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Two human genomic clones containing the lactate dehydrogenase-B 
processed pseudogene were isolated from two patients deficient in lactate 
dehydrogenase-B isozyme. The sequences of 3,287 nucleotides, including the 
pseudogenes and its flanking regions, from both Clones were found to be 
identical except for three differences in the pseudogenes. The sequences 
of 1,286 nucleotides from these two pseudogenes exhibited 93% homology 
with the cDNA sequence of the lactate dehydrogenase-B functional gene, 
and the pseudogene contained 75/76 base substitutions, 11/12 single-base 
deletions, and 5 single-base insertions. This pseudogene was mapped to the 
x-chromosome by dot-blot analysis using a probe for the pseudogene or its 
5' flanking sequence. 0 1990 Academic Press, Inc. 

In humans, the lactate dehydrogenase A (muscle), B (heart) and C 

(testis) polypeptide chains are encoded by three different genes (l-3). 

The LDH-A and LDH-C genes are closely linked on chromosome 11, while the 

LDH-B gene is located on chromosome 12 (4-5). The genomic organization of 

human LDH-A, LDH-B and LDH-C genes has been elucidated and their protein- 

coding sequences are interrupted by six introns at homologous positions 

(6-8). During the characterization of genetic mutations resulting in 

deficiency of the human LDH-B isozyme (g-lo), we have isolated and partially 

sequenced two genomic clones containing the LDH-B processed pseudogene. 
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Here we report the nucleotide sequence of the LDH-B pseudogene and its 

flanking regions as well as the chromosomal assignment of this pseudogene. 

Materials and Methods 

Isolation and characterization of genomic clones: 
The genomic DNAs were isolated from white blood-cells of patients with 

a deficiency of the LDH-B subunit (g-lo), and genomic DNA libraries were 
constructed from the MboI partially-restricted DNA fragments inserted at 
the BamHI site of the lambda GEM-11 (Promega). The full-length human LDH-B 
cDNA (ll), excluding the poly(A) tail, were labelled with (a-'*P)dCTP 
(Amersham) with the use of random primers (Boehringer-Mannheim). This 
probe was used to isolate genomic clones containing LDH-B gene-related 
sequences by plaque hybridization as described previously (12). The plaque 
DNAs bound to the plaque-screen-hybridization membrane (DuPont) were 
hybridized at 65'C overnight, and the filters were washed as recommended by 
the supplier. Autoradiography of the filters was done with Kodak XAR-5 
film and DuPont Cronex Lighting-plus intensifying screen at -7OY. The 
positive plaques were subsequently purified to homogeneity through repeated 
rounds of screening. The DNA purified from the positive genomic clones 
was analyzed by restriction endonuclease mapping and Southern blotting, as 
described previously (12). The isolated DNA fragments were further cleaved 
and subcloned into Ml3 mp18 or mp19 bacteriophages (13). The Ml3 bacterio- 
phages exhibiting positive hybridization to the human LDH-B cDNA probe were 
isolated and the nucleotide sequences of the inserted DNA were determined 
by the dideoxy chain termination method with the sequencing protocol 
modified to use deoxyadenosine 5'-[a-"S]thio)triphosphate (14). 

Chromosomal assignment: 
Human chromosomes were isolated and flow-sorted into individual spots 

on nitrocellulose discs as previously described (15). These spot-blots 
were hybridized with l*P-labelled probe of the LDH-B pseudogene or its 5' 
flanking sequence. The conditions for hybridization and washing have been 
described previously (4). 

Results and Discussion 

Nucleotide sequence analysis: 

Two genomic clones (B117 and 8216) exhibiting the strongest hybridiza- 

tion signal to the human LDH-B cDNA probe were purified from different 

genomic libraries of patients with an LDH-B isozyme deficiency. Both 

genomic clones were found to possess inserts of approximately 15 Kb each, 

and their DNA fragments of 3.3 Kb containing the LDH-B gene-related sequence 

were isolated from Sal1 and EcoRI cleavage fragments. Both DNA fragments 

were further characterized by restriction endonuclease Hind111 cleavage and 

Southern blot analyses, and both exhibited identical restriction patterns, 

presumably containing the same LDH-B gene-related sequences (Fig. 1). The 

SalI-EcoRI DNA fragments of 3.3 Kb and their subfragments cleaved by 

Hind111 were subcloned into Ml3 bacteriophages, and their nucleotide 

sequences were determined. The sequences of 3,287 nucleotides from both 

genomic clones 8117 and B216 were found to be identical except for three 

differences (Fig. 2). 
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Fig. 1. Genomlc structure of human LDH-5 processed pseudogene along with 
restriction endonuclease map and nucleotide sequencing strategy. 

The processed pseudogene is shown by the open block. The 5' and 3' 
flanking regions are indicated by solid lines. Genomic clones 6117 and 
6216 were isolated from lambda GEM-11 libraries (Promega). The restriction 
endonuclease map was deduced from cleavage with EcoRI (R), Hind111 (H) and 
Sal1 (S) (located at both ends of the genomic DNA inserts) and Southern blot 
analysis probed with the human LDH-6 cDNA. The isolated SalI-EcoRI DNA 
fragments of 3.3 Kb were further cleaved with Hind111 and subcloned into 
Ml3 mp18 or mp19 bacteriophages. The nucleotide sequences of the inserted 
DNAs were determined by the dideoxy chain termination method. The direction 
and length of sequencing are given. The open circle denotes the sequencing 
primer (17mer) synthesized according to the previously determined sequence. 

Both genomic clones 8117 and 8216 contained the LDH-B gene-related 

sequences of 1,299 nucleotides, which are flanked by perfect direct repeats 

of 10 nucleotides. These sequences were found to have 93% homology with 

that of human LDH-B cDNA (Fig. ZA), and they possessed none of the introns 

which are present in the LDH-B functional gene (7). The sequence of 1,781 

nucleotides upstream to the 5' direct repeat is very different from that of 

the putative promoter region of the human LDH-B functional gene. Therefore, 

the LDH-B processed pseudogene is transcriptionally inactive because of 

the absence of a promoter. Furthermore, both genomic clones 8117 and 8216 

contained a substitution of G by A at the translation initiation codon ATG 

and an insertion of A right before the initiation site, as well as many 

other changes resulting in premature termination as discussed below. The 

'coding' sequence of both genomic clones is incapable of producing a 

functional LDH-B protein. Therefore, the sequence of 1,299 nucleotides 

present in genomic clones 8117 and 8216 is an LDH-B processed pseudogene. 

The processed pseudogene became nonfunctional at the time of its 

origin because of the absence of a promoter for transcription initiation. 

Thus, spontaneous mutations occurring in the pseudogene were apparently not 

subjected to functional {selective) constraints. It is of interest to know 

the rates and the types of mutations in the pseudogenes. Table I summarizes 

the nucleotide differences among 1,286 positions compared between both 
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A 

LDH-B 
$18117 
$B216 

LDH-% 
98117 
$8216 

30 
LDH-8 
96117 
$8216 

LDH? 
$8117 
VB216 

90 
LDH-B 
will7 
VB216 

120 
LDH-% 
98117 
$18216 

130 
LDH-B 
$8117 
V8216 

180 
LDH-B 
98117 
$8216 

210 
LOH-8 
VB117 
VB216 

240 
LDH-B 
98117 
+8216 

270 
LDH-% 
$Bll7 
$8216 

300 
LDH-8 
98117 
$8216 

330 
LDH-B 
$8117 
$8216 

LDH-B 
$8117 
IyB216 

LDH-8 
46117 
$18126 

GCCGGAGGAGACGGCACGCAGCTGACTTTGTCTTCTCCGCACGACTGTTACAGAGGTCTCCAGAGCCTTCTCTCTCCTGTGCA~ 
aagaaggtttT A - - A C A - CAC T  A 
aagaaggtttT A - - A C A - CAC T  A 

MetAlaThrLeuLysGluLysLeuIleAlaPro\ialAlaGluGluGluAlaThrValPro AsnAsnLysIleThrValValGlyValGly 
ATGGCAACTCTTAAGGACTCATTGCACCAGTTGCGG~G~GAGGCAACAGTTCCA AACAATAAGATCACTGTAGTGGGTGTTGGA 

A T  - A A 
A T  - A A 

GlnValGlyMetAlaCysAlalleSerIleLeuGlyLysSerLeuAlaAspGluLeuAlaLeuValAspValLeuGluAspLysLeuLys 
CAAGTTGGTATGGCGTGTGCTATCAGCATTCTGGGAAAGTCTCTGGCTGATGAACTTGCTCTTGTGGATGTTTTGG~GATAAGCTT~A 

A T  
A T  : E 

GlyGluMetMetAspLeuGlnHisGlySerLeuPheLeuG lnThrProLysIleValAlaAspLysAspTyrSerValThrAlaAsnSer 
GGAGAAATGATGGATCTGCAGCATGGGAGCTTATTTCTTC AGACACCTAAAATTGTGGCAGATAAAGATTATTCTGTGACCGCCAATTCT 

- A AGT T  
- A AG T  C T  E i 

LysIleValValValThrAlaGlyValArgGlnGlnGluGlyGluSerArgLeuAsnLeuValGlnAr QAsnValAsnValPheLysPhe 
AAGATTGTAGTGGTAACTGCAGGAGTCCGTCAGCAAGAAGTCTGGTGCAGAG AAATGTTAATGTCTTCAAATTC 

T  T  
: : : 

T  AA 
T  T  T  AA 

IleIleProGlnIleValLysTyrSerProAspCysIleIleIleValValSerAsnProValAspIleLeuThrTyrValThrTrpLys 
ATTATTCCTCAGATCGTCAAGTACAGTCCTGATTGCArCA 

AT C CT T  G 
AT C CT T  G 

LeuSerGlyLeuProLysHisArgValIleGlySerGlyCysAsnLeuAspSerAlaArgPheArgTyrLeuMetAlaGluLysLeuGly 
CTAAGTGGATTACCCAAACACCGCGTGATTGGAAGTGGATGTAATCTGGATTCTGCTAGATTTCGCTACCTTATGGCT~CTTGGC 
A T  AT 

z 
A G 

: 
T  

A T  AT A G T  

IleHisProSerSerCySHisGlyTrpIleLeuGlyGluHisGlyAspSerSerValAlaValTrpSerGlyValAsnValAlaGlyVal 
ATTCATCCCAGCAGCTGCCATGGATGGATTTTGGGGGAACTGGTGTGAATGTGGCAGGTGTT 

A - A AT T  T  
A AT T  2 T  

SerLeuGlnGluLeuAsnProGluMetGlyThrAspAsnAspSerGluAsnTrpLysGluValHisLysMetValValGluSerAlaTyr 
TCTCTCCAGGAATTGAATCCAGAAATGGGRRCTGACAATGATAGTG~TTGG~GG~GTGCAT~GATGGTGGTTG~AGTGCCTAT 

A A A 
A A A 

GluValIleLysLeuLysGlyTyrThrAsnTrpAlaIleGlyLeuSerValAlaAspLeuIleGluSerMetLeuLysAsnLeuSerArg 
GAAGTCATCAAGCTAAAAGGATATACCAACTGGGCTATTGGATT~GTGTGGCTGATCTTATTG~TCCATGTTG~~TCTATCCAGG 

A T  A- 
A T  : A- : 

IleHisProValSerThrMetValLysGlyMetTyrGlyIleGluAsnGluValPheLeuSerLeuProCysIleLeuAsnAlaArgGly 
ATTCATCCCGTGTCAACAATGGTAAAGGGGATGTATGGCATTGAG~TG~GTCTTCCTGAGCCTTCCATGTATCCTC~TGCCCGGGGA 

T  C A 
T  C A 

LeuThrSerValIleAsnGlnLysLeuLysAspAspGluValAlaGlnLeuLysLysSerAlaAspThrLeuTrpAspIleGlnLysAsp 
TTAACCAGCGTTATCAACCAGAAGCTAAAGGATGATGAGGTTGCTCAGCTCAAGA~AGTGCAGATACCCTGTGGGACATCCAGAAGGAC 

T  A 
T  A 

LeuLysAspLeuTer 
CTAAAAGACCTGTGACTAGTGAGCTCTAGGCTGTAGAAATTGTGATTAACTC GAGCCTTTAGTTTTCATCCATGTAC 

C T  T  
C T  T  

ATGGATCACAGTTTGCTTTGATCTTCTTCAATATGTGAATTTGGGCTCACAG~TCA~GCCTATGCTTGGTTT~TGCTTGC~TCTGA 
C C-- A GA 
C C-- A GA 

GCTCTTGAACAAATAAAATTAACTATTGTAGTGTGCTTCTG MAAAAAAAAAAAAAAAAAAA 
T  T  GGG GCaagaaggttt 
T  T  GGG GCaagaaggttt 

Fig. 2. Nucleotide sequence of human LDH-B processed pseudogene and its 
flanking regions. 

A. Sequence comparison of human LDH-B processed pseudogenes present 
in genomic clones B117 and 8216 with the cDNA sequence of the human LDH-B 
functional gene. The deduced amino acid sequence of the LDH-B cDNA is 
given above its nucleotide sequence. Different nucleotides between the 
pseudogene and cDNA sequences are given. Deletions are denoted by a hyphen, 
while insertions are shown by a gap in the cDNA sequence. Perfect direct 
repeats of 10 nucleotides are given in lower case. 

B. The 5' flanking sequence of the LDH-B pseudogene. 
C. The 3' flanking sequence of the LDH-B pseudogene. 

LDH-B processed pseudogenes and the cDNA sequence, excluding poly (A) tail, 

of the LDH-B functional gene. There were 75/76 (82.4%) base substitutions, 

11/12 (12.1%) single-base deletions and 5 (5.5%) single-base insertions. 
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B 
10 30 40 50 70 

GTCGACTCTIIGGCCTCAC:~GcT~TAcGAcTcAcT*TAGGG*GcTcGATcc*cTGGA~~cAGccTccc~GTGcTG~~AcT*c*GG~~TGATccAccA 

TGCCTGGCTCCATATAAACTTTAGAATTGTTTATTCTAAATTGCTTTG 

GGCAGTGTG(;TCATTTTAATAATATTTATTCTTCTAATTGATGAGTATGGGACATTTTTCCATTTGTATCATCTAC~TTTCCTTCATC~TGATTTCTA 

GTTCTCCTTGTAGAGACTTTACCTTCTTACTT~ATGTATTCTGGCTTTCTTAAGGCCATTGT~T~TTTCATTCTCAGTTTGGTTCTCAGCTTGA 

TTGTTATTG(;TGTATGAAAATGCTACTAATTTGTGTACACTGATTCTTTATTCTG~CTTTGACTGCAGATTTTGTCAGTTCT~GAGCCTTTTGGTGG 

AGTCCTCAGAGTGTTCTAGGTATAAAATCATATCATCAGT~AATAGGT~TTTGATTTAAGTTCTTATTTG~TGCCTTTTATTGCTTTCACTTGTCT 

CATTGCTCT(;TAGGATTTCTTGAACTATGTTGAATAGGAGTGGTGAGAGTGCACAACCTCATCTTGTTTTAGTCTGAGAG~ATGCTCCCCACTTTTTC 

CATTTAGTA‘ IAATGTTGGCTGTGGGTTTGTAATATAAGGCTCTTATTATTTTGAGATACGTTTCTTTAATGTCTAGTTTGGTTTTTTAGTGTTTTTATCG 

TGAAGGAATGTTGGACTTCATGGAATCCATTTTGTGCATCTATTGAGATGATTATATGGTTTTTATTTTT~TCTGTTTATGTGGTGATTGATTTATTG 

ATTTGTATGCCTTGAACCATCTTTGCATCTCTGGAGAAATT 

GCTCAGGATTTTTTCATTTATGCTCACCTTGGATATTTGTCTGTAGTTTTCTTTCTTGTTATTGTGTGTTTGCCTGATTTGGTATCAGAGTGATACAGGC 

TTTGTAGTATGAGTTAGGGAGAAATCTCTCCTCTTTGGTATTTTTGAATAGTTTTAGTAG~TTGGTACTAGAGCCTGCATGTACATCCGGCA~TTTG 

GCTATGAATCTGTTTAGTCCTGGTCTTCTTTGTTGAAAAGATTTCTGCTTCTAG 

TTTTAATTA' ICTATTTAAATTTTTGTGAGTACATAGTAGGTGTATATATTTGTG~GT~TTAGATGTTTTGGTACAGGCACAT~TGCAT~TAATCA 

CATTATAGMAATGGAGCATCCATTCCCTGAAATATATATCTTTTGTGTTAC~ACAATCCAATTAT~CTCTTTTTAGTTATTCTA~TGTGC~TTA 

AATTATTGTI;TTAGACTGTTCTCACATGGTTATAAAGAATTAGATGTTTTGGTACAGGCA 

CATAATGCAlAATAATCACATTATAGAAAATGGAGCATCCATTCCCTGA~TATATATCTTTTGTGTTAC~ACAATCCAATTAT~CTCTTTlTAGTTA 

TTCTAAAATI;TGCAATTAAATTATTGTGTTAGACTGTTCTCACATGGTTATAAAGAAATACCTGAGACTGGGTAATTTATA 

C 
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AATTGGCTCATGATTCTGCAGGTTGTACAGAAAGCATAGCATCATCTCTTCTGAGG~GCTTCAGG~GCTTCTCATCATGGCAG~GGC~AGGGAGAG 

CCGTAACATCACATGGTGAGCAGGAGCAAGAGACTGAGACGAGAGGTGCTATACACTTTAA~TGACTAGCTCTCAC~G~TTC 
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The 5' non-coding region appeared to have twice as many differences (17.6%) 

as those of the 'coding' (6.5%/6.7%) and 3' non-coding (6.2%) regions. 

The rate of mutations in the pseudogenes should be very close to the 

Table I. Comparison of human LOH-B pseudogene and CONA sequences 

Numbers of chanqes in reqions 
Types of changes 5' NC?' 'Coding' 3’ NC Overall 

Base substitutions 9 57 (58c) 9 75 (76) 

Deletionsa 3 5 (6) 3 11 (12) 

Insertions 1 3 1 5 

Total 13 65 (67) 13 91 (93) 

Positions Compared 75 1005 209 1286 

Differences (%) 17.6% 6.5% (6.7%) 6.2x 7.1% (7.2%) 

a All deletions and insertions are single-base changes. 

b NC means non-coding regions. 

c LDH-B pseudogenes present in genomic clones 8117 and B216 contained the 
same nucleotide sequence except that clone 8117 had two more changes at 
'codon' 180 and 181. The values in parentheses include the two additional 
changes in clone 8117. 
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Table II. Frequencies of nucleotide substitutions in LDH-B pseudogenese 

5' NC region 'coding' region 3' NC region Overall 

A T C G ATCG ATCG ATCG 

A - 1 -114 - 11 -135 

T 1 - 1 2 - 5 2 13-72 

c*b 1 - 4 11 - 2 2 - 6 14 - 

Q 1 - 4 - 5 - 

*G 2 1 - 14 4 2 - 1 1 - 16 5 4 - 

cG 1 21 - 31 - 

a. The substitutions are from the nucleotides in the left column to the 
nucleotides in the row. 

b. The C* indicates the C not followed by G, and the *G means the G not 
preceded by C. 

intrinsic rate of spontaneous mutation because of the absence of functional 

constraints. Using the average substitution rate for mamnalian globin 

pseudogenes, estimated to be 4.7 x lo-' per nucleotide per year, if all of 

91/93 nucleotide differences out of 1,286 positions compared (0.070762/ 

0.072317 change per site) were assumed to be accumulated in the human LDH-6 

pseudogenes, then these pseudogenes present in genomic clones 6216 and B117 

should have existed in humans for 15.06 and 15.39 million years, respec- 

tively. 

Table II indicates the relative frequencies of various types of base 

substitutions comnon in these two LDH-B pseudogenes. It has been proposed 

that the methylated CpG dinucleotide is a mutational 'hot spot', because 

about 90% of methylated C residues occur at the CpG dinucleotides and the 

11 12 13 18 x Y 

Fig. 3. Spot-blot analysis of flow-sorted human chromosomes using the 
LDH-B pseudogene probe. 

The individual human chromosomes were flow-sorted directly on nitro- 
cellulose discs. The separated chromosomal DNAs were denatured and 
hybridized with '*P-1abelled probe of the LDH-B pseudogene (Hind111 DNA 
fragment of 1.2 Kb from genomic clone B216). The same spot-blots were also 
hybridized with the 5' flanking probe (SalI-Hind111 DNA fragments of 1.8 Kb 
from genomic clone B117), and very similar results were obtained (data not 
presented). 
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methylated C, once deaminated, is not subject to the repair process (16). 

I f  this were the case in the pseudogene having no functional constraint, 

the CpG dinucleotides in a functional gene would be substituted mainly 

by TpG or CpA. In fact, a comparison between human LDH-B cDNA and the 

pseudogene sequences reveals that 11 out of 16 CpG dinucleotides contained 

mutations, namely, five changes to TpG, three to CpA, one to CpT, one 

deletion and one insertion. Excluding 9 changes at the CpG dinucleotides, 

66 base substitutions present in the LDH-B processed pseudogene consisted 

of 42 (63.6%) transitions and 24 (36.4%) transversions. The frequencies of 

two transitions G to A and C to T are highest, and the two accounted for 

45.5% of 63.6% transitions. The substitution pattern observed in the human 

LDH-B processed pseudogene is quite similar to those of human and mouse 

LDH-A processed pseudogenes as well as mammalian globin pseudogenes 

(17-19). 

Chromosomal assignment: 

In our previous study using the cDNA probes of human LDH-A, LDH-B and 

LDH-C (4), we have confirmed that human LDH-A and LDH-B genes are located 

on chromosomes 11 and 12, respectively. We also mapped the LDH-C gene and 

its related sequences on chromosome 11. Chromosomes 1, 2, 4, 9, and 10 were 

found to contain LDH-A gene-related sequences, whereas the X chromosome 

and chromosome 13 possess LDH-B gene-related sequences. In this investiga- 

tion using the probes of the cloned LDH-B processed pseudogene and its 5' 

flanking sequence, the X chromosome exhibited the strongest hybridization 

signal, while chromosomes 12 and 13 gave much weaker signals (Fig. 3). 

These results clearly indicated that the cloned LDH-B processed pseudogene 

is located on the X chromosome. The cloned sequence of 3.3 Kb containing 

a human LDH-B processed gene will be of use as a molecular marker for the 

physical mapping and nucleotide sequencing of the entire human X chromosome. 
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