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Two clones containing nonfunctional pseudogenes for the human uracil-DNA glycosylase gene have
been isolated. The sequences of the two clones that are homologous to the UNG cDNA span 670 and 580
bp, respectively. In the longest of these, a full length Sx type Alu sequence interrupts the homologous
sequence. Chromosomal mapping locates the clones to chromosomes 16 and 14. Comparison of the pseu-
dogene sequences to the cDNA sequence indicates that the pseudogenes diverged from the functional gene
approximately 31 and 22 million years ago, which is before the point in evolution when great apes and
hominides separated. q 1996 Academic Press, Inc.

Uracil in DNA can arise from misincorporation of dUMP during replication, or as a result
of deamination of cytosine [1-3]. The latter of these processes will cause a transition mutation
if not repaired before the next round of replication. Uracil-DNA glycosylase (UDG) removes
uracil from DNA as the first step in the pathway for repair of such damages [4, 5]. The
importance of UDG is reflected by the variety of organisms in which this activity have been
detected [3, 6-9] and by the fact that all investigated human cells and tissues have measurable
UDG activities, though at varying degrees [10, 11]. UDG has been purified from human
placenta [12], and the corresponding cDNA has been cloned [13]. This cDNA has been proven
to encode the major nuclear form of UDG, as well as the mitochondrial form of the enzyme
[14, 15]. Recently cloning of the UNG upstream sequence and analysis of its organization was
reported [16]. During the process of isolating genomic sequences for the uracil-DNA glycosy-
lase gene, we identified two pseudogenes for this gene. Pseudogenes belong to one of two
groups, they either result from DNA duplication and are linked to their functional productive
counterpart, or they result from retrotranscription of RNA, usually mRNA. The latter group,
termed processed pseudogenes, is characterized among other things by their lack of intervening
sequences and presence of a 3 terminal poly A tail. They also in most cases are localized on
another chromosome than the functional gene [17]. We present here the sequence, characteriza-
tion and chromosomal localization of the two UNG pseudogenes.

1. MATERIALS AND METHODS
Isolation of clones and preparation of DNA. Clones were isolated from two different l-libraries, an EMBL-3 library

provided by Clontech and propagated in E. coli Y1090, and a lGEM-11 based custom made library from Novagen,
propagated in the recD0 E. coli strain ER1647. Screenings were performed as described by the respective manufacturers.
The libraries were screened at high stringency using the 2 kb UNG15 cDNA as probe, and positive l-clones were
isolated according to Sambrook et. al. [18] For further characterization, restriction fragments were subcloned into
plasmid pGEM-3zf (Promega). Plasmid DNA was prepared by the alkaline extraction procedure reported by Birnboim
and Doly [18], or by using the QIAGEN midi-prep plasmid isolation kit.

Restriction mapping and southern blot hybridization. Restriction fragments of phage DNA were resolved through
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1% agarose gels and transferred to GeneScreen Plus membranes (DuPont). Blots were hybridized as described by
Sambrook et. al. [18], and exposed to Kodak XAR-5 x-ray film. Restriction digests and probe labeling were performed
according to standard methods.

DNA sequencing. Nucleotide sequences were determined using Sanger’s dideoxy chain termination method [20]
from the T7/SP6 promoter primer sites of the pGEM3zf vector.

Chromosomal assignment. The pseudogenes were localized to chromosomes by hybridizing restriction fragments
of the clones to a human/hamster hybrid panel provided by Oncor. The hybridizations were performed using standard
methods as described by Sambrook et. al [18] and a PhosphorImager (Molecular Dynamics) was used to make images
of the hybridized membrane.

2. RESULTS AND DISCUSSION

A total of 106 plaque from the EMBL-3 library were screened in order to isolate genomic
UNG clones. 16 positive clones were isolated. Upon Southern analysis, these clones were
found to be positive only for a probe from the most 3* part of the cDNA-sequence (position
1923-1953 in the UNG15 cDNA). The clones were digested with several restriction endonucle-
ases to obtain restriction maps and were subjected to Southern analysis with probes from
different parts of the cDNA to identify regions homologous to the cDNA sequence. In one 14
kb clone the hybridizing sequence was found to be confined to a 2 kb SphI fragment, which
was subcloned into pGEM3zf and sequenced. This 2 kb clone was given the name UNGps2.
The custom made recD0 Novagen library was screened in an attempt to avoid problems with
the recombinational events that was thought to be the cause of the underrepresentation of
clones containing the 5* part of UNG. Screening of a total of 106 plaque from this library
yielded one positive 15 kb clone. PstI restriction of this clone produced 5 fragments, of which
only a 1.1 kb fragment was proven positive for hybridization with a cDNA probe upon Southern
analysis. The 1.1 kb fragment, UNGps1, was sequenced after having been subcloned into
pGEM3zf. Both sequences have been entered in the EMBL/GenBank/DDBJ databases with
accession numbers X92985 (UNGps1) and X92986 (UNGps2).

Chromosomal Assignment

Clone UNGps1 was assigned to chromosome 16 by hybridizing a 618 bp TaqI fragment
from this clone (position 422 to 1040) to the hybrid panel, as one single signal in the lane
corresponding to this chromosome is present in the autoradiogram. (fig. 1a). A 561 bp SphI/
BsaAI fragment from UNGps2 (position 12 to 573) was employed as probe for localization
of this clone. The resulting autoradiogram (fig 1b) shows one prominent signal in the chromo-
some 14 lane, with an additional weaker signal in the lane for chromosome 12. This signal
corresponds to the signal that can be seen when hybridizing with the UNG cDNA (data not
shown) and confirms the assignment of the UNG gene to this chromosome [21]. There is also
a signal in the lane corresponding to chromosome 1. This lane, however, is known to be
contaminated by chromosome 13 and 14. Hence, UNGps2 is concluded to be localized on
chromosome 14.

Sequence Analysis

UNGps1: Over a span of 670 bases, corresponding to position 913 to 1583 in the UNG15
cDNA clone, this clone showed approximately 83% homology to the cDNA sequence. A full
length Alu sequence, situated between position 58 and 380 in the UNGps1 clone and contribut-
ing an additional 322 bp (including two 15 bp direct repeats at the 5* and 3* end of the Alu
sequence) to the length of this clone, interrupts the homologous sequence and is excluded
from the homology calculation. The Alu sequence was classified using the Pythia server at
pythia@ twinpeaks.bim.anl.gov, and was shown to belong to the class Alu-Sx [22]. The se-
quence of UNGps1 is aligned against the cDNA sequence in fig. 2A. In table 1 the single base
differences between the cDNA sequence and the homologous part of the UNGps1 sequence are
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FIG. 1. PhosphorImager scans of the hybrid panel after hybridizing with the UNGps1 (A) and UNGps2 (B) probes.
Lane A, Male human genomic DNA; lane B, Female human genomic DNA; lanes C and D, Mouse and hamster
genomic DNA; the subsequent numbering of lanes correspond to the human chromosome number.

summarized, along with the expected values for non functional pseudogenes as presented in
[23]. The region of homology corresponds to a segment near the 5* end of the 1.2 kb 3-
terminal exon of the UNG-gene (Terje Haug and Frank Skorpen, unpublished results). It does
not, however, span any exon/intron splice sites. Neither does this sequence reach as far as to
the 3*-end of the cDNA sequence. Based on the degree of homology between this clone and
the UNG cDNA, and on the fact that the homologous sequence of UNGps1 is interrupted by
an Alu sequence, it can be concluded that this is a nonfunctional pseudogene for the human
uracil-DNA glycosylase.

UNGps2: This clone showed 90% homology to the 580 3* basepairs of the UNG cDNA sequence
when a 17 base pair insert was left out. A sequence similar to the polyadenylation signal from
UNG cDNA, differing in a single-base insert, is found in the UNGps2 sequence. This sequence
is followed 15 bases further downstream by a sequence of approximately 30 bases with a high
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FIG. 2. Alignment of (A) UNGps1 and (B) UNGps2 to the UNG15 cDNA sequence. The upper line shows the
complete cDNA sequence, the lower line indicates where and how the pseudogene sequences differ from the cDNA
sequence. Homologous regions are written in capital letters, a deletion in the pseudogene sequence compared to the
cDNA sequence is indicated by a D; an insertion in the pseudogene is indicated by a gap in the cDNA sequence.
»D… indicates that the region between the brackets is deleted. The place of insertion of the 322 bp Alu sequence in
UNGps1 is indicated.

A-content, which is reminiscent of a polyA tail. The UNGps2- and cDNA sequences are aligned
in fig. 2B. The point mutations of UNGps2 compared to the cDNA sequence are summarized in
table 2. It can be concluded that UNGps2 is also a pseudogene for UNG.

Since these clones do not span any intron/exon splice sites it is not possible to check them
for lack of intervening sequences, which is one of the major hallmarks of processed pseu-
dogenes. Their location on different chromosomes than the UNG gene and the possible poly
A tail of UNGps2, however, indicates that these sequences both should be considered as
processed pseudogenes.

The base substitution patterns given in tables 1 and 2 are interesting compared to the expected
values given in the same tables. For UNGps1 the base substitution pattern is not very different
from what can be expected in nonfunctional pseudogenes. UNGps2, however, shows a pattern
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TABLE 1
Base Substitutions in UNGps1a

Base in UNGps1
Base in

functional gene A T C G Total

A 3.9 3.9 9.8 17.6
(4.7 { 1.3) (5.0 { 0.8) (9.4 { 1.3) (19.1)

T 5.9 14.7 5.9 26.5
(4.4 { 1.1) (8.2 { 1.3) (3.3 { 1.2) (15.9)

C 6.7 20.6 4.0 31.3
(6.5 { 1.1) (21.0 { 2.1) (4.2 { 0.5) (31.7)

G 12.7 8.8 2.0 23.5
(20.7 { 0.2) (7.2 { 1.1) (5.3 { 1.1) (33.2)

Total 25.3 33.3 20.6 19.7
(31.6) (32.9) (18.5) (16.9)

a The figures show the percentage of the total number of base substitutions in each category. The figures in
parentheses are the expected values for base substitutions in pseudogenes as presented in [23].

that deviates significantly from the expected values. As can be seen in the lower row of table 2,
what is expected is a drift towards an increased A/T content, but this has not happened in the
case of UNGps2. This is thought to be explained by the fact that this pseudogene fragment
corresponds to the 3* part of UNG which already has an A/T content of about 60%. This approxi-
mately equals the average A/T content in non-coding regions of the genome and is very close to
the predicted equilibrium level in pseudogenes [24]. Therefore, there has been no net drift towards
an increase of this content after the pseudogene was established.

Age

Using an average base substitution rate of 4.18 1 1009 substitutions per site per year [25],
a calculation based on the single base substitutions only indicates that pseudogene UNGps1
is approximately 31 million years old. The same calculation gives an age of approximately

TABLE 2
Base Substitutions in UNGps2a

Base in UNGps2
Base in

functional gene A T C G Total

A 7.8 0 17.6 25.4
(4.7 { 1.3) (5.0 { 0.8) (9.4 { 1.3) (19.1)

T 5.9 15.7 9.8 31.4
(4.4 { 1.1) (8.2 { 1.3) (3.3 { 1.2) (15.9)

C 2.0 11.8 3.9 17.7
(6.5 { 1.1) (21.0 { 2.1) (4.2 { 0.5) (31.7)

G 19.6 3.9 2.0 25.5
(20.7 { 0.2) (7.2 { 1.1) (5.3 { 1.0) (33.2)

Total 27.5 23.5 17.7 31.3
(31.6) (32.9) (18.5) (16.9)

a Presentation is as in Table 1.
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22 million years for the UNGps2 pseudogene. Thus, both these pseudogenes were established
before the point in evolution at which great apes and hominids diverged [26]. According to
Britten [27], the process of insertion of Alu-Sx sequences ceased about 30 mill. years ago.
Therefore, the Alu sequence in UNGps1 must have been inserted a short time after the pseu-
dogene itself was established.
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