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PCR DERIVED ¢DNA CLONES FOR X-LINKED PHOSPHOGLYCERATE
KINASE-1 IN A MARSUPIAL, THE TAMMAR WALLABY (Macropus eugenii)1
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SUMMARY. ¢DNA clones for the X-linked PGK-1 were obtained from a tammar wallaby liver
by PCR and sequenced. The PGK-1 gene published here is the consensus sequence of those
clones. The sequence represents an open reading frame of 1251 bp. Sequence comparisons to X-
linked and autosomal sequences showed the greatest homology with the X-linked PGK-1 genes
in eutherian species. This sequence opens the way for studying the paternal X inactivation
phenomenon in marsupials and will assist in defining the time course of mammalian evolution.

© 1992 Academic Press, Inc.

Two active loci for phosphoglycerate kinase (PGK; E.C. 2.7.2.3.) have been detected in
eutherian ("placental") mammals by allozyme studies (1,2), and confirmed later by cloning and
sequencing in several species. An X-linked locus for PGK-1 is expressed in most tissues and is
subject to dosage compensation (3,1). Genes for the X-linked locus have been cloned and
sequenced in humans, mice and rat (4,5,6). The other locus PGK-2 is autosomal, and its gene is
expressed only in spermatogenesis of eutherians (7,8,9,). PGK-2 genes have been cloned and
sequenced in humans and mice (10,11). In addition to these two active loci, two PGK
pseudogene sequences have been described in humans ( 12,13), and seven in mice (14). From
the structures of the genes in the PGK family, it has been suggested that the original functional
PGK gene is the X-linked gene, and the other members, including the autosomal locus, arose
by duplication, presumably through an RNA intermediate . PGK-2 probably evolved from PGK-
1 over 100 million years ago (10,15), and is the only additional functional gene in the PGK
family.

Marsupial mammals diverged from eutherian mammals between 80-180 million years
ago, the most likely time being about 130 million years (16). Studies of phosphoglycerate kinase
allozymes in marsupials have revealed two important differences between them and eutherians.
While PGK-1 is X-linked, it is subject to paternal rather than random X-inactivation (17,
reviewed 18). PGK-2 is autosomal, and is the major isozyme in testis; however, it is also

1Sequence data from this article have been deposited with the EMBL/GenBank Data
Libraries under Accesssion No. X64296.

The abbreviations used are: PGK, phosphoglycerate kinase; PCR, polymerase chain reaction.
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expressed to a minor degree in the soma (19,20). To date only one marsupial PGK nucleotide
sequence has been published, a pseudogene of X-linked origin from the hill kangaroo (Macropus
robustus) (21). In order to study marsupial evolution and X-inactivation, we have used PCR to
clone the cDNA for PGK-1 from a closely related species, the tammar wallaby (Macropus
eugenii).

MATERIALS AND METHODS

The ¢cDNA was made from total liver RNA of tammar wallaby animals using the Riboclone
cDNA synthesis system (Promega). PCR primers were deduced from the hill kangaroo PGK
pseudogene sequence (A, B, C, and D; ref. 21), and human X-linked PGK gene (E; ref. 4) (Fig
1). Each primer had a 5 end linker containing a restriction enzyme site terminated by 5’ GC
sequence. The cDNA was amplified by 35 PCR cycles. Denaturation was at 94°C for 30"
annealing at 60°C for 90" and chain extension at 72°C for 120". At the end a further incubation
at 72°C was performed for ten minutes to complete all chains. The pGEM-4Z vector and the
amplified product were then cut with EcoR1 and Xbal, run on an 1.5% agarose gel, excised from
the gel and ligated for double strand sequencing. pGEM-4Z has two sites for sequencing primers
T7, SP6 (promega) flanking the insert area. Further primers were deduced from the sequence as
it was generated. A consensus sequence was obtained using DBUTIL and DBAUTO, which are
multiple sequence alignment programs of Staden (22,23).

RESULTS AND DISCUSSION

Three pairs of primers for PGK were used: A-D, C-B and A-E. Their positions are shown
in Fig 1. The PCR reaction yielded three types of amplified cDNA sequences; three A-D clones
contained sequences from 4 to 1232 bp, two C-B clones contained sequences from 400 to 1254
bp, and one A-E clone contained sequences from 4 to 630 bp. One of the A-D clones possessed
a single base substitution at nucleic acid position 928 in which a GGA was changed to TGA
resulting in a stop codon. None of the other four A-D or CB clones demonstrated this base
substitution. Each clone was sequenced several times (Fig 1), resulting in the consensus
sequence for the X-linked PGK-1 gene (Fig 2).

Two factors dictated the cloning strategy: the likely presence of mRNA for the autosomal
PGK-2 gene and the infidelity of the Taq 1 polymerase. To avoid amplifying the autosomal
PGK-2 gene, the primers used in the PCR reaction were carefully chosen in order to be able to
distinguish between it and the X-linked genes. The sequences for the primers used were
deduced from areas which are different between the PGK-1 and PGK-2 in mice and humans. To
avoid polymerase introduced errors, it was necessary to sequence a number of clones to arrive at
a true sequence for the gene.

The sequence published here for PGK-1 (Fig 2) represents an open reading
frame of the X-linked PGK gene. Sequence comparisons to PGK-1 and PGK-2 se-
quences (Table 1) show the greatest similarity in the nucleic acid sequence to the
PGK-1 hill kangaroo pseudogene (90%), and in general to the PGK-1 gene sequences.
The least similar sequences are the mouse and human PGK-2 gene sequences, with
the human PGK-2 pseudogene sequence being the most distant of them all (70%).
Similarly, the most similar amino acid sequence is the human PGK-1 sequence (91%).
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FIGURE 1 Sequencing strategy for the tammar PGK-1 gene. Lines above the main sequence
represent regions sequenced from 3’ to 5°, lines below from 5’ to 3°. The numbers
above each line represent the number of times sequenced. Positions of primers are
indicated by capital letters,

A- GCGAATTCTCTCTTTCCAAGAAACTGACCT,
B- GCTCTAGATTAGACATTGTTCAGGGTGGC,
C- GCGAATTCGATGCTTCTGGGAACAAG,

D- GCTCTAGACACCCCAGGAAGGACTTT,

E- GCTCTAGACTTGTCTGCAACTTTAGC.

With the exception of E, all primers were identical with the corresponding
sequences in the hill kangaroo pseudogene (21). E was identical to the human
sequence and represented a region deleted from the kangaroo pseudogene.
Similarities to other PGK genes for these primers are as below. HX = human,
PGK-1, MX = mouse PGK-1, HA = human PGK-2, MA = mouse PGK-2.

Primer Length HX MX HA MA
A 22 16 18 18 13
B 21 12 13 13 13
C 18 18 18 14 14
D 18 18 18 15 15
E 18 18 18 16 14

There is slightly lower similarity with the hill kangaroo pseudogene (86%) and the least
similar is again the human PGK-2 pseudogene. The inferred amino acid sequence
shows features in common with horse (24), mouse (5) and rat (6) PGK-1. The one sig-
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TCTCTTTCCAAGAAACTGACCTTGGACAAGGTGGACCTGAAGGGGAAAAGGGTCATCATGAGGGTGGATTTTAACGTTCCTATGAAGARC 90
§ L $ K'nmX L T L D K ViD LvK G K R V IvM R v D F N V P M K N
AAAGAGATAACTAACAACCAGAGAATCAAGGCTGCTCTTCCTAGCATCARTTACTGCTTGGATARTGGAGCCAAGTCTGTTGTTCTGATG 180
KnEgI T N N Q R I K A A wP S8 I NkKYEC L D N G A K S§ V V L M
AGCCACTTGGGCCGACCTGATGGTGTCCCCATGCCTGACAAATACTCCTTGGAGCCTGTGGCTGCGGAGCTCARATCCTTGCTGGGCARA 270
§$ HL GR PD GV P MUPDI K Y S§ L E P V A AE L K 8 L L G K
GATGTTCTGTTCCTGAARGATTGTGTGGGTCCAGAAGTGGAGCAAGCCTGTGCTAACCCACCTAACGGTTCTATCATTTTGCTGGAGAAT 360
D VL F L KDCV G?PEUVETU QAT CH ANZP?PNGS S I I L L E N
CTTCGCTTCCATGTAGAAGAAGAAGGAAAAGGCARAGATGCTTCTGGGAACAAGATCAAAGCTGAACCAGCCAAAATGGARGCCTTCCAA 450
L RF HV EZEEGIZ K G KD AS GNEK IVK A E P A K MIE A F Qr
GCATCCCTCTCCAAGCTGGGGGACGTCTATGTCAATGATGCT TTTGGAACTGCTCACCGTGCCCACAGTTCCATGGTGGGAGTGAATCTG 540
A 8§ L §$ K L 6DV Y VNUDA ATFGTAIHBIRAHRS S MUYV G V NL
CCCCAGAAGGCATGTGGTTTCCTCATGARARAGGAGCTGACCTACTTTGCCAAGGCTCTGGACAGCCCTGAGAGGCCCTTCCTGGCCATC 630
P 0 K A CgG F L M K K EUL ™TmY F A KAULUD S P ER P F L A I
TTGGGCGGAGCTARAGTTGCCGACAARAATCCAGTTGATCAACAATATGCTAGACAAAGTCAATGAGATGATCATTGGTGGTGGGATGGGT 720
L 666G A KV ADI K I QL I NNMILUDIEKVNEMTITIGG G M G
TTCACCTTCCTCAAGGTGCTCAACAACATGGAGATCGGAACTTCTCTTTTTGATGAAGAGGGGGCCARGATTGTCAAGGACCTGATGGCC 810
F T F L K V L NN ME I G T S$ L F D EEGAIZ K I V KDL MA
AAGGCTGAGAAGAACGGCGTCAAGATCACGTTGCCTGTTGACTTCGTCACAGCAGACARGTTTGATGARARTGCCARGACTGGCCAAGCC 900
K A E XK NGV K I T L PV DVF VT ATDI KT FDEIDNW AIZKTG Q A
ACACTGGCCTCTGGCATCCCTGCCGGATGGATGGGTT TGGACTGTGGCCCCARGAGCAGCAAGAAGTATGTGGAAGTTGTGACCTGGGCA 990
T L. A S G I P A G WM GG L D C G P Ke$S 8§ K K Y V E V vV T W A
AAACAGATTGTGTGGAACGGACCTGTTGGAGTATTTGAGTGGGAGGAATTTGCTCGAGGAACCARAGAGCTATGAATAATGTGGTGGAG 1080
K Q I VWNGUPV G V F EWTEEF A R G T K EalL M NdNeV V E
GCCACCARGAGGGGCTGCATCACTATCATAGGTGGTGGGGATACTGCCACT TGCTGTGCCARATGGAACACTGAGGACAAAGTCAGCCAT1170
A T KR G C I T I I G G G D TATCOCAZ KUWNDNTETDI KV 5§ H
GTGAGCACTGGGGGTGGTGCCAGTCTGGAGCTGCTGGAGGGCARAGTCCTTCCTGGGGTGTCCACCCTGAACAATGTCTAA 1251
v § TG G GA S L E L L EG KV L P G V SdTalL NsN VvV *

FIGURE 2 Nucleotide and amino acid sequence of tammar PGK-1. The lower case letters
following some amino acids represent the human amino acid residues at these
positions. At all other positions the two sequences had the same amino acid
residue.

Table 1. Percentage of homology between PGK genes at the nucleic acid and amino acid ( ) levels

Tammar Hill Human Rat Mouse Human Mouse Human Mouse
PGK-1 Kangaroo PGK-1 PGK-1 PGK-1 PGK-1 PGK-1 PGK-2 PGK-2
PGK-1 pseudo pseudo
pseudo
Tammar 90
PGK-1 (86)
Hill Kangaroo 85 80
PGK-1pseudo (91) 81)
Human 84 79 92
PGK-1 (90) 80) o7
Rat 84 80 93 97
PGK-1 90) (80) 97 99)
Mouse 81 77 94 88 89
PGK-1 (81) 72) (88) (85) (86)
Human 84 80 93 97 100 89
PGK-1pseudo (90) (80) 97 99) (100) (86)
Mouse 79 76 85 83 83 82 84
PGK-1 pseudo (83) @3 87N (85) (85) (78) (85)
Human 77 74 80 79 79 77 79 85
PGK-2 (83) (74) (85) (84) (84) (76) (84) (86)
Mouse 70 67 75 73 73 72 73 86 74
PGK-2 (70) (62) 72) 1) an (65) 71) (83) 70)
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nificant difference concerns position 185 in the tammar, which has a Cys instead of Gly
in the other two species. Perusal of the horse PGK-1 crystal structure (24) suggests
that this Cys substitution could further stabilise the tertiary structure of the amino termi-
nal domain.

X-inactivation in eutherians involves extensive methylation of 5°CG residues in
the promoter region of genes on the inactive X, as exemplified by the study of PGK-1
(25). Evidence suggesting that there is no methylation of the promoter of the G6PD
allele on the inactive X in a marsupial (Didelphis virginiana) has been produced by
Kaslow and Migeon (26). Since methylation of the promoter has not been examined for
any other marsupial X-linked gene, we propose to use this cDNA to isolate the adjacent
promoter region and carry out such an investigation. Our data also add to the small
body of marsupial sequence data and, in conjunction with other sequences, can now be
used to estimate the time of divergence of marsupials and eutherians more accurately,
a time still subject to considerable uncertainty (17). Finally, we note that Macropus
eugenii and Macropus robustus are two closely related species which probably separat-
ed only in the last five million years. Thus the large number of differences in sequence
between this cDNA and the Macropus robustus X-derived pseudogene suggests that
the pseudogene is of considerable antiquity in the marsupial lineage.
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