more closely related to L(+)-actate dehydroge-
nase from S. cerevisiae and H. anomala which is a flavocytochrome 4,

bial mandelate dehydrogenase which is a flavocytochrome 4y. Since LMDH be-
longs to the family of flavocytochromes &, it is predicted that it will have a similar
structure to flavocytochrome by from S. cerevisiae and H. anomala.
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Figure 2 Conserved residues (identical in all sequences) are marked with an asterisk (*) and the semi

invariant residues (allowing two mismatches) are marked with (+) below the alignment.
Flavocytochrome &, from Saccharomyces cerevisiae hinge region and proteinase sensitive loop

are in bold. Amino acids, which are known to be functionally important, are marked with f

on top. The sequences are: gox_spiol: glycolate oxidase from spinach [5]; gox_rat: hydroxy-
acid oxidase from rat [6]; cyb2_hanan: L(+)lactate dehydrogenase from H.anomala [7];
cyb2_yeast: L(+)-lactate dehydrogenase from S.cerevisiae [8]; cdnalmdh: L-mandelate dehy-
drogenase from R.graminis [9]; mdlb_psepu:mandelate dehydrogenase from P.putida [10];
1ldd_ecoli: lactate dehydrogenase from £.coli [11]; la2m_mycsm: lactate mono-oxygenase
from M.smegmatis [12].
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A computer search of the Swissprot protein sequence data bank with the program
FASTA, using the L(+)-mandelate dehydrogenase as the query sequence indicates
amino acid sequence similarity with other L-2-hydroxy acid dehydrogenases. Align-
ment with other protein sequences in the database using the PILEUP program (Fig-
ure 2) demonstrates that Rhodotorula graminis L(+)-mandelate dehydrogenase exhib-
its 26-42 % identity to each of: L(+)-lactate dehydrogenase from Saccharomyces cerevisiae,
L(+)-lactate dehydrogenase from Hansenula anomala, glycolate oxidase from spin-
ach, L-lactate dehydrogenase from E. coli, L(+)-mandelate dehydrogenase from
Pseudomonas putida and lactate-2-monooxygenase from Mycobacterium smegmatis. All
these enzymes are members of the family of FMN-dependent 2-hydroxyacid-oxidising
enzymes [6].

Saccharomyces cerevisiae flavocytochrome by L (+)-lactate dehydrogenase has been
crystallized and its structure determined [3]. The flavocytochrome &, polypeptide
consists of two different regions, which form the haem binding domain (cytochrome
domain) and the flavin-binding domain (flavodehydrogenase domain). The cyto-
chrome domain is located at the N-terminus of the flavocytochrome &, polypeptide
chain from residue 1 to 99 [3]. Based on a comparison with the sequence of
flavocytochrome &y from S. cerevisiae, the cytochrome domain of L (+)-mandelate
dehydrogenase from R. graminis consists approximately of residues 1 to 103. There
are 21 invariant residues conserved in this region (Figure 2). The amino acid se-
quence of the predicted cytochrome domain from L(+)-mandelate dehydrogenase
from Rhodotorula graminis also shows extensive similarity with the sequence of bo-
vine microsomal cytochrome &5 [13] as other flavocytochrome bs.

Two conserved histidine residue found in flavocytochrome b, from S. cerevisiae
are also conserved in L-MDH from R. graminis (Figure 3). The two histidine resi-
dues are involved in the ligation of haem iron via their Ne atoms. Tyrosine 141 and

*
cdnalm DAQLPVKQRGRARSISAAEVAKHNSRDSMWVCIDDEVWDITNFVELHPGGAKVLEQNAGK 60

cyb5 b AEESSKAVKYYTLEEIQKHNNSKSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGG 50

*
cdnalm DVTKVFKSI.HPPKTLEKFLTDDNFVGRIDVDEVTKIGGGKNAEDLRIEQARKELRNVETV 120

cyb5 b DATENFEDVGHSTD. .ARELSKTFIIGELHPDDRSKITKPSESIITTIDSNPSWWTNWLIP 110
cdnalm VCLDEFEEISQKILSEMAMAYYGTGAETEQTLRDEREAWQRVRFRPRVLRKMRHIDTNTT 180

cyb5 b AISALFVALIYHLYTSEN 130

Figure 3 Sequence alignment of the first 120 residues of L(+)-mandelate dehydrogenase from R.
graminis (cdnalm) with amino acid sequence from bovine microsomal cytochrome b;
(cybb_b) [14]. Asterisks mark the two histidine, which may be the ligands to the haem

iron.
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Lysine 290 (Figure 2) in R. graminis L-mandelate dehydrogenase are predicted to
make hydrogen bonds to a haem propionate group. In L-mandelate dehydrogenase
from R. graminis, Tyr 97 (in flavocytochrome b,) which is hydrogen bonded to the
other haem propionate group is replaced by asparagine. In flavocytochrome &, from
S. cerevisiae, the cytochrome domain is connected to the flavodehydrogenase do-
main through a huge region from residue 92 to 103. In L-MDH this region could be
from residue 96 to 105 predicted from amino acid sequence comparison with
flavocytochrome &y from S. cerevisiae (Figure 2). This region is believed to be in-
volved in facilitating intramolecular electron transfer. Alignment of the L(+)-mande-
late dehydrogenase from R. graminis with flavocytochrome &y from S. cerevisiae
indicated that the flavin binding domain of LMDH consists of residues 104 to 487.
The flavodehydrogenase domain of flavocytochrome &, has been shown to be struc-
turally related to other FMN-containing enzymes as described above (Figure 2).

About 35 residues are conserved throughout all of the aligned sequences at this
region of the polypeptide (Figure 2). Almost all of the residues are identified as
functionally important by Lederer and Mathews (1987) are found to be identical
except for Alal196 and Alal98 in LLDH from S. cerevisiae known to be in contact
with the FMN, are replaced by Pro194 and Gly196 in LMDH from R. graminis.

The crystal structure of flavocytochrome 4y from S. cerevisiae have been deter-
mined and all functional amino acids involved at the active site have been identi-

@ fied. Based on the amino acid comparison of L-mandelate dehydrogenase from R. @

graminis with the amino acid sequence of LLDH (flavocytochrome &,) from S.
cerevisiae, several conserved amino acids in LMDH are predicted to have the same
catalytic function.

3.2 Active Site Residues

In the crystal structure of flavocytochrome &y from . cerevisiae [3] Arg376 is well
positioned to interact with the substrate carboxylate both electrostatically and formed
a hydrogen bond between Ne of Arg376 and one of the carboxylate oxygen atoms.
This residue is conserved in LMDH from R. graminis (Arg380) and throughout the
aligned sequences (Figure 2) and apparently plays an important role to bind and
orient the substrate along with Tyr143 [15] (Tyr 141 in LMDH). Tyr141 in LMDH
from R. graminis (Tyr143 in LLDH from S. cerevisiae) is predicted to make a hydro-
gen bond with the oxygen at the carboxylate end of the substrate and play an
important role in stabilising the Michaelis complex as in LLDH from S§. cerevisiae
[16]. The three dimensional structure also reveals that Tyr143 in LLDH is hydrogen
bonded to a haem propionate [3]. Mutation of Tyr143 to phenylalanine resulted in
a larger K,, value than the wild type, indicating a decrease in substrate binding
affinity and it also disrupt electron transfer between FMN and haem [10]. Tyr254
(Tyr 248 in LMDH from R.graminis) in flavocytochrome b, from S. cerevisiae which
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is also conserved throughout the aligned sequences, was predicted to act by making
a hydrogen bond with the substrate OH at all stages of the reaction and facilitate
electron departure to the flavin by deprotonating the substrate hydroxyl [15]. Muta-
tion of this residue in flavocytochrome &, from S. cerevisiae to phenylalanine showed
that Tyr254 takes part in transition state stabilization but is not essential for electron
transfer [17].

His373 is important in catalysis by acting as a general base. It has been reported
that mutation of His373 to glutamine reduced the catalytic activity by a factor of at
least 5 x 10° compared to the wild type [18]. Mutation of His290 in lactate
monooxygenase from Mycobacterium smegmatis which is equivalent to His373 in
LLDH from S. cerevisiae has also been made. The mutant enzyme gave 10-10° fold
less activity then the wild type enzyme [19]. It appears that replacement of His290 by
glutamine has not resulted in a conformational disruption since substrate and inhibi-
tors bind to the mutant enzyme in a similar fashion to their binding to wild type
enzyme [19]. L (+)-mandelate dehydrogenase has the identical histidine residue at
position 377 which could have the same function as His373 in LLDH from S. cerevisiae.

Asp282 has been shown in the crystal structure of flavocytochrome &, [3] to make
a hydrogen bond with His373 through one of the carboxylate oxygens and it plays
an important role in stabilizing the imidazolium ion of His373 [20]. Identical interac-
tions are also formed by the active-site aspartate (Asp157) in glycolate oxidase [21-
22]. Mutation of Asp282 to asparagine has been shown to cause a decrease in the
activity of L (+)lactate dehydrogenase from . cerevisiae [23]. Asp282 is also con-
served in LMDH from R. graminis.

Finally Lys349 in flavocytochrome b, from S. cerevisiae is believed to facilitate
electron transfer by stabilising the N1 anion of the reduced flavin. Mutation of this
residue to arginine caused a complete loss of activity in lactate dehydrogenase. L(+)-
mandelate dehydrogenase from R. graminis contains an equivalent lysine at position
353.

A comparison of the amino acids which make contact with FMN in L(+)-lactate
dehydrogenase from S. cerevisiae [20] to the corresponding amino acids in L(+)-
mandelate dehydrogenase from R. graminis indicates that all the important residues
are also conserved. In particular, Lys349 which is important in the catalytic mecha-
nism of LLDH from S. cerevisiae and makes contact with the isoalloxazine ring and
ribose moiety of FMN, is conserved in LMDH (Lys353) as well as throughout the
family of FMN-dependent 2-hydroxyacid dehydrogenases.

Figure 4 shows the results of hydrophilicity calculations via Kyte-Doolitle method.
It appears that most of the amino acid in the upper region (sequence from 1 until
178) and lower region (sequence from 280 until 492) of the LMDH polypeptide
possess higher hydrophobic character relative to the middle region. This could be
due to most of the amino acids which are involved in the formation of agg barrel
structure in the FMN binding domain and the formation of hydrophobic crevice in
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Figure 4 The hydropathic profile of L(+)-mandelate dehydrogenase from Rhodotorula graminis

the cytochrome domain, for the binding of haem and for amino acids which are
involved at the active sites, are also located at these two regions.

4.0 CONCLUSION

In conclusion, the amino acid sequence comparison data of L(+)-mandelate dehy-
drogenase from Rhodotorula graminis with other L-2-hydroxyacid dehydrogenase
enzyme especially L(+)-laclate dehydrogenase from Saccharomyces cerevisiae suggests
that LMDH could share similar protein function and structure with the group of
flavocytochrome &,. This will assist further three dimensional structure prediction of
LMDH from R. graminis through protein modelling.
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