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Abstract

The human (nuclear) genome encodes at |east 79 mitochondrial ribosomal proteins (MRPs), which are imported into the mitochondria.
Using a comprehensive approach, we find 41 of these give rise to 120 pseudogenes in the genome. The majority of the MRP pseudogenes
are of processed origin and can be aligned to match the entire coding region of the functional MRP mRNAs. One processed pseudogene
was found to have originated from an aternatively spliced mRNA transcript. We also found two duplicated pseudogenes that are transcribed
in the cell as confirmed by screening the human EST database. We observed a significant correlation between the number of processed
pseudogenes and the gene CDS length (R = —0.40; p < 0.001), i.e, the relatively shorter genes tend to have more processed pseudogenes.
There is also a weaker correlation between the number of processed pseudogenes and the gene CDS GC content. Our study provides a
catalogue of human MRP pseudogenes, which will be useful in the study of functional MRP genes. It also provides a molecular record of

the evolution of these genes. More details are available at http://pseudogene.org/.
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Introduction

Mitochondria are descendents of ancient eubacteria, as
they were incorporated into eukaryotes from endosymbiosis
during early evolution. These organelles have their own
genome and translation machinery: mitochondrial ribo-
somes. Like their cytoplasmic counterpart, mitochondrial
ribosomes consist of two subunits; a small 28S subunit and
a large 39S subunit. In total, a mitochondrial ribosome is
composed of two RNA molecules and at least 70 different
mitochondrial ribosomal proteins (MRPs) [1-4]. Progress
has been made recently in determining the exact protein
composition of mammalian ribosomes using 2-D electro-
phoresis and mass spectroscopy [5-8]. At present, 47 pro-
teins are confirmed to be part of the large subunit and 31
proteins of the small subunit. All the mammalian MRPs are
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encoded by nuclear genes, which were part of the original
mitochondrial genome but later migrated into the nuclear
genome. These proteins are synthesized by the cytoplasmic
ribosomes and imported into mitochondria to be assembled
together with the mitochondrial rRNA molecules, which are
still encoded by the mitochondrial genome. Despite their
common evolutionary origin, many of the MRPs have no
apparent homologues in the bacterial or eukaryotic cyto-
plasmic ribosomes, probably because of their rapid evolu-
tion rate [4,9]. The chromosomal locations of most of the
human MRP genes have been determined by radiation hy-
brid mapping [10] and are placed on a megabase map now
[11]. Other than protein biosynthesis, some of the MRPs are
also implicated in other cellular processes such as GTP
binding [12] and apoptosis [13,14].

Unlike the cytoplasmic ribosomal protein genes, there
are very few reports of pseudogene sequences for MRP
genes. In fact, as of June 2002, there are only 24 MRP
pseudogene sequences in GenBank, of which 3 are from
human (NG_000968, NG_000977, and AL161788). Thisis
in sharp contrast to the cytoplasmic ribosomal proteins
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(RP), of which over 2000 pseudogenes have been discov-
ered in the human genome [15,16]. Pseudogenes are dis-
abled copies of functional genes that do not produce a
functional, full-length protein [17-19]. The disablements
can take the form of premature stop codons or frame shifts
in the protein-coding sequence (CDS) or, less obviously,
deleterious mutations in the regulatory regions that control
gene transcription or splicing. There are two types of pseu-
dogenes: the duplicated (nonprocessed) and the processed.
Duplicated pseudogenes arose from tandem DNA duplica
tion or unequal crossing over [17,18], so they have retained
the identical, though often incomplete, exon structure of the
original functional gene. Processed pseudogenes resulted
from retrotransposition, i.e., reverse-transcription of mRNA
transcript followed by integration into genomic DNA in
germ-line cells [20,21]. Processed pseudogenes are typi-
caly characterized by the complete lack of introns, the
presence of small flanking direct repeats, and a polyadenine
tract near the 3’ end (provided that they have not decayed).
Duplicated pseudogenes can be transcribed if the duplicated
sequence includes the intact promoter sequence and other
essential regulatory elements. Processed pseudogenes in
general are not transcribed; however, in very rare cases,
transcripts of some pseudogene have been reported though
the functional relevance of these pseudogene transcripts
remains unclear [22-24].

It is important to identify and characterize human pseudo-
genes since they can often interfere with studies on the func-
tiona genes [25]. They can dso introduce errors in gene
prediction and single-nuclectide polymorphism mapping ef-
forts [16,26]. Knowing the exact nucleotide sequence and
chromosomd localization of these pseudogenesis very impor-
tant in correctly interpreting experimental results. Pseudogenes
also provide a foss| record of gene and genome evolution.

In our previous surveys on the pseudogenes of cytoplas-
mic ribosomal proteins [16] and cytochrome ¢ (Zhang and
Gerstein, Gene, in press), most of the pseudogenes we
discovered were new sequences that were overlooked by
traditional experimental approaches. In the case of the cy-
toplasmic ribosomal proteins, over 2000 pseudogenes
(mostly processed) were discovered, compared with 200
previously reported in GenBank. We conducted a similar
survey for mitochondrial ribosomal proteins in the human
genome; the detailed characterizations of these pseudogenes
are described in this report.

Results

We followed the nomenclature approved by the HUGO
Gene Nomenclature Committee (HGNC) (http://www.
gene.ucl.ac.uk/nomenclature/genefamily/MRPs.html) [27].
As of June 2002, there are 79 MRP genes listed in this
database, as well as in the Mammalian Mitochondria Ri-
bosoma Consortium  (http://www.med.ufl.edu/biochem/
tobrien/mmrc/index.htm). Although the goal of our study is

to discover M RP pseudogenes, we have also recovered most
of the functional human MRP genes in the genome. This
indicates that our procedures are very comprehensive, e.g.,
there is little chance that some MRP pseudogenes were
missed in our study.

The human MRP pseudogene population

Of the 79 human MRPs that we searched for pseudo-
genes, 41 have at least one pseudogenic sequence identified
in the human genome. In total, 120 MRP pseudogene se-
guences were found. Although this is much fewer than the
over 2000 pseudogenes for cytoplasmic RPs [16], it is still
far more than the 3 human MRP pseudogenes previously
deposited in GenBank. Table 1 lists the human MRP pseu-
dogenes as named according to the functiona MRP genes
they originated from and also sequentially according to their
locations on the chromosomes. The NCBI RefSeq 1D [28]
and cytogenic location for each functional MRP gene that
has pseudogenes are aso listed for comparison and refer-
ence. We divided MRP pseudogenes into three groups ac-
cording to their origin and sequence completeness. (i) The
first group, processed pseudogenes, consists of those se-
guences of obvious processed origin that also can be trans-
lated to a polypeptide longer than 70% of the functional
MRP sequence. (ii) The second group, duplicated pseudo-
genes or nonprocessed pseudogenes, consists of sequences
that have clear evidence of gene duplication such as exis-
tence of intron structure. (iii) The remaining sequences are
short pseudogenic fragments (less than 70% of the corre-
sponding MRP sequence) that are of uncertain origin. It is
likely that these fragments are either ancient processed
pseudogenes that have been truncated or duplicated individ-
ual exons. Of thetotal 120 MRP pseudogenes sequences, 84
were classified as processed pseudogenes (Table 2), 8 as
duplicated pseudogenes, and 27 as pseudogenic fragments.
Details on the classification are described under Materials
and methods. In Table 1, these three groups are designated
“Proc,” “Dupl,” and “Frag.”

Duplicated MRP pseudogenes

Except for MRPS18CP3 and MRPS31P1, six of the eight
duplicated MRP pseudogenes are on the same chromosome
as the origina functional gene, likely the result of unegual
crossing over or tandem duplication. Five of the eight du-
plicated pseudogenes arose from the duplications of
MRPS31, which has no processed pseudogenes; we will
focus on this group of pseudogenesin detail. Four of the five
MRPS31 pseudogenes are on chromosome 13 (Fig. 1A).
These MRPS31 pseudogenes have retained the original exon
structure of the functional gene, though they do not have all
the exons (Fig. 1B). The two shortest pseudogenes,
MRPS31P1 and MRPS31P3, are merely single exons,
whereas MRPS31P4 and MRPS31P5 contain six of the total
seven exons, including exon 1. The protein sequences pre-


http://www.gene.ucl.ac.uk/nomenclature/genefamily/MRPs.html
http://www.gene.ucl.ac.uk/nomenclature/genefamily/MRPs.html
http://www.med.ufl.edu/biochem/tobrien/mmrc/index.htm
http://www.med.ufl.edu/biochem/tobrien/mmrc/index.htm

470 Z. Zhang, M. Gerstein / Genomics 81 (2003) 468—480
Table 1
The human MRP pseudogenes
Name GenBank Cytogenic Chromosomal Sequence Deduced polypeptide® Class®
. o )
Accession No. band location divergence® Interval Fraction D
MRPS5 NM_031902 2p11.2-q11.2 117.57M (-)
MRPS5P1 AY 135346 2q14.3 117.75M (-) 0.021 = 0.012 311-356 11% 100% Frag
MRPS5P2 AY 135347 5Procl4.1 32.82M (+) 0.20 = 0.028 316430 27% 68% Frag
MRPSGP3 AY 135348 5023.2 127.55M (—) 0.096 + 0.009 1-430 100% 83% Proc
MRPS5P4 AY 135349 18921.33 6L.77M (+) 0.20 + 0.028 316-430 27% 68% Frag
MRPS5 NM_032476 21g21.3-q22.1 32.07M (+)
MRPS6P1 AY 135350 1p35.2 31.36M (—) 0.18 = 0.026 1-125 100% 70% Proc
MRPS6P2 AY 135351 1Proc34.1 45.50M (—) 0.11 = 0.018 1-125 100% 80% Proc
MRPS6P3 AY 135352 3q13.33 122.17M (+) 0.18 = 0.026 1-125 100% 70% Proc
MRPS6P4 AY 135353 12021.33 93.37M (-) 0.30 = 0.039 1-108 86% 61% Proc
MRPS? NM_015971 17923-025 77.21M (+)
MRPS7P1 AY 135354 8pl11.22 38.32M (-) 0.36 = 0.03 67-242 73% 51% Proc
MRPS7P2 AY 135355 12p13.1 16.52M (+) 0.20 = 0.019 20-242 92% 70% Proc
MRPS10 NM_018141 6p21.1-p12.1 28.88M (—)
MRPSI10P1 AY 135284 1023.2 172.50M (+) 0.11 = 0.03 109-145 18% 97% Frag
MRPS10P2 AY 135285 3p26.3 0.50M (+) 0.31 + 0.034 61-201 70% 60% Proc
MRPS10P3 AY 135286 3p26.3 0.72M (+) 0.31 + 0.034 61-201 70% 60% Proc
MRPS10P4 AY 135287 3p26.1 6.70M (—) 0.31 = 0.034 61-201 70% 60% Proc
MRPSLOP5 AY 135288 9p12 39.95M (—) 0.037 + 0.01 1-201 100% 96% Proc
MRPS11 NM_022839 15q25 85.05M (—)
MRPS11P1 AY 135289 20p11.23 20.79M (—) 0.17 = 0.021 41-194 79% 73% Proc
MRPSI15 NM_031280 1p35-p34.1 32.42M (—)
MRPS15P1 AY 135290 15033.33 69.91M (—) 0.23 £ 0.024 1-257 100% 57% Proc
MRPS15P2 AY 135291 19q913.32 60.97M (+) 0.33 = 0.026 1-257 100% 60% Proc
MRPSL16 NM_016065 10g22.1 76.03M (—)
MRPS16P1 AY 135292 8021.3 91.39M (+) 0.15 = 0.021 1-137 100% 80% Proc
MRPS16P2 AY 135293 20913.32 57.49M (+) 0.1 = 0.017 1-137 100% 84% Proc
MRPS16P3 AY 135294 22q13.1 32.84M (+) 0.22 + 0.027 1-137 100% 67% Proc
MRPS17 NM_015969 7pll-q11.21 58.96M (—)
MRPSL7P1 AY 135295 1p34.3 40.47M (—) 0.062 = 0.013 1-130 100% 92% Proc
MRPSL7P2 AY 135296 1p34.2 42.81M () 0.059 + 0.013 1-130 100% 92% Proc
MRPSL7P3 AY 135297 3pl2.1 87.93M (—) 0.26 = 0.032 1-130 100% 63% Proc
MRPSL7P4 AY 135298 4p16.3 2.77M (-) 0.087 = 0.016 1-130 100% 85% Proc
MRPSL7P5 AY 135299 6022.33 134.39M (+) 0.42 + 0.063 48-130 64% 56% Frag
MRPSL7P6 AY 135300 14qg11.2 18.45M (+) 0.25 = 0.041 62-130 53% 60% Frag
MRPSL7P7 AY 135301 18g21.31 57.91M (-) 0.087 = 0.016 1-130 100% 85% Proc
MRPSL7P8 AY 135302 18021.31 58.01M (—) 0.087 = 0.016 1-130 100% 85% Proc
MRPSL7P9 AY 135303 Xg24 111.64M (+) 0.076 = 0.015 1-130 100% 87% Proc
MRPSI8A NM_018135 6p21.3 30.34M (—)
MRPS18AP1 AY 135304 3p21.31 49.80M (+) 0.11 = 0.015 1-196 100% 82% Proc
MRPS18B NM_014046 6p21.3 36.04M (+)
MRPS18BP1 AY 135305 1941 224.06M (—) 0.14 = 0.03 197-258 24% 81% Frag
MRPS18BP2  AY 135306 2022.1 132.86M (+) 0.16 + 0.016 1-258 100% 74% Proc
MRPS18C NM_016067 4021.23 83.51M (+)
MRPSI18CP1 AY 135307 3026.1 170.51M (+) 0.067 = 0.026 1-33 23% 100% Frag
MRPSI8CP2  AY135308 8p23.1 6.84M (—) 0.029 + 0.01 1-142 100% 63% Proc
MRPSI8CP3  AY 135309 8p21.3 18.74M (+) 15+ 0.36 95-142 34% 82% Dupl
MRPS18CP4 AY 135310 12p13.31 8.49M (—) N/A 123-142 14% 85% Frag
MRPS18CP5 AY 135311 15g11.2 22.14M (-) 0.08 = 0.014 1-142 100% 83% Proc
MRPS18CP6 AY 135312 22013.31 41.61M (—) 1.36 = 0.25 62-139 57% 87% Frag
MRPS21 NM_018997 1g21.2 151.90M (+)
MRPS21P1 AY 135313 1p34.3 36.59M (+) 0.095 + 0.02 1-87 100% 80% Proc
MRPS21P2 AY 135314 1922 159.92M (+) 0.11 = 0.022 1-87 100% 80% Proc
MRPS21P3 AY 135315 1931.2 203.45M (+) 0.06 = 0.016 1-87 100% 85% Proc
MRPS21P4 AY 135316 9p13.1 38.53M (+) 0.20 = 0.042 44-87 51% 68% Frag
MRPS21P5 AY 135317 10p12.1 30.34M (+) 0.17 = 0.029 1-87 100% 66% Proc
MRPS21P6 AY 135318 10g23.1 88.05M (+) 0.098 = 0.021 1-87 100% 82% Proc
MRPS21P7 AY 135319 16g12.1 48.60M (+) 0.25 = 0.037 1-87 100% 62% Proc
MRPS21P8 AY 135320 16g12.1 48.66M (+) 0.25 + 0.038 1-87 100% 59% Proc
MRPS21P9 AY 135321 17922 50.82M (—) 0.37 = 0.048 1-87 100% 63% Proc
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Tablel (continued)
Name GenBank Cytogenic Chromosomal Sequence Deduced polypeptide® Class®
Accession No. band location® divergence” .
Interval Fraction ID

MRPS22 NM_020191 3023

MRPS22P1 AY 135322 Xq21.31 80.43M (—) 0.42 = 0.040 75-246 48% 39% Frag
MRPS23 NM_016070 17922—q23 58.33M (—)

MRPS23P1 AY 135323 7p13 45.90M (+) 0.22 = 0.024 1-190 100% 69% Proc
MRPS24 NM_032014 7pl4 44.89M (—)

MRPS24P1 AY 135324 11p15.4 7.63M (—) 0.15 = 0.019 1-167 100% 70% Proc
MRPS25 NM_022497 3p25

MRPS25P1 AY 135325 4021.23 80.52M (+) 0.16 = 0.02 1-173 100% 71% Proc
MRPS29 NM_004632 1g21.3 157.65(+)

MRPS29P1 AY 135326 1921.3 157.83 (+) 1.032 = 0.150 124-199 19% 88% Dupl

MRPS29P2 AY 135327 2g31.2 172.44M (+) 0.059 = 0.011 227-398 43% 88% Frag
MRPS31 NM_005830 13g13.3 39.91IM (-)

MRPS31P1 AY 135328 3p21.33 42.48M (—) 110+ 0.15 330-395 17% 79% Dupl

MRPS31P2 AY 135329 13qg12.11 17.31M () 0.075 = 0.015 200-320 31% 85% Dupl

MRPS31P3 AY 135330 13g12.11 19.12M (+) 0.13 = 0.031 272-320 12% 94% Dupl

MRPS31P4 AY 135331 13q14.11 44.96M (+) 0.13 = 0.013 1-320 81% 74% Dupl

MRPS31P5 AY 135332 13q14.2 52.97M (+) 0.12 = 0.012 1-320 80% 79% Dupl
MRPS33 NM_016071, 7932-34 144.27M (—)

NM_053035

MRPS33P1 AY 135333 1g21.3 156.34M (+) 0.25 = 0.045 32-81 47% 76% Frag

MRPS33P2 AY 135334 4pl4 40.68M (—) 0.13 = 0.022 1-106 100% 78% Proc

MRPS33P3 AY 135335 4926 117.37M (+) 0.12 = 0.021 1-106 100% 79% Proc

MRPS33P4 AY 135336 20g13.13 50.93M (+) 0.28 = 0.0038 19-106 83% 64% Proc
MRPS35 NM_014018 12g21.1q21.2 29.07M (+)

MRPS35P1 AY 135337 3p25.3 7.74M (+) 0.25 = 0.053 145-180 16% 61% Frag

MRPS35P2 AY 135338 5¢21.3 111.09M (—) 14 +0.32 171-227 25% 74% Frag

MRPS35P3 AY 135339 10g23.1 87.00M (+) 22+ 0.52 30-227 87% 53% Proc
MRPS36 NM_033281 5g12.1 103.32M (+)

MRPS36P1 AY 135340 3p25.3 9.06M (—) 0.03 = 0.01 1-103 100% 95% Proc

MRPS36P2 AY 135341 4935.1 186.51M (+) 0.23 = 0.052 72-103 31% 78% Frag

MRPS36P3 AY 135342 8024.13 121.05M (+) 0.13 = 0.034 59-97 38% 85% Frag

MRPS36P4 AY 135343 11g23.2 116.62M (+) 0.13 = 0.022 1-103 100% 79% Proc

MRPS36P5 AY 135344 12qg12 44.25M (—) 0.20 = 0.03 1-103 100% 7% Proc

MRPS36P6 AY 135345 20p12.1 13.34M (—) 0.31 = 0.045 2593 67% 70% Frag
MRPL2 NM_015950 6p21.3 29.72 ()

MRPL2P1 AY 135252 12g21.33 93.67M (+) 0.11 = 0.012 1-305 100% 79% Proc
MRPL3 NM_007208 3021-23 135.77M (+)

MRPL3P1 AY 135256 13qg12.11 17.06M (—) 0.045 = 0.007 1-348 100% 91% Proc
MRPL9 NM_031420 1921 153.41M (—)

MRPL9P1 AY 135283 8¢21.11 76.16M (—) 0.14 = 0.016 60267 78% 79% Proc
MRPL11 NM_016050 11g13.3 71.61M (-)

MRPL11P1 AY 135246 2p16.3 50.04M (+) 0*+0 159-192 18% 100% Frag

MRPL11P2 AY 135247 5¢31.3 145.64M (—) 0.063 = 0.012 1-192 100% 64% Proc

MRPL11P3 AY 135248 12g21.2 82.54M (—) 0.20 = 0.048 161-192 17% 84% Frag
MRPL14 NM_032111 6p21.1 47.58M (+)

MRPL14P1 AY 135249 17p13.3 1.1IM (+) 0.27 = 0.046 68-130 43% 56% Frag
MRPL15 NM_014175 8g11.2-q13 54.48M (+)

MRPL15P1 AY 135250 15026.1 87.58M (—) 0.14 = 0.014 19-296 94% 79% Proc

MRPL15P2 AY 135251 15026.1 87.76M (—) 0.14 = 0.014 19-296 94% 79% Proc
MRPL20 NM_017971 1p36.3-36.2 8.36M (—)

MRPL20P1 AY 135253 21g22.2 34.94M (+) 0.16 = 0.021 1-149 100% 2% Proc
MRPL22 NM_014180 5033.1-33.3 155.76M (—)

MRPL22P1 AY 135254 4912 57.53M (—) 0.25 = 0.023 1-228 100% 70% Proc

MRPL22P2 AY 135255 5033.1 155.88M (—) 0.029 =+ 0.02 66-88 10% 96% Frag
MRPL30 NM_016503 2g11.2 93.34M (+)

MRPL30P1 AY 135257 6p12.1 60.82M (+) 0.048 = 0.012 12141 86% 89% Proc

MRPL30P2 AY 135258 12p11.22 33.23M (+) 0.19 = 0.026 13135 81% 76% Proc

MRPL30P3 AY 135259 12p11.22 33.44M (-) 0.20 + 0.026 13135 81% 76% Proc
MRPL32 NM_031903 7pl4 43.87M (+)

MRPL32P1 AY 135260 Xp11.23 43.67M (—) 0.16 = 0.027 104-188 45% 74% Frag

(continued on next page)
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Name GenBank Cytogenic Chromosomal Sequence Deduced polypeptide® Class®
Accession No. band location® divergence” .
Interval Fraction ID

MRPL35 NM_016622 2p11.2 85.25M (+)

MRPL35P1 AY 135261 6p23 14.55M (+) 0.096 = 0.017 1-122 100% 83% Proc

MRPL35P2 AY 135262 10921.3 64.69M (—) 0.072 + 0.015 1-122 100% 88% Proc

MRPL35P3 AY 135263 10g22.2 77.61M (+) 0.069 = 0.014 1-122 100% 88% Proc

MRPL35P4 AY 135264 Xp22.31 10.25M (—) 0.12 = 0.019 1-122 100% 79% Proc
MRPL36 NM_032479 5p15.3 25.10M (+)

MRPL36P1 AY 135265 2p13.2 68.66M (—) 0.029 = 0.01 1-103 100% 95% Proc
MRPL42 NM_014050 12g22 104.81M (+)

MRPL42P1 AY 135266 4927 119.61M (—) 0.16 = 0.022 1-142 100% 73% Proc

MRPL42P2 AY 135267 6p22.3 16.83M (+) 0.18 = 0.023 1-142 100% 71% Proc

MRPL42P3 AY 135268 6024.2 151.16M (+) 0.17 = 0.025 33-142 7% 75% Proc

MRPL42P4 AY 135269 7p12.1 52.97M (-) 0.28 = 0.034 24-142 84% 64% Proc

MRPL42P5 AY 135270 15913.3 35.66M (—) 0.15 = 0.021 1-142 100% 78% Proc
MRPLA45 NM_032351 17921.31 39.99M (+)

MRPL45P1 AY 135271 2p11.2 86.39M (—) 0.10 = 0.013 1-306 100% 82% Proc

MRPL45P2 AY 135272 17g21.33 46.50M (—) 0.002 = 0.002 1-153 50% 95% Dupl.
MRPL48 NM_016055 11g13.2 74.70M (+)

MRPL48P1 AY 135273 6p24.1 10.94M (—) 0.066 = 0.011 1-212 100% 89% Proc
MRPL49 NM_004927 11913 65.64M (—)

MRPL49P1 AY 135274 5g12.1 64.51M (+) 0.27 = 0.028 1-166 100% 69% Proc

MRPL49P2 AY 135275 8p22 16.77M (+) 0.30 = 0.032 1-166 100% 61% Proc
MRPL50 NM_019051 9g31.1 93.10M (—)

MRPL50P1 AY 135276 2p22.3 33.92M (-) 0.25 + 0.03 25-158 85% 60% Proc

MRPL50P2 AY 135277 2q34 205.04M (—) 0.069 = 0.013 1-158 100% 86% Proc

MRPL50P3 AY 135278 5p12 52.43M (+) 0.10 = 0.016 1-158 100% 82% Proc

MRPL50P4 AY 135279 10g23.1 86.05M (—) 0.088 = 0.015 1-158 100% 82% Proc
MRPL51 NM_016497 12p13.3p13.1 6.55M (—)

MRPL51P1 AY 135280 4p15.2 30.59M (+) 0.38 = 0.05 42-128 68% 54% Frag

MRPL51P2 AY 135281 21922.3 41.08M (—) 0.11 = 0.019 1-128 100% 79% Proc
MRPL53 NM_053050 2p12 73.30M (—)

MRPL53P1 AY 135282 1p13.2 119.64M (—) 0.26 = 0.035 1-112 100% 67% Proc
MRP63 NM_024026 13qg12.11 19.03M (+)

MRP63P1 AY 135236 1p13.1 122.10M (—) 0.40 = 0.053 1-102 100% 46% Proc

MRP63P2 AY 135237 1g42.13 235.10M (—) 0.37 = 0.055 43-102 59% 55% Frag

MRP63P3 AY 135238 3p21.31 48.56M (—) 0.23 = 0.041 44-102 58% 71% Frag

MRP63P4 AY 135239 3p21.31 50.32M (+) 0.36 = 0.049 11102 90% 46% Proc

MRP63P5 AY 135240 4p16.3 2.37T™M (—) 0.36 = 0.049 11-102 90% 41% Proc

MRP63P6 AY 135241 5934 168.31M (+) 0.33 = 0.041 1-102 100% 61% Proc

MRP63P7 AY 135242 8022.2 97.82M (—) 0.30 = 0.042 1-102 100% 55% Proc

MRP63P8 AY 135243 14g13.2 32.63M (—) 0.34 = 0.048 1-102 100% 50% Proc

MRP63P9 AY 135244 14g22.1 49.16M (+) 0.28 = 0.047 44-102 58% 58% Frag

MRP63P10 AY 135245 Yp11.2 9.91M (+) 0.40 = 0.055 11102 90% 41% Proc

& Chromosomal coordinate of the gene/pseudogene and chromosomal strand.

b Nucleotide sequence divergence from the functional MRP gene.
¢ Interval, the residue range in the MRP protein sequence to which the pseudogene matches. Fraction, percentage of the MRP sequence to which the
pseudogene matches. ID, amino acid sequence identity between the functional MRP and the predicted pseudogene sequence.

d Pseudogene class. Proc, processed; Frag, fragment; Dupl, duplicated.

dicted from the five pseudogenes range in length from 17 to
80% of the functiona protein, and all have high sequence
identity (>74%) to the functional MRPS31 protein (Table 1).

We are interested in tracing the evolutionary path of
these duplicated pseudogenes. Fig. 1C shows a phylogenetic
tree constructed by applying the neighbor-joining (NJ)
method [29,30] to the CDS of the pseudogenes and human
functional MRPS31 gene. Also shown in the graph are the
estimated ages of the pseudogenes in millions of years,
calculated following Kimura's two-parameter model [31]
using a mutation rate of 1.5 X 107° per site per year.

MRPS31P1 is very ancient and incomplete (its sequence
corresponding to residues 330—395 of the intact gene); it is
likely the model we used overestimated the sequence diver-
gence and the actual age of this pseudogene.

Potential transcription of two duplicated pseudogenes

Among the MRPS31 pseudogenes, MRPS31P4 and
MRPS31P5 are the most intriguing. Alignment of their
sequences with the mRNA transcript of the functional gene
indicates they are disabled at the trandation level since their
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Table 2
Number of processed pseudogenes among MRP genes

Number of
processed
pseudogenes

MRP gene

MRPS21

MRP63, MRPSL7

MRPL42

MRPL35, MRPL50, MRPS5, MRPS10

MRPL30, MRPS16, MRPS33, MRPS36

MRPL15, MRPL49, MRPS15, MRPS18C, MRPS7

MRPL2, MRPL3, MRPL9, MRPL11, MRPL20, MRPL22,
MRPL36, MRPL45, MRPL48, MRPL51, MRPL53,
MRPSL1, MRPS18A, MRPS18B, MRP23, MRPS24,
MRPS25, MRPS35, MRPSH

MRPL1, MRPL4, MRPL12, MRPL13, MRPL14, MRPL16, O
MRPL17, MRPL18, MRPL19, MRPL23, MRPL24,
MRPL27, MRPL28, MRPL32, MRPL33, MRPL34,
MRPL37, MRPL39, MRPL43, MRPL44, MRPLA46,
MRPL47, MRPL55, MRPS2, MRPS9, MRPS12,
MRPS14, MRPS22, MRPS26, MRPS27, MRP28,
MRPS29, MRPS30, MRPS31, MRPS34, LACTB

Total 84

P NDWSOON

trandation initiation codons have mutated from ATG to
GTG (Fig. 1D). It was interesting to see whether these two
pseudogenes are transcribed in human cells since it is pos-
sible they could have retained the intact promoter sequence
upstream of the first exon. After conducting a BLAST
search [32] on the GenBank human EST database, we found
unambiguous matches for each of the pseudogenes. Fig. 1D
shows the alignment of the mRNA sequence of the func-
tional MRPS31 gene, the two pseudogenes, and the top
matches from the EST search; only the sequence of the first
exon and some of the 5" upstream sequence are shown. It is
clear from the alignment that the EST BM465470 and the
pseudogene MRPS31P4 share the same nucleotide substi-
tutions in comparison with the functional MRPS31; so do
the EST BG504721 and the pseudogene MRPS31P5. Fur-
thermore, both the two ESTs and the two pseudogenes have
amutated trandlation initiation codon GTG instead of ATG,
marked by a downward arrow in Fig. 1D. All this evidence
suggests that the two ESTs are the transcripts of the pseu-
dogenes MRPS31P4 and MRPS31P5, respectively. To ex-
clude the possibility that these EST hits are transcripts from
some other human genes that happen to share an identical
sequence motif with MRPS31 and the pseudogenes, we did
a nucleotide—nucleotide BLAST search on human genomic
DNA using the sequence of the first exon of MRPS31. The
BLAST search did not find any significant matches in the
genome except for three loci on chromosome 13 that cor-
respond to the MRPS31 and the pseudogenes; thus it is
unambiguous that the two pseudogenes gave rise to these
two ESTs. The sequence alignment shown in Fig. 1D also
raises the possibility that exon 1 of the functional MRPS31
geneis actualy longer than is predicted, as indicated by the
extra nucleotides at the 5’ end of EST BG504721 and the

two pseudogenes. No EST matches were found for other
duplicated pseudogenes.

Processed MRP pseudogenes

Similar to cytoplasmic RPs, the mgjority of the human
MRP pseudogenes are of processed origin. Table 2 lists the
number of processed pseudogenes for each MRP functional
gene, sorted in ascending order. About half of the mitochon-
drial ribosomal proteins (36 of 79) have at least one pro-
cessed pseudogene identified in the genome. The CDS re-
gions of these pseudogenes are in general well preserved, as
63 pseudogenes or 75% of the total processed pseudogenes
can be tranglated conceptually to a polypeptide longer than
95% of the full-length functional protein (Fig. 2A). Most of
these processed pseudogenes can be extended in both direc-
tions beyond the CDS region to match some of the mRNA
untranslated (UTR) sequences. A polyadenine tail can be
found unambiguously for a third (28 of 84) of the total
processed pseudogenes. Such high level of sequence pres-
ervation was also previously observed for cytoplasmic RP
pseudogenes [16]. Fig. 2B shows the distribution of the
amino acid sequence identity between the MRP processed
pseudogene and the corresponding functional gene; on av-
erage the sequence identity is 73%. We a so plotted the age
distribution of the pseudogenes by calculating the nucleo-
tide sequence divergence between the pseudogenes and the
functional MRP genes (Table 1); the distribution pattern
closely resembles that of cytoplasmic RP pseudogenes and
Alu repeats [16,33].

Some of the processed pseudogenes also contain inserted
retrotransposons. An Alu repeat is found in the middle of
MRPS15P2, MRPS23P1, and MRPL15P2, and a MER1B
repeat is found in the middle of MRPS7P2. Pseudogene
MRPSL0P5 on chromosome 9 consists of two immediately
adjacent fragments that correspond to residues 3—77 and
85-201, respectively, but on the opposite strands. It islikely
this pseudogene has undergone “5’ inversion,” which is
common for LINE1l-mediated retrotransposition [34-36].
The sequences of these two fragments were merged together
in the phylogenetic analysis. The pseudogene for MRPL11
on chromosome 5, MRPL11P2, is a full-length processed
pseudogene with a 19-bp-long polyadenine tail. The CDS
region of the functional MRPL11 gene consists of five
exons; interestingly, exon 4 is completely missing in the
pseudogene sequence. Fig. 3 shows the alignment of the
CDS of MRPL11P2 and the functional MRPL11 genes of
mouse and human. The intron positions are derived from the
tBLASTN results and confirmed by the Ensembl Mouse
Genome annotation (Ensembl gene ID ENSMUSG-
00000024902), as it is apparent that the exon structure or
intron positions are conserved between mouse and human
for this particular gene. It is likely that MRPL11P2 origi-
nated from an alternatively spliced MRPL11 mRNA tran-
script that lacked exon 4. Similar aternative splicing vari-
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between the lengths of translated pseudogene and the corresponding functional MRP gene. (B) Distribution of the amino acid sequence identity between

processed pseudogenes and the functional MRP sequences.

ation has been recently reported among the human
endogenous retrovirus sequences [37].

Number of processed pseudogenes is correlated with gene
length

It is obvious that the numbers of processed pseudo-
genes among MRP genes are highly uneven (Table 2);

some MRP genes such as MRPS11 and MRPS21 have
seven or eight copies while 36 other MRP genes have
none in the genome. We are interested in studying the
mechanism behind such skewed distribution. Goncalves
et al. have proposed that those genes that have produced
processed pseudogenes tend to be widely expressed, short
in sequence, and low in GC content [38]. For the MRP
pseudogenes, we have indeed observed a correlation be-



476

MRPL11 MOUSE
MRPL11 HUMAN
MRPL11P2

MRPL11 MOUSE
MRPL11_HUMAN
MRPL11P2

MRPL11_MOUSE
MRPL11_HUMAN
MRPL11P2

MRPL11 MOUSE
MRPL11_HUMAN
MRPL11P2

MRPL11_MOUSE
MRPL11_HUMAN
MRPL11P2

MRPL11 MOUSE
MRPL11 HUMAN
MRPL11P2

MRPL11 MOUSE
MRPL11 HUMAN
MRPL11P2

Z. Zhang, M. Gerstein / Genomics 81 (2003) 468—480

ATGTCCAAGCTAAGCCGGGCCACTCGGACCCTCAAGAAGCCCGAGGCCGGCGGCGTGATCCGGTCCATCGTGCGAGCAGG 80
ATGTCAAAGCTCGGCCGGGCCECCCGEGGCCTCAGGAAGCCCGAGGTCGGCGGTGTGATCCGGGCGATCGTGCGGGCAGG
ATGTCAAAGTTCGGCCGGGCCACCCGGEGCCTCAGGAAGCCCGAGGTCGGCGATGTGATCCGGACCATCGTGCGGGCAGGE

372 bp

CCAAGCTATTCCTGGGCCTCCACTAGGTCCCATCTTCGGTCAGCGAGGTGTCTCTATCAACCAGT TCTGCAARGAGTTCA 160
CCTGGCCATGCCTGGGCCCCCACTAGGCCCAGTGCTGGGTCAGAGAGGCGTTTCCATCAACCAGTTTTGCAAGGAGTTCA
CCTGGCCATGCCCGGGCCCCCACTAGGCCCAGTGCTGGGTCAGAGAAGGGCTTCCATCAACCAATTTTGCAAGGAGTTCA

720 bp

ACGAGAAGACAAAGGACATCAAAGAAGGCATTCCCCTGCCTACAARAATTTTTATAAAGCCCGACAGGACATTTGAGCTC 240
ATGAGAGGACARAGGACATCAAGGAAGGCATTCCTCTGCCTACCAAGATTTTAGTGAAGCCTGACAGGACATTTGAAATT
ATGAGAGGACARAGGACATCAAGGAAGGCATTCCTCTGCTTACCAAGATTTTTCTGAAGCCTGACGGGACATTTGARATC

86 bp

AAGATTGGGCAGCCCACTGTTTCTTACTTTTTGAAGGCAGCTGCTGGGATCGAGAAGGGGGCCCGGCATACAGGGARAGA 320
AAGATTGGACAGCCCACTGTTTCCTACTTCCTGAAGGCAGCAGCTGGGATTGAARAGGGGGCCCGGCAAACAGGGARAGA
AAGATTGGACAACCCACTGTTTCCTACTTCGTGAAGGCAGCAGCTGGGATTGAARAGGGGGCCCGGCCAACAG-————-——

GGTGGCAGGCCTGGTGAGTTTGAAGCACGTATATGAGATTGCCTGTGTCAAAGCTAAGGATGATGCTTTTGCCATGCAAG 400
GGTGGCAGGCCTGGTGACCTTGAAGCATGTGTATGAGATTGCCCGCATCARAGCTCAGGATGAGGCATTTGCCCTGCAGG

ATGTACCCCTGTCGTCTGTTGTCCGCTCCATCATCGEETCTGCCCGTTCTCTGGGCATTCGCGTGGTGAAGGACCTCAGT
————————————————————————————————————————————————————————————————————————— CCTCAGT

GCAGAAGAACTGGAGGCTTTCCAGAAGGAACGAGCTGTGTTITTGGCTGCTCAGAAAGAGGCAGATTTGGCAGCCCAGGC 560
TCAGAAGAGCTTGCAGCTTTCCAGAAGGAACGAGCCATCTTCCTGGCTGCTCAGAAGGAGGCAGATTTGGCTGCCCAAGA
TCAGAAGAGTTTGCAGCTTTCCAGAAGGAACAAGCCATCTTCCTGGCTGCTCAGAAGAAGGCAGATTTGGCCACCCAGG

MRPL11 MOUSE AGAAGCTGCCAAGAAGTGA
MRPL11 HUMAN AGAAGCTGCCAAGAAGTGA
MRPL11P2 GGAAGCTGCCAAGAAGTGA

Fig. 3. Alignment of the protein coding sequence of the pseudogene MRPL11P2 and functional genes from mouse and human. The size and location of the
introns are indicated above the genes by triangles, the surface of which is proportional to itssize. As can be seen, exon 4 is completely missing in MRPL11P2.

tween the number of processed pseudogenes and the gene
CDS length (R = —0.40; p < 0.001) (Fig. 4A). The
correlation dropped to —0.25 (p < 0.037) if we used the
length of the mRNA transcript instead of the CDS se-
guence. This is probably due to the fact that some of the
MRP mRNA sequences are truncated beyond the CDS
region. Three functional genes, MRPS17, MRPS21, and
MRP63, have the highest numbers of processed pseudo-
genes, at 7 or 8; they are also among the shortest MRP
genes with CDS length of 264, 393, and 309 bp, respec-
tively. Note that such negative correlation simply reflects
the fact that retrotransposition for short genes is more
efficient and more likely to succeed than for longer
genes; it does not necessarily indicate that the retrotrans-
position machinery has higher binding affinity for the
short mRNA transcripts. Long genes tend to have long
UTRs in their mMRNASs and they are more likely to have
processed pseudogenes terminated within the 3" UTR and
thus undetectable by our approaches. We also observed a
weaker correlation between the number of processed
pseudogenes and the gene CDS GC content (R = —0.19,

p < 0.1) (Fig. 4B), i.e., the MRP genes that gave rise to
processed pseudogenes tended to have lower GC content
than the genes that had no processed pseudogenes.

As an example, Fig. 5 shows the phylogenetic trees of
the pseudogenes of MRPSL7 and MRPS21, two MRP genes
that have the largest numbers of processed and total pseudo-
genes. The topologies of the trees are in quite good agree-
ment with the estimated ages, as on average the older
pseudogenes were placed near the bottom of the tree. As
mentioned in the previous section, the ages of the oldest
pseudogenes, MRPS17P5 and MRPS21P9, are probably
overestimated due to simplification of the model.

Online database

The human MRP pseudogene sequences have been de-
posited with GenBank under Accession Nos. AY 135236—
AY135355. The more detailed data and results, such as
sequence alignments and phylogenetic analysis, can also be
accessed online at http://www.pseudogene.org/or http://
bioinfo.mbb.yal e.edu/genome/pseudogene/.
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Discussion
Potential interference by pseudogenes of functional genes

Except for the three pseudogenes on chromosome 20,
most of the MRP pseudogenes we described here were
reported for the first time. It is likely that the decay in their
sequences has caused them to be overlooked in the system-

atic MRP gene-mapping project [10]. It is aso likely that
the particular experimental condition was so optimal and
discriminatory that none of the pseudogenes were amplified
in the PCR. Nevertheless, the existence of such large num-
bers of processed MRP pseudogenes in the human genome
and the fact that they were discovered only by computa-
tional approaches are alarming, as it suggests that other
human genes could also have many pseudogene sequences
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Fig. 5. Phylogenetic trees of pseudogenes of MRPSL7 (A) and MRPS21
(B). Numbers in parentheses are the estimated ages of the pseudogenesin
millions of years.

in the genome that have yet to be discovered. These pseudo-
genes could potentially interfere with the genomic mapping of
the functional genes and hybridization-based experiments in
generd. In recent years, reverse transcriptase—polymerase
chain reaction assays targeting genes with tissue-specific ex-
pression patterns have been extensively used in cancer diag-
nostics. The concept behind such approaches is that if expres-
sion of a target gene is detected in a cell that under normal
conditions does not express the gene, then it is likely that the
cell has become cancerous. However, it has been reported that,
a least in one assay that targets gene cytokeratin 19, the
existence of a pseudogene may have interfered with aimost dl
published assay results [25]. The discovery of two transcribed
M RP pseudogenes, MRPS31P4 and MRPS31P5, further raises
concerns about contamination of duplicated pseudogenes in
the human EST database. Without definite identification of
these sequences as transcribed pseudogenes, they could have
been mistaken as functiona gene transcripts with sequencing
errors. The possibility that MRPL11P12 is derived from an
alternatively spliced mRNA transcript could offer insight into
the evolution of thefunctional MRP gene and the biogenesis of
mitochondrial ribosomes.

Properties of genes with processed pseudogenes

It has been demonstrated that the protein machinery
encoded by LINEL has a cis preference, i.e., it has higher
affinity to wild-type LINEL1 mRNA transcripts than to mu-
tant LINE1 transcripts [20,39]. Among non-LINE1 human
genes, it is obvious the distribution of number of processed
pseudogenes was highly uneven, as has been observed for

MRP genes and cytoplasmic RP genes [16]. In the case of
RP genes, the number of pseudogenes was reverse-corre-
lated with the gene CDS GC content, i.e., the relatively
GC-poor RP genes have more processed pseudogenes than
the GC-rich RP genes; however, no correlation between
pseudogene numbers and gene length was observed. It may
seem contradictory that, here for MRP genes, we found a
reverse correlation between the gene CDS length and pseu-
dogene numbers (Fig. 4A). However, cytoplasmic RP genes
are avery unique gene family in many ways, asthey are the
most highly expressed genes in the cell. It is likely that the
expression level of RP genes has reached such a saturated
level in the cell that the reverse transcription process, which
generates RP pseudogenes, has lost the sensitivity or pref-
erence toward the gene length.

The much higher expression level of the cytoplasmic RP
genes than of the MRP genes can aso explain the vast
differences in the number of pseudogenes for the otherwise
homologous gene families, as on average cytoplasmic RP
genes have over 20 times more processed pseudogenes in
the human genome than MRP genes. It is expected that the
genes with higher expression level, e.g., with more mMRNA
transcripts in the cell, would have more chance to be taken
by the LINE1 machinery and reverse-transcribed to give
rise to pseudogenes [18,19]. In a previous study, Goncalves
and colleagues [32] have proposed that those genes that
have produced processed pseudogenes tend to be widely
expressed, short in sequence, and low in GC content. How-
ever, the group of genes (total 249) that these authors
studied did not necessarily have the same expression level,
thus it is difficult to separate the effect of expression level
from the effects of other gene properties such as sequence
length and GC content. Mitochondria ribosomal proteins
provide a nice opportunity to solve this problem as de-
scribed below. It is generally assumed that, at least in the
yeast cell, the expression of mitochondria ribosomal pro-
teinsis strictly regulated to avoid a huge waste of metabolic
energy [2], thus the expression level of individua MRP
genes must be in stoichiometry. Therefore, with each indi-
vidual gene having asimilar expression level, the MRP gene
family provides a perfect model system to study what fac-
tors or what properties of a gene, barring the influences of
expression level, may affect the number of processed pseu-
dogenes it has in the genome. The results we obtained from
mitochondrial ribosomal proteins confirmed what has been
previously proposed [31].

Materials and methods

Details on the pseudogene discovery procedures have
been described elsewhere [16]. A brief overview is given
below. We used the human genome draft freeze of August
6, 2001, downloaded from the Ensembl Web site (http:/
www.ensembl.org). Subsequently, all the chromosomal co-
ordinates were based on these sequences. The amino acid
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and nucleotide sequences of mitochondria ribosomal pro-
teins are from the HGNC Web site (http://www.gene.
ucl.ac.uk/nomenclature/genefamily/MRPs.html) [27]. Each
human chromosome was split into smaller overlapping
chunks of 5.1 million bp, and the tBLASTn program of the
BLAST package 2.0 [32] was run on these sequences. The
default SEG [40] low-complexity filter parameters (12 2.2
2.5) were used in the homology search. The significant
homology matches (e value < 10~ %) were picked out and
reduced for mutual overlap.

After the BLAST matches were sorted according to their
starting positions on the chromosomes, they were examined
and neighboring matches were merged together if they were
part of the same pseudogene sequence. The merged matches
were then extended on both sides to equal the length of MRP
genes they match to, plus 30-bp buffers. For each extended
match, the MRP amino acid sequence was redligned to the
genomic DNA sequence following the Smith-Waterman ago-
rithm [41] by using the program FASTA [42].

We then examined each pseudogene candidate for exis-
tence of exon structures. The magjority of the functional
MRP genes contain introns, so the pseudogenes for these
genes were easily confirmed by their lack of introns. The
genes MRPS33, MRPL36, and MRP63 have no introns
within the coding segquence; their pseudogenes were distin-
guished from the functional genes by comparing their chro-
mosomal locations with that of the functional MRP genes
obtained from HGNC [27] and the NCBI UniGene Web site
(http:/Aww.nchi.nim.nih.gov/UniGene/). The processed
pseudogene MRPL36P1 has no obvious disablement in the
CDS region; we used two lines of evidence to establish that
thisis a processed pseudogene rather than a functiona gene
or a duplicated pseudogene. First, a polyadenine tail of 13
bp was found at the end of the 3" UTR; second, a BLAST
query against the NCBI dbEST database [43] found no
matches for this pseudogene.

Multiple sequence alignments were performed using the
programs ClustalW [44] and MultAlin [45]. The software
MEGA?2 [46] was used for al the phylogenetic analysis.
Phylogenetic trees were constructed by applying the NJ
method [29,30] to the CDS of the genes and pseudogenes.
For each pseudogene, we aso calculated the nucleotide
sequence divergence from the functional MRP genes using
Kimura's two-parameter model [31], which corrects for
multiple hits and also takes into account different substitu-
tion rates for transition and transversion. The pseudogene
ages were calculated using the formula T = D/(K), where D
isthe divergence and k is the mutation rate per year per site.
A mutation rate of 1.5 X 10~ ° per site per year for pseu-
dogenes was used [47].
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