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Abstract .  The H1 ° gene has a long 3' untranslated 
region (3'UTR) of 1,125 nucleotides in the rat and 1,310 
in humans. Analysis of the sequences shows that they 
have features of simple DNA that suggest involvement 
of replication slippage in their evolution. These features 
include the length imbalance between the rat and human 
sequences; the abundance of single-base repeats, two- 
base runs and other simple motifs clustered along the 
sequence; and the presence of single-base repeat length 
polymorphisms in the rat and mouse sequences. Pairwise 
comparisons show numerous short insertions/deletions, 
often flanked by direct repeats. In addition, a proportion 
of short insertions/deletions results from length differ- 
ences in conserved single-base repeats. Quantification of 
the sequence simplicity shows that simple sequences 
have been more actively incorporated in the human lin- 
eage than in the rodent lineage. The combination of in- 
sertions/deletions and nucleotide substitutions along the 
sequence gives rise to three main regions of homology: a 
highly variable central region flanked by more conserved 
regions nearest the coding region and the polyA addition 
site. 
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Introduct ion 

Histone H1 ° is a chromosomal protein belonging to the 
H1 histone class. In addition to H1 °, five somatic sub- 
types, Hla,  b, c, d, and e (Lennox and Cohen 1983), and 
a germinal-line-specific subtype, H i t  (Seyedin and 
Kistler 1979), have been identified in mammals. It is 
currently accepted that H1 proteins could be involved in 
the regulation of transcription through the modulation of 
chromatin higher-order structure. Preferential binding to 
scaffold-associated regions and participation in nucleo- 
some positioning have also been proposed as other 
possible mechanisms by which H1 could contribute to 
transcriptional regulation (Izaurralde et al. 1989; 
Meersseman et al. 1991; Zlatanova and Doenecke 1994). 
Several features of the expression, genomic organization, 
and transcript processing confer H1 ° a distinct position 
among histone subtypes. H1 ° is the only histone subtype 
that is transcriptionally activated at terminal differentia- 
tion (Ponte et al. 1994). H1 ° expression is also modu- 
lated by external signals in specific populations of ma- 
ture cells (Gjerset et al. 1982; Garcfa-Segura et al. 1993; 
Lafarga et al. 1995). Histone genes are organized in clus- 
ters containing one gene of each of the five histone 
classes (Hentschell and Birnstiel 1981). The clusters are 
reiterated a variable number of times depending on the 
species (Heintz et al. 1981). In contrast, H1 ° is a single- 
copy gene and it is not clustered with core histones. In 
humans, the H1 ° gene maps to chromosome 22, while 
the other H1 genes, together with core histone genes, are 
located on chromosome 6 (Albig et al. 1993). Here we 
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analyze the 3' untranslated region (3'UTR) of the H1 ° 
gene from the rat, the mouse, and humans (Doenecke and 
TSnjes 1986; Alonso et al. 1988; Castiglia et al. 1993; 
Brocard et al. 1994; Martinez et al. 1995). The 3 'UTR of 
eukaryotic transcripts can have multiple effects on gene 
expression, including the control of mRNA stability, the 
regulation of translation efficiency, and the cytoplasmic 
localization of mRNA (Decker and Parker 1995). The 
3 'UTR is usually very short. Core histories and all the H1 
subtypes except H1 ° have 3'UTRs of a few hundred 
nucleotides. The H1 ° gene has an unusually long 3'UTR, 
of 1,125 nucleotides in the rat and 1,310 nucleotides in 
humans (Doenecke and TSnjes 1986). The 3 'UTR of H1 ° 
thus offers the opportunity to study the constraints, evo- 
lutionary stability, and sources of genetic variation in- 
volved in the evolution of long 3'UTRs. We show that 
the 3 'UTR of H1 ° can be considered as an example of 
the simple sequences that are frequently found in eukary- 
otic genomes. These sequences are characterized by a 
clustered distribution of short nucleotide motifs (1-5 bp), 
which suggests involvement of slippage in its evolution 
(Tantz and Schlrtterer 1994; Dover 1995). Slippage has 
been shown to act on both coding (Eickbush and Burke 
1986; Djian and Green 1989; Treiter et al. 1989; Pauls- 
son et al. 1990; Costa et al. 1991) and noncoding se- 
quences (Hancock and Dover 1988; Hoelzel et al. 1991). 
Some features of the 3 'UTR of the H1 ° gene, including 
abundant irregular direct repeats, a high incidence of 
short insertions/deletions (~<20 bp), and a length imbal- 
ance between the rat and human sequences, suggest that, 
in addition to nucleotide substitutions, the errors in DNA 
replication of the kind of replication slippage have had 
an important role in its evolution. 

Materials and Methods 

Cloning of a Rat HI ° cDNA From PC12 Cells. A cDNA library in the 
vector kSWAJ (Palazzolo and Meyerowitz 1987) was prepared using 
polyA+ RNA from rat PC12 cells, differentiated with nerve growth 
factor. Positive clones were selected using a mouse H1 ° cDNA probe 
and subcloned in Bluescript (Stratagene). The longest clone had 1.8 kb. 
The entire sequence of both strands was obtained by the dideoxy- 
nucleotide chain-termination method using a Pharmacia sequencing 
kit. 
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Z f(Ni,)= Z (fNi)n 

where, f(N~) is the theoretical frequency of a single-base repeat of 
length n; N i = (A,T,C,G) and f N  ~ = the nucleotide frequency. (2) 
Using the dinucleotide composition of the test sequences. This calcu- 
lation is based on the general expression of Markov processes: 

f(N1,Na,N 3 . . . .  N~) = f(N1)f(NzlN1)f(N31N2) . . .  f(N.IN._1) 

Conditional probabilities were calculated using the dinucleotide com- 
position of the test sequences with the expression: 
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where, f ( N  i) is the theoretical frequency of single-base repeats of 
length n; N i = (A,T,C,G); flV, the nucleotide frequency; f (Nwi) ,  the 
dinucleotide frequency; f(NW/), the observed frequency of all possible 
dinucleotides with N i as the first nucleotide and N j = (A,T,C,G). 

Sequence Simplicity. The clustering of tri- and tetranucleotide mo- 
tifs either in short arrays or interspersed along the sequences was es- 
timated with the program SIMPLE34 (Hancock and Armstrong 1994). 
The program was obtained by anonymous ftp from life.anu.edu.au. 
SIMPLE34 is a modified version of SIMPLE originally described by 
Tautz et al. (1986). The algorithm assigns a simplicity score (SS) to 
individual nucleotides, which is a measure of the abundance of tri- and 
tetranucleotide motifs starting to the fight of each nncleotide inside a 
window of _+32 nucleotides. Overall simplicity factors (SF) are calcu- 
lated by summing all scores and dividing the sum by the number of 
nucleotides. Relative simplicity factors (RSF) are obtained by dividing 
the overall simplicity factors of the test sequence by the mean SF for 
ten random sequences of the same length and nucleotide and dinucleo- 
tide composition as the test sequence. The RSF of sequences showing 
the same amount of motif clustering as random sequences should be 
close to 1.000 and significantly greater for "simple" sequences. The 
standard deviation of the SFs of the ten random sequences allows the 
analysis of the statistical significance of the RSF. Three confidence 
limits are returned by program: 99.7% (P < 0.003), 99.0% (P < 0.01), 
95.0% (P < 0.05). In addition, the program identifies simplicity scores 
associated with individual motifs that are significantly higher (90%) 
than would be expected by chance. 

Results 

Polyadenylation Signals 

Sequence Analysis. Sequence analysis was performed with the soft- 
ware package GCG (Genetic Computer Group Inc., University of Wis- 
consin, version 8) on a VAX computer. Sequences were aligned with 
the help of a series of dot matrix comparisons for the definition of 
homology blocks and with the program BESTFIT, which uses the local 
homology algorithm of Smith and Waterman (1981). Sequences were 
obtained from the EMBL database. The sequences analyzed are listed 
in the caption of Fig. 1. 

Frequency Distribution of  Runs of  a Single Base. Frequency dis- 
tributions of single-base repeats of different length (2-12 nucleotides) 
were calculated for the rat and human sequences. Theoretical frequency 
distributions were calculated by two methods: (1) Using the nucleotide 
composition according to the expression: 

The mRNA of histone H1 ° is polydenylated. The poly- 
adenylation signal, AAUAAA, was found ten nucleo- 
tides from the polyA tail in both the rat and humans. 
Another AAUAAA motif was found at 106 nucleotides 
from the polyA tail in the rat and at 126 nucleotides in 
humans. Both elements are surrounded by a similar con- 
text of short direct repeats, which is indicated by arrows 
in Fig. 1. The repeats keep the same order about both 
motifs, but they are spaced by sequences of variable 
length. The direct repeats are highly conserved between 
rat and humans. Such a context of conserved direct re- 
peats suggests that the presence of two signals could 
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Fig. 1. Alignment of the 3'UTR of histone H1 ° from the mouse, rat, 
and humans. Homologous positions are boxed in black or dark grey and 
gaps are indicated by points. The polyadenylation signals are indicated 
by empty boxes• The arrows numbered from 1 to 5 indicate the con- 
served context of short direct repeats surrounding the polyadenylation 
motifs. Gaps due to the different length of conserved single-base re- 

peats are in light grey. The accession numbers in the EMBL nucleotide 
sequence database are: mouse MEL (murine erythroleukemia cells), 
X72894; mouse F9 (murine teratocarcinoma cells), XI 317 ]; rat PC 12 
(pheochromocytoma cells), X72624; rat brain (cDNA), X70685; hu- 
man (genomic), X03473. 
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Fig. 1. Continued. 

result from a tandem duplication of  the downstream se- 
quences of the 3'UTR. It remains to be seen whether the 
upstream element can be used as an alternative polyad- 
enylation signal in the rat and humans. In the mouse,  a 
functional noncanonical polyadenylation signal has been 
described at 101 nucleotides downstream of the stop 

1067 

1116 

codon (Brocard et al. 1994). This additional signal is not 
present in the rat and humans. 

Comparison of the Nucleotide Sequences 

We have aligned the complete 3'UTRs of the H1 ° gene 
from rat brain (Castiglia et al. 1993) and rat PC12 cells 
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Fig. 2. Dot matrix comparisons of the 3 ' U T R  of histone H1 ° from the 

mouse F9 cells, rat PC12, and humans. Match stringency was 17 out of 
24 analyzed. 

(Martinez et al. 1995) with the human sequence (Doe- 
necke and T6njes 1986). A partial sequence of 519 
nucleotides from mouse teratocarcinoma cells (Alonso et 
al. 1988) and a sequence of 121 nucleotides from murine 
erythroleukemia cells (Brocard et al. 1994), resulting 
from the usage of the mouse-specific polyadenylation 
signal, have also been included (Fig. 1). The alignment is 
based on the homology blocks displayed on dot matrix 
comparisons like that shown in Fig. 2, and was achieved 
with the help of the BESTFIT program of the GCG pack- 
age. Pairwise comparisons of the mouse, rat, and human 
sequences show that the 3'UTR evolves by insertion/ 
deletion as well as by simple nucleotide substitution. 
Insertions/deletions manifest in dot matrix comparisons 
by the horizontal and vertical shifts of the homology 
blocks that define the diagonal (Fig. 2). The 3'UTRs 
from the rat and humans show an important length im- 
balance of 185 nucleotides, the rat sequence having 

mouse 

rat 

CGGGGTTAGGGATGGGAG 

TGGGGTTG .... TGGG.G 

129 

mouse GAA ........ GAA 

rat GAAGGTAAATGGAA 

mouse 

rat 

GGAGGG ............ AGGGA 

GGGGGGTTGTTGGGGAGAAGAGA 

rat TCTT ..... CTGCCCT 

human CCTTTCGGCCT.CCCT 

rat CTTC ...... TCA 

human CTTTGTGGCT___~TCA 

rat 

human 

TTTCCCC ........... TCTTCCT 

TTTCCTCTGGATTTTTGTTCCTCCT 

rat 

human 

GTAGCC ....... GAGGAGGGGGA 

GTAGCTGCGGGAGGGGGAGGGGGA 

rat TTGGTGCCACTTCAGTT 

human TTGGT ..... TT..GTT 

rat TAA ...... GTAG 

human TAAGTAGTTGTAG 

rat TTT ........... CTCTC 

human TTTTCTCCTTTTTTCTCTC 

Fig. 3. Examples of insertions/deletions flanked by short direct re- 
peats within 3'UTR of the histone H1 ° gene. Short direct repeats near 
the ends of the gaps are underlined. 

1,125 nucleotides and the human sequence 1,310 nucleo- 
tides. The accommodation of that length difference and 
the abundance of insertions/deletions were the main de- 
terminants of the alignment. Examination of the nucleo- 
tide sequences surrounding the putative insertion/ 
deletion sites revealed the presence of short (3-7 bp) 
direct repeats. These repeats may have been involved in 
the generation of the insertions/deletions through slip- 
page mechanisms. Several examples of short direct re- 
peats near the ends of each insertion/deletion are shown 
in Figure 3. 

In order to estimate homologies, insertions/deletions 
were considered as single mutational events irrespective 
of the length. This method of treating gaps is similar to 
that used by Miyata et al. (1980) in the calculation of the 
sequence difference of noncoding regions. According to 
our alignment, the rat and human sequences are 78% 
identical. The degree of homology is not uniform along 
the sequences. Three main homology regions were iden- 
tified on dot matrix comparisons, which were approxi- 
mately delimited by the positions 1-300, 301-500, and 
501-1125 of the rat sequence (Fig. 1). The regions near- 
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Fig. 4. Frequency distributions of 
repeats of a single base in the 3 'UTR 
of the histone H1 ° gene from the rat 
(A) and humans (B). The total num- 
ber of repeats of length 2 to 12 is 
indicated by the bars. Solid bars rep- 
resent  the data for the 3 ' UTR;  
stippled bars the theoretical frequen- 
cies calculated from the dinucleotide 
composition; and hatched bars the 
theoretical frequencies calculated 
from the nucleotide composition. 

est the stop codon and the polyA addition site have over- 
all homologies of 78% and 80%, respectively, while the 
middle region is significantly less conserved, with 69% 
homology. Although the middle region represents less 
than 20% of the length of the 3'UTR, it absorbs about 
60% of the imbalance of 185 nucleotides between the rat 
and human sequences, as manifested in dot matrices by 
the vertical displacement of the flanking regions (Fig. 2). 
The lower homology of the middle region is due to a 
relatively higher frequency of both insertions/deletions 
and nucleotide substitutions. 

Single-Base Repeats 

Single-base repeats are abundant in the H1 ° 3'UTR. In 
the human sequence, runs of up to 12 nucleotides are 
present. It has been reported that introns contain a sub- 
stantial excess of longer runs of a single base than would 
be expected on a random basis (Blaisdell 1983; Levinson 
and Gutman 1987a). The abundance of single-base runs 
was taken as an argument in favor of the involvement of 

intrahelical events of the kind of replication slippage in 
the evolution of intron sequences (Levinson and Gutman 
1987a). We have performed a similar analysis on the 
3 'UTR of the H1 ° gene. In Fig. 4 the frequencies of runs 
of a single base in the natural sequences are compared 
with the theoretical frequencies. The theoretical frequen- 
cies were calculated using two procedures. In the first 
option, frequencies were simply calculated from the base 
composition. The second option made use of the di- 
nucleotide frequencies to take into account the biased 
dinucleotide composition of DNA sequences (Nussinov 
1984). The frequencies of single-base runs of the 3 'UTR 
were higher than the theoretical frequencies calculated 
by either method. However, it is apparent that doublet 
frequencies gave higher theoretical values than singlet 
frequencies, indicating that the bias in dinucleotide com- 
position contributes to the abundance of single-base 
repeats at the 3'UTR. The effect is due to the overrep- 
resentation of all four single-base dinucleotides, in agree- 
ment with the rule for most eukaryotic sequences (Nussi- 
nov 1981; Karlin and Burge 1995). 
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Single-base repeats are generally conserved between 
the mouse, the rat, and humans, but as shown in Fig. 1, 
they often differ in length by one or two nucleotides. 
Comparisons of the 3'UTRs from rat PC12 cells and 
brain shows the presence of nucleotide substitutions and 
insertions/deletions (Fig. 1). Insertions/deletions are of a 
single nucleotide and are always associated with single- 
base runs. This fact further suggests that single-base runs 
could be a favored substrate of slippage mechanisms. 

Two-Base Runs 

Other simple sequences present in the 3 'UTR are based 
on two different nucleotides. The simplest forms of this 
kind of sequence axe dinucleotide repeats such as (TA),. 
Most frequently, each nucleotide is reiterated a variable 
number of times, as in T2ATsA2TA4TA, so that no regu- 
larity is apparent. Examples of this kind of two-base runs 
belonging to the homopurine, homopyrimidine, and pu- 
rine-pyrimidine classes are shown in Fig. 5. 

Sequence Simplicity 

We have estimated the clustering of simple motifs 
present either in short arrays or interspersed along the 
sequence with SIMPLE34 (Hancock and Armstrong 
1994), a modified version of the SIMPLE program 
(Tautz et al. 1986). SIMPLE34 allows the comparison of 
the test sequences with random sequences generated 
from either the base composition or the dinucleotide 
composition of the test sequence. The latter option takes 
into account the biased dinucleotide composition of 
DNA sequences (Nussinov 1984). 

Figure 6 shows the simplicity profiles for the 3 'UTR 
from the rat and humans. Comparison of the SFs of the 
rat and human sequences with the SFs of the random 
sequences obtained from the base composition gave 
RSFs of 1.139 (P < 0.05) and 1.542 (P < 0.003), respec- 
tively. When doublet frequencies were used in the gen- 
eration of the random sequences, the RSF of the rat se- 
quence became nonsignificant (1.005), while the RSF of 
the human sequence decreased to 1.332, but still retain- 
ing the same confidence level (P < 0.003). A main con- 
tribution to the overall simplicity of the 3 'UTR is made 
by single-base repeats and two-base runs. At the local 
level, a large proportion of peaks in the simplicity pro- 
files is also caused by motifs of this kind. 

The higher values of the SFs of the random sequences 
calculated using the doublet frequencies instead of the 
base composition indicate that the biased dinucleotide 
composition of the 3 'UTR contributes to the clustering 
of sequence motifs. It has been pointed out that genes 
with a more biased base composition should also contain 
a higher frequency of clustered motifs (Hancock 1995a). 
In the 3 'UTR noncoding strand, G and T are more abun- 

pirymidine runs 

CTC2T2C2TC3TC2T 

CTC3TC2T 

T3CTCTCT 2 

T4CTC2T6CTCTCT2 

CT4CTCT2CT 

T3CTsCTCT2CT 

T3C2T2CTC 

T3C2T3C4TCTC2 T 

CT4CT4CT4C2TCT 

TCT3CTCT2 

purine runs 

G4AGA2GA 

AG2AGAGAG2 

A2G2AG3AG3A3 

A3G2A2G2AG2 

G4AGA2GAGA2 

AG3A2G4AG 

GAG2AG4AGAG2 

purine-pirymidine runs 

(TA)3 
(Tma 

T3AT4A2TA3 

T2AT5A2TA4TA 

GTGTGT 3 

G2TG2T3GT3 

(cT)3 
(o~)4 
T3G2T3G2TG4 

T2G2TGTGTTG2 

Fig. 5. Examples of homopurine, homopyrimidine, and purine- 
pyrimidine sequences present in the 3'UTR of the H1 ° gene from the 
mouse, rat, and human sequences. Runs of a single base are not in- 
cluded. 

dant than A and C. Therefore, the biases in both nucleo- 
tide and dinucleotide composition presumably contribute 
to the clustering of motifs that could act as substrates for 
slippage. 

Discussion 

The rates of nucleotide substitution and divergence in 
3'UTRs indicate that these sequences are under low se- 
lective pressure (Efstratiadis et al. 1980; Miyata et al. 
1980; Li et al. 1985). Constraints on 3'UTRs may oper- 
ate mainly at the level of the secondary and tertiary struc- 
tures of the mRNA and also locally, on sequences in- 
volved in protein binding (Christ and Nath 1993). It has 
been proposed that regions that are evolving rapidly 
could be undergoing coevolution either with binding pro- 
teins or within the mRNA secondary structure (Hancock 
and Dover 1990). In genes with long 3'UTRs, length 
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Fig. 6. DNA sequence simplicity profiles of the 3' untranslated re- 
gion of the H1 ° gene from the rat and humans. Profiles were generated 
with SIMPLE34 (Hancock and Armstrong 1994). The horizontal axis 
represents the length of the sequence and the vertical axis the simplicity 
score. The scores from the simplicity factor calculation were averaged 
in ten nucleotide steps. 

expansion may have been positively selected for reasons 
not yet understood, but probably related to mRNA sta- 
bility and posttranscriptional regulation (Rousseau et al. 
1992; Brocard et al. 1994). The 3'UTRs of H 1 ° of the rat 
and humans have a length difference of 185 nucleotides. 
This phenomenon recalls the length mutations of simple 
sequence loci associated with human genetic diseases 
(Caskey et al. 1992; Bates and Lehrach 1994; Richards 
and Sutherland 1994), although in the case of the 3 'UTR 
the length difference has no apparent functional effect. 
Constraints are not uniformly distributed along the 
3 'UTR of H1 °, as judged by the differences in local 
conservation. In short 3'UTR, the downstream portion is 
generally more conserved than the more upstream se- 
quences, probably due to functional requirements (Mi- 
yata et al. 1980). In the 3 'UTR of H1 °, three main re- 
gions of homology can clearly be distinguished in dot 
matrix comparisons: a highly variable central region 
(69% homology), flanked by more conserved regions 
(78% and 80% homology). The central region is not only 
more variable, but it also absorbs about 60% of the 
length difference between the rat and human sequences. 
The regions of mRNA sequences involved in secondary 
structures are generally more conserved (Gutell 1993). 
The low degree of conservation of the central region the 
3 'UTR of H1 ° suggests the possibility that it could act as 
a hinge between the more conserved flanking regions. 

Pairwise comparisons of the 3'UTRs of the mouse, 
the rat, and humans reveal that these regions have di- 

verged by insertion/deletion and by nucleotide substitu- 
tion. Insertions/deletions generally have one to 20 
nucleotides. Direct repeats of 3-7 bp are often found near 
the ends of insertions/deletions. Direct repeats promote 
insertions and deletions by slippage mechanisms during 
DNA replication both in vivo (Levinson and Gutman 
1978b; Henderson and Petes 1992; Strand et al. 1993) 
and in vitro (Schl6tterer and Tautz 1992). Direct repeats 
were previously found flanking known deletions in the 
coding and noncoding regions of mammalian [3-like glo- 
bin genes (Efstratiadis et al. 1980). Some gaps in the 
3 'UTR of H1 ° do not present direct repeats in their vi- 
cinity. In sequences under low selective pressure, such as 
the 3'UTRs, direct repeats are not indeed expected in 
association with the totality of insertions/deletions, since 
nucleotide substitutions and the possible repeated occur- 
rence of slippage events nearly at the same place should 
have eliminated the repeats in a number of cases. 

One of the most apparent features of the 3 'UTR of 
H1 ° is the abundance of single-base repeats. This phe- 
nomenon was previously reported in intron sequences, 
which are considered to be under low selective pressure, 
by Blaisdell (1983) and Levinson and Gutman (1987a), 
and taken as an argument in favor of the ubiquity of 
slipped-strand mispairing processes. We have extended 
this analysis to the 3 'UTR of histone H1 °. The frequen- 
cies of single-base repeats in the natural sequences are 
higher than the theoretical frequencies calculated from 
either the base or the dinucleotide compositions. The 
differences become larger with increasing size category. 
Pairwise comparisons have shown that although single- 
base repeats are generally conserved in the mouse, rat, 
and humans, they often differ in length by one or two 
nucleotides. A large proportion of the gaps of 1 or 2 
nucleotides results, in fact, from length differences in 
single-base repeats. Such length differences in conserved 
single-base repeats are an additional argument in favor of 
the active involvement of slippage processes in the evo- 
lution of single-base repeats. 

Other simple motifs characteristic of the 3 'UTR of 
H1 ° are two-base runs. Homopurine, homopyrimidine, 
and purine-pyrimidine runs are present. In these se- 
quences, either nucleotide is reiterated a variable number 
of times so that no regularity is apparent. Such sequences 
are potential substrates for slippage events, involving 
both contiguous and noncontiguous repeats. Two-base 
runs could evolve either toward an increase in overall 
simplicity through the insertion of new simple motifs and 
deletion of nonrepetitive sequences, or toward a regain of 
complexity by deletion of repeats and base substitutions. 
Two-base runs can be understood in terms of a dinucleo- 
tide motif, which has been made cryptic by the nonregu- 
lar reiteration of either nucleotide. The mechanisms of 
replication slippage could have contributed to the early 
evolution of these sequences through the amplification of 
a tandemly repeated dinucleotide motif and then, in corn- 
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b ina t ion  with point  mutat ions,  expanded the sequence 

with s ingle-base runs of  either nucleotide.  

Compar i son  of  the 3 ' U T R  from PC12 cells reported 

here and from rat brain has shown the presence of several 

nucleofide subst i tut ions and insert ions/delet ions.  Several  
mismatches  were also reported be tween  the 3 ' U T R  from 
mouse  teratocarcinoma and from mur ine  erythroleuke- 

mia  cells (Brocard et al. 1994). These sequence differ- 

ences could reflect a po lymorph i sm in the 3 ' U T R ,  as 

predicted by the neutral  muta t ion  hypothesis  for regions 
that evolve at high rates (Hudson et al. 1987). 

W e  have analyzed the simplici ty of  the 3 ' U T R  with 

the program SIMPLE34  (Hancock and Armst rong 1994). 
The h u m a n  sequence is s ignif icant ly s impler  than the rat 

sequence. Apparent ly ,  sl ippage products have been  more 

actively incorporated to the h u ma n  l ineage than to the 

rodent  l ineage. This is in contrast  with the fact that ro- 

dent  microsatel l i tes are general ly  longer  than h u m a n  mi-  

crosatellites (Beckmann  and Weber  1992; Love et al. 

1990), but  is consis tent  with the expans ion  of  microsat-  

ellite loci in humans  relative to their homologous  coun-  

terparts in other primates (Rubinsz te in  et al. 1995). It 
also agrees with the accumula t ion  of s imple sequences as 

genome size increases (Hancock 1995b). The higher  sim- 
plici ty and length of the h u man  sequence could then be 

at the same t ime a reflect ion of  a general  tendency and a 

peculiari ty of  the h u man  l ineage (Dover  1995). 

Sequence simplici ty and variat ion have been  corre- 
lated in regions of  the r ibosomal  genes that have evolved 

by inser t ional  mutagenes is  (Tautz et al. 1986) and in 

some regions  of  the locus hunchback of  Drosophila 
(Treiter et al. 1989). In the 3 ' U T R ,  the simplici ty peaks 
are d is t r ibuted rather un i fo rmly  a long the sequence,  

which is consis tent  with a relat ively un i form distr ibution 

of insert ions/delet ions.  

In  summary,  several features provide evidence  to sup- 
port  the invo lvement  of  repl icat ion slippage in the evo- 

lut ion of  the 3 ' U T R  of  the H1 ° gene. These features 
include (1) the length imbalance  of  the rat and hum an  

sequences;  (2) the presence of numerous  short (<20 bp) 
insert ions/delet ions,  which are often f lanked by direct 

repeats; (3) the abundance  of s ingle-base repeats, two- 

base runs, and other s imple motifs;  (4) the associat ion of  

short (1 -2  bp) gaps with length differences in conserved 
single-base repeats; and (5) the presence of  s ingle-base 

length po lymorphisms  in the rat and mouse  sequences.  
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