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Summary

Three major mammalian lactate dehydrogenase (L2Hgg and proteins have been extensively investigate
includingLDHA (major muscle isozymel;DHB (major heart isozyme); addHC (major sperm isozyme), and
another DH6B) has been reported in humans. In this stumsilico methods were used to predict the amino
acid sequences, structures and gene location®idrgenes and proteins using genome sequence datdbanks
human, mouse, opossum and platypus mammalian spAcieno acid sequence alignments and predicted
secondary and tertiary structures enabled observéty similarity) of key residues previously reggat for
human and mouse LDHA, LDHB and LDHC subunits. Thenan genome contained at leastDH genes
encoding LDH A, B, C and 6B subunits, with the pceed LDH6B gene showing no evidence of introns. Two
other human.DH6-like genes were also observed, includii@H6A (7 introns) and.DH6C (single exon).
HumanLDHA, LDHC andLDH6A genes were located in tandem on chromosome 11g ibH6B and

LDH6C genes were on chromosomes 15 and 12, respectiveifico evidence was obtained for at least 13
humanLDH pseudogenes located on 10 separate chromosorestaiman genome, of which seven were
imbedded within introns of other genes involvedistinct but unrelated functions. OpossuBHC and

LDH6B genes were located in tandem with the opodsDA gene on chromosome 5 and containedDHA
andLDHC) or 8 (LDH6B) exons. An amino acid sequence prediction forojhessum LDH6B subunit gave an
extended N-terminal sequence, similar to the huamehmouse LDH6B sequences, which may support the
export of this enzyme into mitochondria. The platygenome contained at least 3 LDH genes encoding
LDHA, LDHB and LDH6B subunits. Phylogenetic studas sequence analyses indicated tidiA, LDHB
andLDH6B genes are present in all mammalian genomes exdniimeuding a monotreme species (platypus),
whereas th& DHC gene may have arisen more recently in marsupiatnmals.
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Introduction

Mammalian lactate dehydrogenase (LDH; E.C.1.1.1c@i)prises three major families of conserved
enzymes that catalyse the reversible interconveisi@yruvate and lactate, a key metabolic steglyoolysis
and other metabolic pathways (Everse & Kaplan, 1@I3east five LDH tetrameric isozymes are reparite
somatic mammalian tissues, comprising LDHA and LD¢iBunits, whereas the homotetrameric LQHC
isozyme is found only in mature testis and spere@dGoldberg & Hawtrey, 1967; Goldberg, 1973;tLale,
1989). Thd.DHA, LDHB andLDHC families of mammaliah.DH genes and subunits have been extensively
investigated, with human and moud2HA andLDHC genes located in tandem on chromosomes 11 and 7
respectively (Edwards et al., 1989), as compar¢d theLDHB gene, on chromosomes 12 (human) and 6
(mouse) (Takeno & Li, 1989). Phylogenetic studiagehindicated that tHeDHC gene has arisen from
independent gene duplication events during vertelaeolution, including separdat®HB gene duplications in
fish and birds (pigeon) (Zinkham et al., 1969; Matlet al., 1975; Hiraoka et al., 1989; Quattralget1993;
Mannen et al., 1997), and BBHA gene duplication during mammalian evolution (Millet al., 1987).

Transcription studies have reported two other hubiidA-like genes, designated BBH6A and
LDH®6B, which are expressed in brain and testis respdytiand located on chromosome LDH6A in tandem
with humanLDHA andLDHC genes) (Ota et al., 2004) and chromosomd.D&EB, an intronless gene)
(Wang et al., 2005). In this study, we have idegdifand characterized silico new forms of mammalian LDHs
and described predicted amino acid sequencesjmpsatbunit structures, gene locations and exonicires
for human [DH6C), mouse I(DHEB), opossuml(DHA; LDHB; LDHC; andLDH6B) and platypusL{DHA,
LDHB andLDH6B) genes and proteins, as well as the phylogeneltitionships for mammaliatDH gene
families.In silico evidence is also presented for N-terminal extessair.LDH6B subunit sequences which may
support mitochondrial export and location of humaouse and opossum LDH6B.

Materials and Methods

In silico mammalian LDH gene and protein identification.

BLAST (Basic_Local Aignment Sarch bol) studies were undertaken using web tools frioen t

National Center for Biotechnology Information (NG Bttp://blast.ncbi.nim.nih.gov/Blast.ggfAltschul et al,
1997). Protein BLAST analyses used previously megohuman LDHA (Tsujibo et al., 1985), LDHB (Taken
and Li, 1989), LDHC (Millan et al., 1987) and LDH&Bta et al., 2004) amino acid sequences . NonAcaiut
protein sequence databases for several mammalamgs were examined using the blastp algorithm,
including the human (International Human Genomeu8eging Consortium, 2001); moudéus musculus)
(Mouse Sequencing Consortium, 2002); opossum (NBlekeet al., 2007); and platypus (Platypus Genome
Sequencing Consortium, 2008). This procedure predimeultiple BLAST ‘hits’ for each of the protein
databases which were individually examined andmethin FASTA format, and a record kept of the semes
for predicted mRNAs and encoded CES-like proteifisese records were derived from annotated genomic
sequences using the gene prediction method: GNOM&Npredicted sequences with high similarity sctoes
mammalian LDH. With some exceptions, predicted LDHRHB, LDHC and LDH6B protein subunit
sequences were obtained in each case and subjectesllico analyses of predicted protein and gene
structures. Other LDH sequences were obtainedwolip BLAT (BLAST-Like Alignment_Tool) in silico
analysis using the human LDHA, LDHB, LDHC and LDH8&Bguences to interrogate human, mouse, opossum
and platypus genome sequences using the UC Samtag€ne browsehftp://genome.ucsc.edu/cgi-bin/hgBlat
(Kent et al. 2003) with the default settings to obtain Ensendnlegated protein sequences by applying the
method of Hubbard et al (2002)tip://www.ensembl.org/index.htinl

BLAT analyses were subsequently undertaken for eétte predicted LDH amino acid sequences
using the UC Santa Cruz gene browsetp//genome.ucsc.edu/cgi-bin/hgBlétent et al. 2003) with the
default settings to obtain the predicted locatifmmsach of the mammalidtDH genes, including predicted
exon boundary locations and gene sizes. For a stiushedicted human LDH pseudogenes, BLAT analyses
were undertaken of the human genome using humanA,.REIHB, LDHC and LDH6B-like subunit sequences
in each case (see Table 1; Figure 1). Predictethhu.DH pseudogene structures were deduced folpwin
corrections for changes in sequence and size, etaidlsdrecorded for each pseudogene , includingtber
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score, percentage of identity with the LDH subseijuence used and its location within the humanrgen
Structures for human LDHA, LDHB and LDHC isoforifsplicing variants) were obtained using the AceView
website http://www.ncbi.nim.nih.gov/IEB/Research/Acemblylgx. html?humanto examine predicted gene
and protein structures using this database of hunRNA sequences (Thierry-Mieg and Thierry-Mieg, 00

Predicted Sructures and Properties for Mammalian LDH Subunits.

Predicted secondary and tertiary structures fordruamd other mammalian LDH-like subunits were
obtained using the PSIPRED v2.5 web site toolsigeal/by Brunel University
[http://bioinf.cs.ucl.ac.uk/psipred/psiform.hjriMcGuffin et al. 2000) and the SWISS MODEL web tools
[http://swissmodel.expasy.org/], respectively (G8eRietsch 1997; Kopp & Schwede 2004). Reportetitsy
structures for human LDHA (PDB IDi 10A ), human LDHB (PDB IDLi0zA ) (Read et al., 2001) and mouse
LDHC (PDB ID9IdtA )(Hogrefe et al., 1987) served as referencesritigted opossum LDHA and LDH6B,;
LDHB; and LDHC tertiary structures, respectivelyotiéling ranges for the opossum LDH residues wefellasvs:
2 to 332 (LDHA); 2 to 333 (LDHB); 2 to 331 (LDHC3nd 51-381 (LDH6B).

Theoretical isoelectric points and molecular weigbt mammalian LDH subunits were obtained using
Expasy web toolshftp://au.expasy.org/tools/pi_tool.himin silico prediction of an LDH N-terminal protein region
that may support a mitochondrial targeting sequamckthe identification of a potential cleavage siis conducted

using MITOPROT web based methods (Claros and VisicB996) ftp:/ftp.biologie.ens.fr/pub/molbio.

Phylogenetic Studies and Sequence Divergence

Phylogenetic trees were constructed using an aagitbalignment from a ClustalW-derived alignment of
CES protein sequences, obtained with default gisttaimd corrected for multiple substitutions (Chestrah 2003;
Larkin et al. 2007) http://www.ebi.ac.uk/clustali/ An alignment score was calculated for each &ligsequence
by first calculating a pairwise score for everyrpaisequences aligned. The alignment ambiguous@terminus
region was excluded prior to phylogenetic analysfding alignments of 332 residues for comparisohs
mammalian LDHA, LDHB, LDHC and LDH6B sequences witlicken LDHA and LDHB sequences, which served
as ‘outgroup’ sequences (see Table 1). Sequencttiee for mammalian LDH subunits were determinsihg the
SIM-Alignment tool for Protein Sequencdttp://au.expasy.org/tools/sim-prot.hir{fPietsch 1995; Schwedtal.
2003).

Results and Discussion
Alignments of human LDHA, LDHB, LDHC, LDH6A, LDH6B and LDH6C amino acid sequences.

The amino acid sequences for human LDHA (Tsujibal.t1985), LDHB (Takeno and Li, 1989), LDHC
(Millan et al., 1987) and LDH6B (Ota et al., 20@4)d than silico derived LDH6A and LDH6C human subunits are
aligned in Figure 1 (see Table 1). Human LDH A(Band 6B subunits showed 71-75% sequence identities
indicating extensive conservation in amino acidiseges for these enzymes (Table 2). Major differenere
observed however at the N-termini for the human BBrnd LDH6C subunits, which showed an extensiofQof
residues. MITOPROT computer based analyses of gegeences predicted a high probability for LDH@E a
LDH6C subunit export into mitochondria (0.92 an@g).respectively), as well as a potential cleawtgeat residue
31, in each case (Table 1; see Figure 1). Thegbegdmitochondrial N-terminal sequences were padit charged,
with excess basic amino acid residues (3 and 2ctsply for LDHEB and LDH6C), contained no acidésidues
and revealed a predicted amphiphélibelix, which are common features for mitochondiéalder sequences
(Hanmen and Weiner, 1998). Key LDH catalytic res&lwere present in all six human LDH subunits uditlg the
active site proton acceptor (His193), as well @anezgme (Arg99 and Asn138) and substrate (Arg10g§189;
Thr248) binding residues (Figure 1) (Read et &012.

Alignments of mammalian LDHA, LDHB, LDHC and LDH6B amino acid sequences.

The amino acid sequences for predicted mouse LDldpBssum LDHA, LDHB, LDHC and LDH6B, and
platypus LDHA, LDHB and LDH6B subunits are aligneih previously reported sequences for the cornedipy
human and mouse subunits (Tsujibo et al., 1985¢Aaland Li, 1989; Millan et al., 1987; Fukasawa bnd987;
Sakai et al., 1987; Hiraoka et al., 1990) (Figuree® Table 1). The predicted opossum and platvMPlssequences
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showed higher levels of identity with homologuelsaces from human and mouse sources, particutarthé
LDHA and LDHB sequences, which were 89-93% idehacal 80-97% identical, respectively. Mammalian LOH
and LDH6B sequences, however, exhibited lower feg€ldentity, showing 65-74% identity for humampuse and
opossum LDHC sequences and 59-75% for human, namasplatypus LDH6B sequences, respectively (Taple 2
Mammalian LDH6B sequences showed evidence of NHersrextensions for the predicted mouse, opossuaim an
platypus subunits in comparison with LDHA, LDHB abdHC sequences for all species examined (Figure 2)
MITOPROT computer based analyses of these sequpnedisted high probabilities for mouse and opossum
LDH6B subunit export into mitochondria (0.98 an@d9).respectively), as well as potential cleavatgssit residues
36 (mouse LDH6B) and 49 (opossum LDH6B) (Tableigjufe 2). The platypus LDH6B sequence, however,
differed significantly in this property, with th&%esidue N-terminus extension showing a lower @bdhy as a
mitochondrial signal peptide (0.27) (Table 1; Fig@). Mitochondrial LDH (Brooks et al, 1999) hasbereviously
proposed to play a role in the intracellular laetstiuttle and in lactate clearance by mitochondoaever the
responsible LDH isozyme(s) have not been concliisidentified. The identification of a mitochondri@ader
sequence for human, mouse and opossum LDH6B sshuai assist further investigations concerningtarial
role for mammalian LDH in mitochondrial lactatealance.

Each of the predicted mouse (LDH6B), opossum (LDHBHB; LDHC; and LDH6B) and platypus
(LDHA; LDHB; and LDH6B) sequences aligned closelighathe corresponding human and mouse sequenats, an
all subunits (with one exception), showed sequéahaetity for the key active site residues previgustscribed for
human LDH subunits (see Read et al., 2001). Thaigiesl platypus LDHEB sequence, however, contaamedrg
residue in place of the key LDHA coenzyme bindiegidue (Asn138), which may significantly alter Kietic
properties for this enzyme.

Differences in the theoretical isoelectric poir§ for opossum and platypus LDHA and LDHB subunits
were observed, with LDHA showing higher pl valuésl(and 8.2) than for the LDHB subunits (5.7 arig, avhich
is consistent with pl differences observed for pthammalian LDHs (Table 1). LDH6B subunits showeéghkr pl
values than for the LDHA and LDHB subunits, whichynbe explained by the high basic amino acid cariterthe
N-terminus peptide extensions, whereas theorgticadlues for mammalian LDHC subunits were interiatd
between LDHB (lower pl) and LDHA/LDH6B (higher phfluman, mouse and opossum LDHA, LDHB and LDHC
subunits examined contained 331-334 amino acideseguresidues, whereas LDH6B subunits containeeB881
amino acids due to the N-terminus extensions ih ease.

Comparative Mammalian LDH Genomics

The NCBI AceView web browser currently defines thenanLDHA gene by 7912 GenBank accessions
isolated from a wide range of tissuéstf://www.nchi.nlm.nih.gov/IEB/Research/Acemblyax.html?human
(Thierry-Mieg and Thierry-Mieg, 2006). These huntddHA transcripts included 20 alternatively spliced amats
(LDHA isoforms) which may result from differential 5'®rend truncations, exon shuffling, overlappingrexwith
different boundaries and alternative splicing (F&8). The humahDHB gene is also defined by a large number of
GenBank accessions and tti2HB transcripts included 14 alternatively spliced aats also resulting from
differential truncations of the 5' and 3' ends,resbuffling and overlapping exons with differenuhdaries. In
contrast, transcription of the humBDHC gene produced only 6 alternatively spliced mRNpgagently resulting
from exon shuffling (Figure 3). The differentialee for these splicing variants (LDH isoforms) farman LDHA,
LDHB and LDHC isozymes have not been established.

Figures 1 and 2 show the locations of the introbrexoundaries for the mammaliBBH gene products
examined, and compares them with previously regdditenan and moudeéDH gene structures (Chung et al., 1985;
Fusakawa and Li, 1987; Takeno and Li, 1989a,b)tleid positioning within the aligned amino acid segces. The
mammaliarLDHA, LDHB andLDHC genes examined, and the predicted hubi2iH6A gene, contained 7 exons in
each case, with intron-exon boundaries in idenbc@lomparable positions. In contrast, the humahraouse
LDH6B genes were without intronic sequences, carifig a report for the human LDH6B gene (Wang et24105),
for which expression was observed in human teBtis.predicted DH6B genes in the opossum and platypus
genomes, however, contained 8 exons, with thedish encoding the predicted N-terminus extensionthese
gene products, whereas the other 7 exons weréZedah similar or identical positions to other nraatianLDH
genes.



Table 1 describes the predicted locations for taenmalianLDH genes examined which showed that
human, mouse and opossuBHA andLDHC genes are located together within respective gesam
chromosomes 11, 7 and 5, respectively. The humdmamise LDHA and LDHC genes are very closely |latate
together being separated by < 7 kilobases of DN#& fredicted humaDH6A gene is also part of this gene
cluster on chromosome 11, as is the opodsDREB gene on chromosome 5 of the opossum genome. iticaxld
the platypus DHA andLDH6EB genes are apparently located on or near the santigiecous piece of DNA
(Contig3116) suggesting that these genes are lalselg located on the platypus genome. In contthsthuman,
mouse and opossultDHB genes are on a separate chromosome to that bbtHA-like gene cluster (Table 1).

Table 3 compares the predicted locations, sizes) Bumber and percentage identities for 13 proposed
humanLDH pseudogenes. Ten of these predicted pseudogemesdsh higher degree of identity with the human
LDHA exonic sequences, and were designatédDabAps genes; two showed higher sequence identity witham
LDHB exonic sequences (designated B$1Bps genes); and one was more closely aligned with hutbHC gene
exonic sequence&PHCpsl). These predicted genes are apparently locat€ddifferent chromosomes, and several
of these were localized within intron sequenceftber genes, which encode proteins responsibleigtinct
functions in the body, such as th¥ST gene, encoding a lysosome trafficking regulatontgin (Barbosa et al.,
1996); theDYH6 gene, encoding dynein heavy chain 6 (Ota et a042@heMYOLE gene, encoding myosin 1E
(Bement et al., 1994); and t88A4 gene, encoding a solute carrier protein family dr(am et al., 1997). It is
possible that DH pseudogenes may perform as yet unknown regulatoctibns for a range of genes (65T,
DYH6; MYOLE; and$4A4) or may serve as passive genetic elements witliaric sequences for these and other
genes of the human genome.

Secondary and Tertiary Structures for Mammalian (and Chicken) LDH Sequences

Figures 1 and 2 show the secondary structuresogorgy reported for human LDHA and LDHB (Read et
al., 2001) and for mouse LDHC (Hogrefe et al., )387predicted for mammalian LDHA, LDHB, LDHC and
LDH6B subunit sequences, together with human LD6& LDH6C sequences. Predicted secondary strudtures
chicken LDHA and LDHB sequences were also examasethese were used as ‘outgroup’ LDH sequences for
comparative analyses of mammallZDH gene and protein structures. Siminelix B-sheet structures were
observed for all mammalian and chicken LDH subuexamined, particularly near key residues or fuomati
domains, including active site residues such asttive site proton acceptor (His193), as wetiaenzyme (Arg99
and Asn138) and substrate (Arg106; Arg169; Thrbi&lling residues (Read et al., 2001; Hogrefe etl@B7). The
obvious major difference in mammalian LDH secondarycture related to the N-terminus extension$iéonan
LDH6B and LDH6C, and for mouse and opossum LDHG6BIctv contained an additional amphiphidihelix at the
amino terminus, which may support being exportéd mitochondria via these potential mitochondrégder
sequences (see Table 1). Although the platypus MN@&erminal sequence contained a prediotéelix, this did
not extend into regions containing basic amino aesidues which may explain the lower probabildythis
sequence as a mitochondrial signal peptide (Tglfegure 2). Predictions of LDH secondary strucsufeowever,
may not fully reflect structureis vivo and serve only as a guide as to the comparativetstes for mammalian
LDH subunits.

Predicted tertiary structures for opossum LDHA, LRH.DHC and LDH6B subunits were examined and
compared with previously reported tertiary struesuior human LDHA and LDHB (Read et al., 2001), ford
mouse LDHC (Hogrefe et al, 1987) (Figure 4). Thedicted tertiary structures for opossum LDHA (rasil 2 to
332) and LDHG6B (residues 51 to 381) were suffidiesimilar to the human LDHA structure to be basadhe
previously reported human LDHA-NADH-oxamate compigsucture (Read et al., 2001) (Figure 4). In addijtthe
predicted structures for opossum LDHB and LDHC verificiently similar to the previously reportedrhan
LDHB-NADH-oxamate complex (residues 2-333) (Readlgt2001) and mouse LDHC (residues 2 to 331) (efeg
et al., 1987), respectively. It is apparent froesth predictions that LDHA, LDHB, LDHC and LDH6B sutlits are
highly conserved in mammals, and it is likely thBXH subunits in the opossum will resemble the apomnding
LDHs in human.

Phylogeny of Mammalian LDH Subunits

A phylogenetic tree (Figure 5) was calculated leyphogressive alignment of human LDHA, LDHB,
LDHC and LDH6B amino acid sequences with the cpoasling LDH sequences from mouse, opossum and the
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platypus. Chicken LDHA and LDHB sequences were gisluded and served as an ‘outgroup’ for this ysialof
mammalian LDHs. Four major clusters of mammaliath elnicken LDHs were observed: the mammalian (and
chicken) LDHA and LDHB gene clusters; the LDHC gehester of human, mouse and opossum; and the LDH6B
cluster of human, mouse, opossum and platypus.iksnsistent with the existence of four distimstmmalian
LDH gene families: LDHA, encoding the major skeletmiscle isozyme; LDHB, encoding the major heavzysne
(Markert et al., 1975); LDHC, encoding the testidl aperm specific isozyme (Millan et al., 1987)] &DH6B,
which awaits more detailed investigation. LDHA dridHB have been described in all vertebrates exagnamel
may be considered as the ‘ancestral’ genes foetiegme (Holmes, 1972; Markert et al., 1975). Intcast, the
LDHC gene has arisen independently from the LDHBeg@ both teleost fish (Quattro et al., 1993) emsbme
birds (eg. pigeon) (Zinkham et al., 1969; Manneal £t1997), while in mammals, the LDHC gene hanbe
apparently formed from an LDHA gene duplicationrgv@iillan et al., 1987; Mannen et al., 1997). Biemical
studies have previously shown that LDHA, LDHB aridHC isozymes are present in several Australian upsats
examined, including the pretty-faced wallaMagropus parryi), the koala Phascolarctos cincereus) and the brush-
tailed possumTrichosurus vulpecula) (Holmes et al., 1973) whereas LDHC is apparegitlgent in monotreme
mammals, the echidrn@achyglossus aculeatus) and the platypus (Ornithorhynchus anatinus) (Batdavid
Temple-Smith, 1973). This study of LDH genes arutgins predicted from the South American gray steiked
opossum¥lonodel phis domestica) genome lends support to the distribution of LDHBHB and LDHC genes and
proteins among marsupials from both Australia aotlS America. The absence of BDHC-like gene in the
monotreme (platypus) genome, however, suggestsitbaroposetl DH-A gene duplication event leading to the
appearance of the marsupial LDHC gene may havereetfollowing the separation of marsupial and niceroe
common ancestors. In contrast, the mammal@H6B gene is apparently present throughout eutheriansupial
and monotreme mammalian evolution but is apparetitbent in the chicken genome (Table 1; Figuré Srther
LDHA gene duplication event is proposed forming éineestral LDHEB gene at an earlier stage of mammal
evolution, prior to the separation of monotremesnfithe marsupial and eutherian mammalian commoastors.
This is supported by the higher levels of sequéteetities observed for LDHA and LDH6B subunits {6B%) as
compared with LDHB and LDH6B subunits (57-62%), #mel close locations observed f@HA andLDH6B
genes for the mammalian genomes examined.

Summary and Conclusions

Mammalian LDHs comprise at least four gene famiiesoding distinct subunits (A; B; C; 6B) which
form tetrameric enzymes and catalyze a key steprinohydrate metabolism in all tissues of the bafH
genes are differentially expressed in mammaliaués, withLDHA andLDHB genes exhibiting high
expression levels in skeletal and heart musclestiely, but with wide tissue expression pattdierse and
Kaplan, 1973; Markert et al., 1975). In contralsg tDHC gene is expressed predominantly in spermatocytes
and the mature testis, and is required for matdifer(Odet et al., 2008). This isozyme plays asential role in
ATP production by glycolysis in spermatozoa. ThenanLDHEB gene has not been extensively studied, but
has been shown to lack introns and to be exprésdedtis (Wang et al., 2005).

In this study, we repoit slico predictions for the amino acid sequences, strustamel gene locations
for LDH genes and proteins of four mammalian species,th@h, mouse, opossum (a South American
marsupial) and platypus (an Australian monotrefie@ human genome contained at leasbD# genes
encoding LDH A, B, C and 6B subunits, with the pceed LDH6B gene showing no evidence of introns. Two
other humar.DH6-like genes were observed, including an intronld3sl6C gene and a propos&®DHEA
gene, which contained 7 introns. HuntddHA, LDHC andLDH6A genes were located in tandem on
chromosome 11, whileDH6B andLDH6C genes were located on chromosomes 15 and 12ctesbe
SeveralLDH pseudogenes were located elsewhere on the humamggeof which seven were apparently
located within introns of other genes involved istidct but unrelated functions. OpossuBPHC andLDH6B
genes were located in tandem with the opossDA gene on chromosome 5 and containedDHA and
LDHC) or 8 (LDHEB) exons. An amino acid sequence prediction forofessum LDH6B subunit yielded an
extended N-terminal sequence, similar to the huameshmouse LDH6B sequences, which are proposed to
support the export of these enzymes into mitochHandhe platypus genome contained at ledsbB genes
encoding LDHA, LDHB and LDH6B subunits. Phylogereidtudies analyses indicated thBtHA, LDHB and
LDH6B genes are present in all mammalian genomes exdnimeduding a monotreme (platypus), whereas the
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LDHC gene may have arisen more recently in marsupiainmes prior to the appearance of eutherian
mammals.
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Figure Legends:

Figure 1: Amino acid sequence alignmentsfor human LDHA, LDHB, LDHC, LDH6A, LDH6B and
LDH6C sequences

See Table 1 for sources of LDH sequences; * shderttical residuesiesidues identified by MITOPROT as high
probability mitochondrial leader sequencesnserved active site residues Arg99 and 106; 2&n4rgl169; His193; and
Thr248Helix (Human LDHA and LDHB or predicted helix); SiiHuman LDHA and LDHB or predicted she&hld
underlined font shows known opredicted exon junctions (B, B, C, 6A, 6B and 6C refer to the correspondingnan
LDH subunits.

Figure2: Amino acid sequence alignmentsfor human, mouse, opossum, platypus and chicken LDH
sequences

See Table 1 for sources of LDH sequences; * shdarttical residuesiesidues identified by MITOPROT as high
probability mitochondrial leader sequencesnserved active site residues Arg99 and 106; 2&n4rg169; His193; and
Thr248Helix (Human LDHA and LDHB or predicted helix); SiigHuman LDHA and LDHB or predicted she&hld
underlined font shows known opredicted exon junctions (]) DHs examined included human (hu); mouse (mo);
opossum (op); platypus (pl); and chicken (ch).A, B, C and 6B refer to the corresponding LDH sutsun

Figure 3: Genestructuresand splicing variantsfor human LDHA, LDHB and LDHC genes

Derived from the AceView website (Thierry-Mieg afdierry-Mieg, 2006)
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembligoform variants (a, b, ¢ etc) are shown withpeap5’- and validated
3’-ends for the predicted mMRNA sequences. NM nusbefier to annotated RefSeq sequences for hiubgai#, LDHB and
LDHC genes. Scale refers to base pairs of nucleotijlgesees.

Figure4: Threedimensional structuresfor human LDHA and mouse LDHC subunitsand predicted three
dimensional structuresfor opossum LDHA, LDHB, L DHC and L DH6B subunits

Human LDHA and mouse LDHC 3-D structures and ptediopossum LDHA, LDHB, LDHC and LDH6B structuresner
obtained using the SWISS MODEL web ditgp://swissmodel.expasy.org/workspace/index?fgee Table 1). The rainbow
color code describes the 3-D structures from thébhe) to C-termini (red color). The structures based on known 3-D
structures for human LDHA and LDHB (Read et alQP0and mouse LDHC (Hogrefe et al., 1987) complexitd NADH
and oxamate. Modeling ranges for the opossum LDjdeseces were: LDHA: 2 to 332 based on PDB temidi@A;

LDHB: 2 to 333 based on PDB template 1i0zA ; LDHQo 331 based on PDB template 9ldtA ; and LDHEBt®b381
based on template 1i10A .

Figure5: Phylogenetic tree of mammalian CES6 and of human CES1, CES2, CES3 and CES5 sequences.
The tree is labeled with the LDH gene family numéaed the species name. Note the separation afdkegenes into four
LDH family clusters: LDHA; LDHB; LDHC; and LDH6B.

LEGENDSFOR TABLES

Table 1: Mammalian and chicken lactate dehydr ogenase (L DH) genes and enzymes examined

GenBank mRNA (or cDNA) IDs identify previously mped sequences (sb#p://www.ncbi.nlm.nih.gov/Genbank/N-scan andSGP

IDs identify gene predictions using gene strucpnediction software provided by the ComputatioBahomics Lab at Washington
University in St. Louis, MO, USA (sd&tp://genome.ucsc.eluJNIPROT refers to UniprotKB/Swiss-Prot IDs fardividual LDH

subunits (seéttp://kr.expasy.ory *Mitochondrial export probabilities and predictedrgl peptides were based on MITOPROT web based
tools (see Methods}Contig ID for platypus genome sequenc&sediction software based ENSOANT IDs; Sourced foH sequences
were provided by the above sources.




Table2: Percentage identitiesfor mammalian and chicken L DH amino acid sequences
Numbers show the percentage of amino acid sequdaaéties. Numbers ibold show higher sequence identities for eutherian maama
LDH sequences.

Table 3: Predicted human LDH pseudogenes

Predicted human LDH pseudogenes are named LDHAPKBps or LDHCps in numerical order according to skunit showing highest
sequence identity and BLAT score using the UC S@&nte human genome web browskttif://genome.ucsc.ellUBLAT score
determined by using the relevant human LDH subsenifuence (A, B or C) to interrogate the human genépercentage identity of the
derived human pseudogene sequence with the relei2hisubunit sequencérange of LDH subunit sequence corresponding to the
derived LDH pseudogene sequent®eimber of relevant LDH residues obtained for theéveéel LDH pseudogene sequenggredicted
pseudogene size (nucleotidé’predicted exon sequences obserd&knBank or prediction software based ENSOANT |Ds lie
pseudogene sequenépredicted colocation of the LDH pseudogene withta@oknown human genécolocated gene function identified.
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Figure 4
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Table1

Zpecies  LDH GenBankID  UNIFRCT NCBI Chromosome Strand Amino Gene size Exons pl Subunit *Mitochondrial Export
Gene 1o Refieq D location Arids kbs MW | Probability [Residues)
Human LDHA BCOB7223 PO0338  MPOOS55T 11:18,374,966-18,385,401 positive 332 10438 7 2.4 36,688 0,04 [Nil)
LDHB BCO71860 | PO7195 NPOO2231 12:21,679,746-21,698,872 negative 334 15,127 7 5.7 36,838 .05 (Nil)
LDHC BCOG4388  PO7E64 NMOD2301 11:18,350,841-18,425,247 positive 332 38407 7 7.1 36311 Q.07 (Nil)
LOHEA BCO14340 NP&55405 11:13,434 804-18,456,5930 positive 332 22,187 7 &5 36,507 014 [Nil)
LDHER BCOZ22034 O5BYZ2  NP1459572 15:57,286,432-57,287 574 positive 381 1,143 1 B85 41543 0.92(1-33)
LOHBC ‘5GP.12.853.1 12: 61,683,600-51,684,723 positive| 373 1,124 1 86 41,157 0.78(1-33)
Mouse LDHA BCO04633 POE151 MNPO34823 7:54,102,990-54,110,508 positive 332 7,51% 7 7.6 36493 .02 (Nil)
LDHB BCO46755 P16125 NFQ32518 6:142,438,960-142,454,080 negstive 334 15,101 7 57 38572 .09 (Nil)
LDHC BCO43802 054876 NPO32608 7:54,117,140-54 133,244 positive 332 18,105 7 B4 3585812 0.1 [Nil)
LDHER BCO19420 NP780558 17:5,417,512-5,418,657 negative 382 1,146 1 9.3 42,048 0.93(1-37)
Opossum LDHA AFOTO996 08787 NP1028147 5: 242 665,352-242,674,081 negative 332 8,650 7 7.1 36,358 0.02 [Nil)
LDHB AFO70997 Q9¥Te6  *chrB.557.3 8:93,264,241-83,287,176 positive 334 22,836 7 5.7 36537 Q.06 (Nil)
LDHC | *chr5.25.018 ¥F1378385 5:242,633,611-242,658,15% negative 331 24543 7 &8 36303 Q.1 (Nil)
LDHER  Zchr5.25.016 ®P1378357 G:242 565,407-242,601,387 negative 381 36,581 3 .7 41871 0.79(1-50}
Flatypus LDHA AF545182 #11958: 1024-4657; *3118: 2244-4848 negative 332 5,377 7  B.2 36,451 0.04 [Nil)
LDHE *EMSOANT1E632 *59108: 2671-279%; *8353: 5168-27343 positive 335 22,305 7 7.1 38,525 0.08 [Nil)
LDHER *ENSDANT13298 *3118: 2264-26601 positive 385 17,338 8 8.8 41,310 Q.27 (Nil}
Chicken LDHA PO0340 NP230615 5:13,645,367-13,645,740 positive 332 4,373 7 7.8 35514 .01 (Nil)
LDHB PO0337  NP2B5503 1:6%,204,825-69,213,583 positive 333 5,058 7 7.1 38318 .08 (Nil)
Table 2

LDH Subunit HuA MoA OpA FIA ChA HuB MoB CpB FIB ChB HuC MeC CpC Hu&B Mo &6BOp 6B Pl 6B

HumanA 100 93 50 92 34 |75 74 74 |63 74 75 T2 74| 71 65 &5 74
Mouse A 93 100 92 91 34 Y5 |75 75 B4 73|74 72|75 72 &7 B4 TE&
OpossumA | 90 | 92 100 B89 82 77 75 75 B4 75 73 | 71 74 71 67 &5 73

FlatypusA 92 591 | 89 100 35 75 75 74 64 73 77 71 75 70 BB B | 77
ChickenA 34 34 32 385 100 74 74| 74 63 71 70 &3 72 65 B0 | B2 B3

HumanB 75 075 ¥7 75 74 10097 97 81 90 | B9 BL | BF &G 62 | 53 | &G
Mouze B 74 |75 75 75|74 97 100 9% 81 89 6% 64 BT B4 B2 G  EBE
OpossumB 74 | 75 75 74 74 97 96 100 30 39 | 69 64 67 B4 B2 57 B4
FlatypusB 63 &4 | &4 64 63 81 81 30 100 77 5% 57 5% 58 55 50 57
Chicken B 74 |73 75 73|71 S0 389 &9 |77 100 67 B4 67 B4 Bl | 59 B4

HumanC 75074 73|77 70 69 |69 69 59 E7 (10D V4 | 73 &7 gl 59 &G
Mouze C 72 |72 71 71| 6B 65 64 64|57 64|74 100 65 &5 61 &1 &5

OpossumC | 74 | 75 | 74 75 |72 67 67 &7 | 59| 67 | 73 | 65 100 &7 81 B2 B4

Human&B | 71 | 72 71 70 &5 65 64| 64 56 64 67 65 67 | 100 75 63 66
Mouse 6B 65 &7 &7 |66 B0 62 |G2 62 |55 Bl |61 Bl |Gl 75 100 B0 | &2
Opossumé&B &5 64 65 B B2 53 57 57 8D 59 59| 6l B2 &3 6D | 10D 55
Flatypus6B 74 | 76 73 77 BB 65 &5 &4 |57 B4 | 65 65 64 6B | B2 59 | 100
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Table3

Human LOH

Pseudogene
LDHAps1
LDHApsZ
LDHAps3
LCHAps4
LDHApsS
LDHApsE
LOHAps7
LCHApsE
LDHApsS
LDHAp:10
LDHBps1
LDHBps2
LDHCps1

BLAT

Score ‘Identity *Ranze *Residues

i3z

]

92
&
g
g6
&

g5

Residue

2331
2331
KRN
1332
55328
128332
nan
7-2%
7-2%
-8
1334
186308
2230

No. of

EE)|
ile
3

fuiry

0

-

i

3

—_

1

bl

=1

3
301

i

2

0
i

L

8
331
1

—-

9
42

Gene

Location

Strand Gene *Bons GenBankID

*Size

9:14911338-14.912,329  negative 992

1:233,967,929-233,968,309 positive 981

2:41,300,453-41,301,398  positive 946

4:4346,338-45,47 301
2: 84,857,909-84,858 721

negative 964

negative 813

10:120,682,174-120,682,785 negative 12

15:57,286,657-57, 287,559 positive. 303

6:1,520,274-1,521,085

negative 812

6:157,640,146-157,640,351 negative 806

12:61,583 82561 684723 positive. 338

$:75,471,647-75 472,645

negative 998

13:112,979,604-112,979,364 positive 361

4:71,518,995-72,522,295

negative 3301
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2
4
3
3
1
3
1
2
2
2
3
2
&

Gene *Colocation

“Prediction *Possible Function
“ENST397561

*UBT615  LYST: part of intron for Iysosome trafficking regulator

’ENST3949%8
“ENSTA00077
TENST389334  DYHE: part ofintron for dynein heavy chain
"ENST402787
“ENST288235 MYO1E: part of intron for myosin 1€

BC023130 BC029130: part of intron for unidentified gene
TENST338126  CFO3G: partofintron for membrane protein
"ENST32462641833331: part of intron for testis mANA encoding 2ne
“ENST39564E
TENST404271

BCO30877  34A4: partof intron for solute carrier protein family 4



