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Most linkage and population genetic studies that use microsatellites assume that the polymorphism observed at
these loci is due simply to variation in the number of units of a single repeat. Variation is far more complex,
however, for the numerous microsatellites that contain interruptions within the repeat or contain more than
one type of repeat. We observed that for DI8S58, a compound microsatellite containing (CG),,, as well as (CA),
repeats, the apparent length of certain alleles varied between genotyping experiments. Similar results were
obtained with other (CG),,-(CA), repeats. Sequencing demonstrated that the DI8S58 alleles demonstrating
variable mobility contained longer (CG),, stretches than those alleles whose length did not appear to vary
between experiments. These results suggest that (CG),, repeats, which are frequently present in compound
human microsatellites, are prone to form an unusually stable secondary structure. We discuss the relative
frequency of different classes of compound microsatellites identified through database searches, as well as their
patterns of sequence and variation. Further characterization of such variation is important for elucidating the

origin, mutational processes, and structure of these widely used, but incompletely understood, sequences.

Microsatellites are tandemly repeated sequences of 1-6
bp (Tautz 1993). They have been used extensively for
genetic mapping and forensic and population studies.
However, much remains unknown about the possible
functions microsatellites may have in the genome and
about their patterns of sequence variation and muta-
tion. A premise behind the use of microsatellites as
genetic markers is that their alleles differ only in the
number of units that they contain of a single repeat
(Guyer and Collins 1993). Several studies, however,
show that sequence variation at microsatellites is fre-
quently complex (e.g., Eichler et al. 1994; Hirst et al.
1994; Kunst and Warren 1994; Snow et al. 1994;
Urquhart et al. 1994; Blanquer-Maumont and Crouau-
Roy 1995; Estoup et al. 1995; Garza and Freimer 1996;
Grimaldi and Crouau-Roy 1997; Brinkmann et al.
1998a,b; Lin et al. 1998). Variation in the sequence of
microsatellite alleles may affect the interpretation of
genetic mapping and population studies in which mi-
crosatellites are used.

Complexity in interallelic variation takes three
main forms. First, microsatellite alleles can vary due to
small insertion—deletion or single base pair mutations
in the sequence immediately flanking the repeat, in
conjunction with differences in the number of repeat
units (Grimaldi and Crouau-Roy 1997; Brinkmann et
al. 1998a; Lin et al. 1998). Second, base substitutions or
small insertions or deletions (i.e., imperfections) may
occur within the repeat (Eichler et al. 1994; Hirst et al.
1994; Kunst and Warren 1994; Snow et al. 1994;
Urquhart et al. 1994; Blanquer-Maumont and Crouau-

1Corresponding author.
E-MAIL Nelson@ngl.ucsf.edu; FAX (415) 476-7389.

830 Genome Research
www.genome.org

Roy 1995; Estoup et al. 1995; Garza and Freimer 1996;
Brinkmann et al. 1998a,b; Lin et al. 1998). As base sub-
stitutions do not change the length of alleles, this type
of variation is usually hidden, and sequencing of many
alleles may be required to appreciate it.

A third type of variation can occur at compound
microsatellite loci (i.e., those containing stretches of
two or more different repeats), which appear to com-
prise [10% of microsatellites (Weber 1990). Alleles at
such loci can vary in the length of either or both re-
peats (Urquhart et al. 1994; Garza and Freimer 1996;
Brinkmann et al. 1998b). Therefore, with compound
microsatellites, as with imperfect ones, sequencing can
reveal differences between alleles that are identical in
length.

We present here a detailed examination of a com-
pound dinucleotide repeat from the Genethon genetic
map (Gyapay et al. 1994). This marker, D18558, con-
tains a long (CA),, repeat and a short (CG),,, repeat. We
report observations from genotyping and sequencing
experiments that show that both repeats vary in length
and that the length of the (CG),, repeat likely affects
the structure of the microsatellite. Results obtained
from additional (CG),,—(CA),, markers suggest that this
phenomenon occurs with some other (CG),,—(CA), re-
peats. These experimental results, and sequence analy-
sis of additional compound repeats identified in se-
quence databases, extend prior suggestions of the im-
portance of complex variation in understanding the
biology of microsatellites.

RESULTS

D18S58 is a compound microsatellite repeat contain-
ing a long (CA),, repeat and a short (CG),, repeat. The
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published sequence is G(CG)5(AC),g (GenBank acces-
sion no. Z16735). While using this marker in a linkage
study, we found that certain individuals carried alleles
at D18S58 for which size could not be reliably estab-
lished using standard genotyping procedures (termed
“variable-mobility alleles”). In the linkage study these
individuals had been typed with >400 microsatellite
markers, and no unexpected allele sizes had been
noted (Mclnnes et al. 1996). The apparent size of these
variable-mobility alleles, determined relative to that of
several nonvarying control alleles, differed between ex-
periments, indicating that mobility on a denaturing
acrylamide gel does not consistently reflect the actual
size of these alleles (see Fig. 1; Table 1A). Occasionally,
evidence suggested that the band representing the vari-
able-mobility allele did not amplify by PCR to a detect-
able level (see Fig. 1, gel 1, lane 1).

Sequencing of Alleles

We identified seven individuals in whom a D18558
allele varied in apparent size (these individuals each
possessed one “variable” and one “stable” allele). We
PCR-amplified D18S58 from genomic DNA of three of
these individuals (1, 2, and 3) and cloned the products.
Six to 10 clones from each individual were sequenced,
and sequence was obtained for both alleles present in
each person. In each of the three individuals whose
alleles were sequenced, the length of the (CG),, repeat

Gel 1 Gel 2
A BC12 3

ABC1 23

Figure 1 Sample D18558 data. D18558 data for six samples,
run on two different standard gels, are shown. Samples A, B, and
C are control individuals, who do not carry variable-mobility al-
leles. (Sample A is CEPH control 1347-2). Both of the gels were
scored as follows (in bp): A (149/149), B(151/149), and C (149/
145). Samples 1-3 are from individuals who carry one stable-
mobility and one variable-mobility allele each. On gel 1, these
samples were scored as follows (in bp): 1 (145/145), 2 (153/
153), and 3 (149/149). On gel 2, they were scored (in bp) as 1
(152/145), 2 (153/152), and 3 (152/149). These three individu-
als were genotyped numerous times (see Table 1), and their
D18S558 alleles were sequenced (see Table 2). Gel 1 shows an
example of a case in which it is particularly likely that the variable-
mobility allele simply did not amplify to a detectable level. Once
on a standard gel (shown) and once on a formamide gel, sample
1 appeared homozygous for the 145 allele. The variable-mobility
allele never appeared to be this small in samples 2 or 3, suggest-
ing that, in this case, it simply did not amplify from sample 7.
Whether the results for samples 2 and 3 on gel 1 are due to lack
of detectable PCR of the variable-mobility allele or to comigration
of the stable- and variable-mobility alleles cannot be determined.

differed between their two alleles: The allele demon-
strating stable migration patterns carried G(CG)sC,
similar to the published sequence, whereas the vari-
able-mobility allele contained G(CG),_gC (see Table 2).
No other differences in sequence were found between
the stable and variable-mobility alleles. In each case,
the length of the stable allele determined by sequenc-
ing agreed with that predicted by genotyping. In con-
trast, the variable-mobility alleles demonstrated a
greater gel mobility than that predicted by their
length, as determined by sequencing.

Sizing of Alleles

We hypothesized that the longer (CG),, repeat con-
tained in the variable-mobility alleles was responsible
for their inconsistent electrophoretic mobility. Given
the propensity of (CG),,, repeats to form hairpins (Gacy
et al. 1995), we further hypothesized that this incon-
sistency could be due to formation of an unusually
stable secondary structure in the single-stranded dena-
tured PCR product. Subtle differences between experi-
ments could affect denaturation of the secondary
structure, causing variations in allele mobility. Vari-
ability was observed, regardless of which primer was
labeled, indicating that the structure formed on both
strands of DNA.

We examined whether electrophoresing the PCR
products on a gel with stronger denaturing properties
might maintain the products in a more completely de-
natured state and yield the mobility expected, given
their actual length. We amplified DNA from the seven
individuals who carried a variable-mobility allele and
electrophoresed the PCR products on formamide-
containing acrylamide gels. Overall, the variable-
mobility alleles demonstrated slightly decreased mo-
bility on the formamide-containing gels, although the
range of mobility on formamide and standard gels
overlapped extensively (see Table 1). Thus, use of for-
mamide in the gels reduced, but did not eliminate,
the variation in mobility of the alleles containing
G(CQG),_¢C. These alleles demonstrate extreme levels of
variation in mobility (see Table 1), possibly depending
on undetectably minor variations in experimental con-
ditions.

Identification of (CG)_s Repeats

Through Database Searches

The published sequence of D18S58 contains five con-
tiguous CG dinucleotides, and we have shown that
some alleles of this marker contain eight contiguous
CG's. Such runs of CG are unusual in vertebrate ge-
nomes (Tautz et al. 1986). We examined the preva-
lence of human sequences containing (CG)_5 in se-
quence databases. Database searches identified 56
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Table 1. Allele Mobility in Standard and 40% Formamide Gels

A. Standard gels B.
apparent size range (bp)

Formamide gels
apparent size range (bp)

C. (CG),g allele D. (CG); allele

sequence length sequence length

Sample varying allele stable allele varying allele stable allele (bp) (bp)
1 145-153 145 145-155 145 155 (153, 151)? 145
2 150-153 153 150-155 153 155 153
3 149-152 149 149-155 149 155 149

Apparent sizes of the variable- and stable-mobility alleles in the three individuals heterozygous for variable-mobility alleles are shown,
as determined using standard (column A) and 40% formamide (column B) gels. Three control individuals without variable-mobility
alleles were also typed as references. The relative mobility of their alleles did not change (see Fig. 1 for examples). The length of the
(CG);,_g and (CG); alleles, as determined by sequencing, are also shown. The variable-mobility allele present in sample 1 appeared to
be 145 bp in size only twice and never electophoresed so rapidly in either sample 2 or 3; as this individual has a stable allele of 145
bp, this result may be due to lack of PCR of this allele in these two instances.

“Due to variation in number of repeats in the sequenced clones of this allele, the allele length is uncertain but most likely is 155 bp.

sequence tagged sites (STSs), of which 54 are CA-
repeat-containing microsatellites. Seven extended re-
gions of genomic sequence and 18 CpG island se-
quences containing (CG)_s were also identified; in
four and five of these sequences, respectively, the
(CG)~s repeat was separated by 10 bp or less from
(CA)_s. These results suggest that (CG),, repeats tend
to be adjacent to (CA), repeats. Furthermore, we no-
ticed a striking pattern in the position of (CG),, repeats
in relation to adjacent (CA),, repeats. In 55 of 63 (87%)
of these (CG),,,—(CA),, compound repeat sequences, the
run of CGs is 5’ to the longest perfect run of CAs. This
proportion is significantly different from the 50% ex-
pected if the order of the two repeats were random
(P <0.000001). In only 8 of the 63 (13%) sequences,

Table 2. Sequence of D18558 Alleles

the (CG),, repeat lies 3’ to the longest perfect run of
CAs or between two equally long runs.

Odd-Sized Alleles at DI8S58 and at Other
(CQG),,-(CA), Microsatellites
Examination of the published allele distribution for
D18558 (Gyapay et al. 1994) indicates that, although
most alleles fall into a ladder of sizes that differ from
each other by an even number of base pairs, as ex-
pected for a dinucleotide repeat, two alleles, with fre-
quencies of 15% and 2% in the Centre d’Etudes du
Polymorphisme Humain (CEPH) pedigree collection
(CEPH Genotype Database), differ by an odd number
of base pairs from the other alleles. The reported sizes
of these two “odd-sized” alleles are within the apparent

size range of the variable-mobility alleles that

we identified.

Additionally, we examined the sizes of alle-

Sample Sequence

les reported for other (CG),,—~(CA),, compound

Published sequence (AT);GCGCGCGCGCG------- (AC); 5

varying allele

stable allele (AT)sGCGCGCGCGCGC-—-(AC) 5

w w NN ==

varying allele

stable allele (AT);GCGCGCGCGCGC—-(AC)
varying allele (AT);GCGCGCGCGCGCGCGCYC(AC), 5 157
stable allele (AT);GCGCGCGCGCGC-——-(AC)0

(AT);GCGCGCGCGCGCGCGCGC(AC), 5

(AT);GCGCGCGCGCGCGCGCGC(AC), °

repeats. For 40 of the 54 (CG),,,—(CA),, STSs iden-
tified in the databases, we were able to obtain
information on allele sizes and frequencies from
the CEPH, the Genome Database, or other
sources. Eighteen of these 40 microsatellites
(45%) had one or more odd-sized alleles. In con-
trast, odd-sized alleles were reported for only
one of 40 markers (2.5%) randomly chosen
from among the 473 markers used in the previ-

ously mentioned linkage study (McInnes et al.

The sequence of the stable and variable-mobility alleles of the three in-
dividuals whose alleles were sequenced are shown and compared with
the previously determined sequence of D18558. Lowercase letters denote
uncertainty in the sequence. One consistent difference was found be-
tween all six of the alleles sequenced and the published sequence: The
published sequence has G(CG)s, whereas in all of the alleles sequenced
here a C follows the last CG dinucleotide [i.e., G(CG)-sC]. The last C may
have been unreadable in the original sequence, due to compression. For
five of the six alleles sequenced, a minimum of four independent clones
were sequenced.

“Due to variation in the number of repeats in the sequenced clones of this
allele, the allele length is uncertain but most likely is 155 bp.

PFor one allele in sample 3, only one clone was obtained and sequenced.
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1996). Additionally, only 7.9% (5 of 63) of the
(CA),, repeat markers on chromosome 18 in the
1994 Genethon genetic map (Gyapay et al.
1994) had one or more odd-sized alleles. These
differences in the frequency of odd-sized alleles
between the (CG),—containing markers and
both the markers randomly chosen from the
entire genome, and the markers from chro-
mosome 18, are statistically significant
(P < 0.0001).
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Typing of Additional (CG),,—(CA), Compound
Microsatellites Possessing Odd-Sized Alleles

We identified a subset of the markers possessing odd-
sized alleles, in which at least one odd-sized allele was
present in one or more of three CEPH individuals
(1347-2, 1331-1, or 1331-2). These three CEPH indi-
viduals were genotyped for three of these markers,
D2§2351, D951799, and D1051789, on a standard gel.
Additionally, D252351 and D9S1799 reactions were
run on a formamide gel. In contrast to the data ob-
tained in our laboratory with hundreds of other mark-
ers, for each of these three markers the data were not
entirely consistent with the results reported in the
CEPH pedigree collection. Also, for the two markers for
which reactions were run on both standard and for-
mamide gels, apparent allele sizes differed between
gels. These results indicate that it may be difficult to
obtain reproducible results from many (CG),,—~(CA),
repeats and that our findings with D18S58 are indica-
tive of a general phenomenon observed when using
(CG),—(CA),, repeats for genotyping studies.

Sequence Characterization of Human Compound
(CA), Microsatellites in General

We determined how the frequency and patterns of se-
quence and variation observed for (CG),—(CA), re-
peats compare with those of other classes of compound
(CA),, repeats, using a slightly different database
searching strategy than was used in the initial exami-
nation of (CG),,—(CA), repeats described above. Be-
cause other dinucleotide repeats are more common in
the human genome than are (CG),,, repeats, we focused
our database searches by searching for (CA), repeats
directly adjacent to other dinucleotide repeats, for ex-
ample, (CT)s(CA)s. This approach identifies com-
pound microsatellite repeats in which the two repeats
are directly adjacent to each other, with no region of
imperfect repeat sequence between them [i.e., it iden-
tifies a subset of those repeats that would be found
with a search performed just for the non-(CA) repeat].
We searched the STS database for five classes of com-
pound (CA),, repeats; those in which (CT),,, (TA),,,
(GA),,, (CG),y,, o1 (GT),, repeats were also present. We
performed this search with the eight different permu-
tations of sequence possible for each class of com-
pound repeat (see Table 3, columns A and B). The se-
quences obtained with these eight different searches
for a single class of repeat are likely to overlap exten-
sively [e.g., the same microsatellite is often identified
by searching for (CT)5(CA)s; or by searching for
(TC)5(AC)s]; therefore, the results of these searches do
not indicate the total number of unique sequences in
each general class but provide an estimate of the rela-
tive number of repeats in each general class, as well as
the specific number of repeats within each subclass of
a single class of repeat.

Results of these database searches are shown in
Table 3, in which the classes of compound human
(CA),, repeats are listed from most to least frequently
identified, and the numbers of human repeats identi-
fied in each subclass are shown. Interestingly, those
repeats containing (CT),,, appear to be almost threefold
more common than those repeats containing (GA),,,
which is the same repeat, only present on the other
DNA strand.

We randomly chose 40 different markers in each
compound repeat class and examined their reported
allele sizes, to determine whether any odd-sized alleles
had been observed (see Table 3, column D). [For the
compound (CA)s repeats containing (GT),, on the
same strand as the (CA)s repeat, this analysis was not
possible, because only one repeat was found; also, al-
lele frequency distributions could only be found for 36
of the repeats containing (CG),,. This number of re-
peats is lower than the number for which allele infor-
mation could be found above (i.e., 40), because only
those repeats without any imperfect repeat sequence
between the two repeats are studied here.] In this par-
ticular search, those repeats containing (CG),, pos-
sessed one or more reported odd-sized alleles with the
highest frequency, 36.1% (see Table 3, column D). This
number is not significantly different from the fre-
quency (45%) with which odd-sized alleles were re-
ported for (CG),,—(CA), repeats in the previous search,
discussed above (P =0.57, N.S.).

The compound (CA),, repeat class with the next
highest level of reported odd-sized alleles is the class
containing (TA),, repeats, in which 17.5% of the re-
peats had odd-sized alleles reported. This proportion is
not statistically different from the proportion of
(CG)m—(CA),, repeats for which odd-sized alleles were
reported (P =0.11, N.S.). The other two compound re-
peat categories for which the proportion of repeats
with odd-sized alleles could be calculated had negli-
gible numbers of them. Five percent of repeats contain-
ing (GA),, had reported odd-sized alleles, as did 2.5%
of repeats containing (CT),,,. These proportions do not
differ from each other (P=0.55, N.S.) or from the
17.5% of (TA),,-containing repeats with odd-sized al-
leles (P =0.16, N.S. and P = 0.0624, N.S., respectively)
but are statistically different from the 36.1% of (CG),,,—
(CA),, repeats with odd-sized alleles [P =0.0018 and
P =0.0005, respectively (still significant after correc-
tion for performance of six tests to compare the pro-
portion of odd-sized alleles in the four categories)].

We also examined the relative positions of the two
repeats in the four classes of repeat for which sufficient
data was available (see Table 3, columns F and G). This
was done by tallying the number of repeats in a given
class that were identified by those searches using se-
quences of the type (XY)5(CA)s or (XY)5(AC)5 versus
those identified using sequences of the type
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Table 3. Compound (CA), Repeats

A B C D £ F G
compound CA class Repeat No. No. (%) = 1 bp % (CA), 5’ % (CA), 3’ % imp. period.
(CT) or (TC) (CT)5(CA)s 199 1/40 (2.5) 29.4 70.6 2.7

(CA)S(CT)s 85
(TO)s(CA)s 4
(CA)S(TC)s 0
(CT)s(AC)s 12
(AQ)s(CT)s 0
(TC)s(AC)s 200
(AQ)5(TC)s 88
(TA) or (AT) (TA)5(CA)s 121 7/40 (17.5) 49.3 50.7 0.9
(CA)s(TA)s 99
(AT)s(CA)s 0
(CA)S(AT)s 1
(TA)s(AC)s 0
(AC)s(TA) 3
(AT)5(AC)s 108
(AC)s(AT)s 120
(GA) or (AG) (GA)5(CA)5 2 2/40 (5) 98.1 1.9 0.5
(CA)s(GA)s 101
(AG)s(CA)s 0
(CA)s(AG)s 0
(GA)5(AQ)s 0
(AC)(GA), 1
(AG)5(AQ)s 2
(AC)s(AG)s 100
(CG) or (GC) (CG)s(CA)s 30 13/36 (36.1) 16.5 83.5 2.2
(CA)5(CG)s 8
(GO)s(CA)s 1
(CA)5(GO)s 0
(CG)s(AC)s 1
(AQ)5(CG)s 0
(GC)5(AC)s 44
(AQ)5(GO)s 7
(GT) or (TG) (GT)5(CA)s 0 N.A. N.A. N.A. N.A.
(CA)5(GT)s 0
(TG)5(CA)s 0
(CA)5(TG)s 1
(GT)5(AC)s 0
(AQ)5(GTs 0
(TG)5(AC)s 0
(AQ)5(TG)s 0

Column A indicates the general classes of compound (CA), repeat. Column B indicates the different subclasses of each type of repeat.
Column C shows the number of repeats identified in each subclass. The number and percentage of examined repeats in each general
class for which odd-sized alleles were reported is shown in column D. Columns E and F indicate the percentage of repeats in each
general class for which the (CA),, repeat was located 5’ or 3’ of the other repeat, respectively. Column G indicates the proportion of
repeats in each general class that demonstrates imperfect dinucleotide periodicity. (N.A.) not available.

(CA)5(XY)5 or (AC)5(XY)s. Whereas data for the repeat
class containing (AT),, or (TA),, indicated no bias in
position of the (AT),,, or (TA),, repeat, relative to that of
the (CA), or (AC), repeat (P =0.81, N.S.), compound
repeats in the other three classes do appear to have a
bias in the relative position of the two repeats, and
interestingly, this bias is not the same for the different
repeat types (see Table 3, columns E and F). In 83.5% of
the compound (CA), repeats containing (CG),, or
(GQC),,,, the (CA),, or (AC),, is the more 3’ of the two
repeats. [This number differs from 50% (P < 0.0001)
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and is similar to the 87% found in the initial analysis
discussed above.] Similarly, in 70.6% of the repeats
containing (CT),, or (TC),,, the (CA),, or (AC),, repeat is
located 3’ to the other repeat. (Again, this number dif-
fers from 50%, with P < 0.0001.) In contrast, the re-
peats containing (GA), or (AG), demonstrate very
strikingly the opposite pattern; in 98.1% of cases, the
(CA),, or (AC), repeat is 5’ of the other repeat. (This
number differs from 50%, with P < 0.0001).

We also examined how frequently the two repeats
demonstrated perfect dinucleotide periodicity, defined
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to mean that the two neighboring repeats directly abut
each other such that the base present in both repeats
occurs every other base pair [i.e., (CT)5(CA)s or
(TC)s(AC)5 repeats, as opposed to (CT)s(AC)s or
(TC)5(CA); repeats]. For all four general classes of com-
pound (CA), repeats examined, the proportion of re-
peats that did not demonstrate perfect dinucleotide pe-
riodicity was negligible (0.5%-2.7%) (see Table 3, col-
umn G).

DISCUSSION

In this paper we used detailed analysis of a single
(CG)m(CA),, compound microsatellite, D18558, as well
as genotyping of three additional similar markers and
an examination of sequence databases, to evaluate
compound (CA), microsatellite repeats, particularly
those containing (CG),,, as a source of complexity
among human microsatellites. Through direct se-
quencing of several D18S58 alleles, we demonstrated
that variation in the number of (CG),, repeats was re-
sponsible for the observation that certain alleles of this
marker differed in migration patterns between experi-
ments. Those alleles that demonstrated variable mobil-
ity possessed longer (CG),, repeats than those that did
not. Given that (CG),, is the dinucleotide repeat pre-
dicted to form the most stable hairpin structure (Gacy
et al. 1995), the variable mobility is probably due to
altered secondary structure in single-stranded PCR
products of those alleles with a longer run of (CG),,.
We also showed that similar variation in mobility oc-
curs at other (CG),,,—(CA),, repeats. The unusual prop-
erties of these compound microsatellites stimulated us
to evaluate the characteristics of (CG),,—(CA),, repeats
and other compound (CA),, repeats, in the human ge-
nome.

CG dinucleotides are under-represented in verte-
brate DNA, because of C —» T mutation due to methyl-
ation of cytosine in CG dinucleotides, followed by
deamination. However, runs of (CG),, are observed
more rarely than expected, given the frequency of CG
dinucleotides (Tautz et al. 1986; Jurka and Pethiyagoda
1995). Additionally, (CG),, repeats are rare, even in
Drosophila, which does not have C methylation or un-
der-representation of CG dinucleotides (Lowenhaupt
et al. 1989; Stallings 1992). Our results indicate that
(CA),-repeat-containing regions appear enriched for
contiguous runs of (CG),,, in comparison with other
genomic regions. There are several possible (not mutu-
ally exclusive) explanations for this observation.
(CG),y, runs may have been the original nuclei for the
formation of some (CA), repeats through a process of
expansion and mutation (Levinson and Gutman
1987), or compound (CG),,—(CA),, repeats may have
analogously arisen from simple (CA), repeats. Given
the presence of adjacent runs of CG and CA, replica-
tion slippage, the mechanism most likely to account

for expansion of simple sequence repeats (Tautz and
Schlbtterer 1994), may have caused expansion of both
repeats. It is possible that the current representation of
(CG)m—(CA),, repeats in the databases provides an un-
derestimate of the frequency with which ancestral
(CG),, and (CA),, repeats co-occurred and coexpanded;
as C - T mutation commonly occurs at CG dinucleo-
tides, many ancestral CG dinucleotides have probably
been converted to TG (Levinson and Gutman 1987).
Our finding that (TG),,—(CA),-type repeats appear very
rare in the human genome suggests that if (CG),,—
(CA), repeats mutate through the methylation-
deamination process, there may be a strong preference
for the strand on which this occurs; methylation and
mutation on the (CA), strand would lead to (TG),,—
(CA),,-type repeats, which appear rare, whereas meth-
ylation on the (TG),, strand would lead to simple (CA),
repeats. Alternatively, perhaps (CG),, repeats directly
adjacent to (CA),, repeats are relatively protected from
this mutation process, due to undermethylation.
Because of their under-representation in genomic
DNA, it has been hypothesized that (CG),, repeats as-
sume a conformation deleterious to chromosome
structure (Stallings 1992). Several studies have sug-
gested that C + G-rich repeats are particularly prone to
forming unusual structures, such as hairpins and qua-
druplexes (e.g., see Chen et al. 1995; Darlow and Leach
1995; Gacy et al. 1995; Kettani et al. 1995; Nadel et al.
1995; Smith et al. 1995; Warren 1996; Petruska et al.
1996; for review, see Pearson and Sinden 1998).
Although many of these studies focus on C + G-rich
trinucleotide repeats that, when expanded, lead to hu-
man diseases, it has been suggested that CG dinucleo-
tide repeats may be even more prone than trinucleo-
tide repeats to form hairpins (Gacy et al. 1995). Our
observation that the length of the D18558 (CG),, re-
peat affects its conformation suggests that the ten-
dency of (CG),, repeats to be located near (CA),, repeats
should be considered in relationship to alternative
DNA structures. With respect to the co-occurrence of
(CA),, and (CG),, repeats, it is noteworthy that Z-DNA
is a candidate alternative structure for (CG),,, and (CA),
repeats. Z-DNA is most easily formed by certain se-
quences of altering purines and pyrimidines; both
(CG)w/(CG),, and (CA),./(TG),, runs have high poten-
tial to form Z-DNA, in contrast to (AT),,/(AT),, (Jovin et
al. 1983). It has been proposed that (CA),, repeats may
assume a Z-DNA structure under certain in vivo con-
ditions, and available data suggest that Z-DNA forma-
tion may play a role in cellular processes including
transcription and recombination (Hamada and Kaku-
naga 1982; Berger et al. 1998; for review, see Herbert
and Rich 1996). If (CA), repeats have a function for
which they assume Z-DNA structure, the relatively
high frequency with which CG runs occur next to
(CA), repeats might be explained by the fact that
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(CG),, repeats have an even stronger Z-DNA-forming
potential.

Over one-third of the (CG),—(CA),, microsatellites
for which genotyping information was available have
odd-sized alleles, whereas few other markers that we
examined for comparison do, suggesting that (CG),,
repeats may commonly vary in length and that alleles
with longer CG runs may demonstrate variable mobil-
ity, producing apparently odd-sized alleles. The only
other class of repeat we examined for which a sizable
proportion of members possessed odd-sized alleles
were (TA),,—(CA),, compound repeats; (AT), repeats are
predicted to form hairpins second in stability only to
those formed by (CG),, repeats (Gacy et al. 1995). Per-
haps these odd-sized alleles are also caused by second-
ary structure formation that alters gel mobility. Of
course, some odd-sized alleles result from other mecha-
nisms, such as insertion—deletion mutations (Grimaldi
and Crouau-Roy 1997; Brinkmann et al. 1998b).

Our examination of the five different classes of
compound (CA),, microsatellites yielded additional
findings. This set of analyses was done on sequences
present in the STS database, which is likely to be en-
riched for microsatellites with high levels of polymor-
phism, relative to those with low genetic informative-
ness. If the different types of compound (CA),, repeat
have differing levels of polymorphism, then the rela-
tive frequencies of these repeats found in the STS da-
tabase may differ from those in the genome as a whole.
This seems unlikely, but confirmation of lack of bias
requires analysis of random genomic sequence from a
large proportion of the human genome and is beyond
the scope of this paper. Other than this risk of bias and
the possibility that different compound (CA),, repeats
could differ in clonability, the compound (CA),, repeat
sequences in the STS database should be fairly repre-
sentative of those in the genome, because (CA),, re-
peats are generally identified using techniques that fo-
cus only on identification of the (CA), repeat and not
on inclusion or exclusion of other adjacent repeats.

The relative frequency of different classes of com-
pound (CA),, microsatellites can be estimated from our
search results. The relative frequency of the different
compound repeats cannot be completely explained by
the average base composition of the human genome
nor by the relatively higher frequency of transition
compared with transversion mutations seen in the hu-
man genome (Cooper and Krawczak 1993); if these
compound repeats frequently form by mutation from
simple CA repeats, one might expect (TA),,—(CA),, mi-
crosatellites to be most common, because a TA di-
nucleotide can form by one transition mutation from a
CA dinucleotide. However, (CT),,,—(CA),, repeats ap-
pear most common; although, for a CT dinucleotide to
form from a CA dinucleotide, a transversion mutation
is required. A logical explanation for the dearth of
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(GT),—(CA),-type repeats is that, to generate such a
repeat from a simple (CA), repeat would require a mu-
tation event in both base pairs of the repeat. However,
one might expect that such repeats would sometimes
form through expansion of a GT dinucleotide present
by chance immediately adjacent to the CA repeat.

The apparent tendency of CG and CT runs to lie
5, and of GA runs to lie 3’, of (CA), repeats is also
intriguing, because it suggests that the formation or
retention of runs of CG, CT, and GA near (CA),, repeats
has polarity that differs depending on the repeat type.
[Runs of TA do not appear to demonstrate polarity in
their position relative to (CA), repeats]. A clear ex-
ample of polarity in microsatellite mutation is seen in
the fragile X trinucleotide repeat, in which variation in
repeat length occurs mainly at the 3’ end of the repeat
(Eichler et al. 1994; Hirst et al. 1994; Kunst and Warren
1994; Snow et al. 1994).

In our search, as well as in a previously reported
analysis of some compound repeats (Epplen et al.
1997), the proportion of compound microsatellites
demonstrating imperfect dinucleotide periodicity was
small, supporting the hypothesis that such repeats gen-
erally arise through a process of mutation and replica-
tion slippage (Levinson and Gutman 1987). A fuller
examination of the characteristics of compound (CA),,
microsatellite periodicity would require examination
of those repeats in which the (CA),, and other repeats
were not directly adjacent to each other and is beyond
the scope of this paper.

Screening of available sequence databases indi-
cates that numerous (CG),,—(CA),, compound micro-
satellites exist and are in use as genetic markers. Devis-
ing a method for obtaining consistent and accurate
genotyping results for (CG),,—(CA),, microsatellites
would increase their reliability as genetic markers. Per-
haps substitution during PCR of 7-deaza-dGTP or dITP
(an analog with even less tendency to form secondary
structures) for dGTP or of N4-methyl-dCTP (Li et al.
1993; McCrea et al. 1993) for dCTP would induce the
alleles carrying long CG runs to have the mobility ex-
pected given their length. However, PCR conditions
used might need to be modified, because these nucleo-
tide analogs are generally incorporated less efficiently
than dGTP and dCTP (Li et al. 1993; McCrea et al.
1993).

Relatively little sequencing of microsatellite alleles
has been done. However, such sequencing can be par-
ticularly useful for population studies, and for increas-
ing understanding of the origin, mutational processes,
and structure of microsatellites, in addition to allowing
more informed interpretation of genotyping data, as
discussed above. In genetic studies that involve com-
parison of genotypes across a population, rather than
within a family, it is particularly important to be able
to distinguish alleles that are identical by state (IBS)
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from those identical by descent (IBD). Such differen-
tiation is difficult to do with microsatellites; because
they have a relatively high mutation rate (Weber and
Wong 1993), an allele of a given size may arise inde-
pendently multiple times. By sequencing compound
microsatellites, such as D18S58, one may distinguish
alleles of the same length that have differing se-
quences, that is, are IBS, from those that have identical
sequence, that is, are probably IBD (Garza and Freimer
1996). Sequencing of such alleles may be helpful for
fine mapping of disease genes using association and
linkage disequilibrium approaches and may increase
the amount of information about populations obtain-
able through study of microsatellites.

METHODS
Genotyping

Genotyping was performed as described previously (Bull et al.
1999), except as follows: Where indicated, gels containing
40% formamide were used. For these gels, the protocol in
Ausubel et al. (1995) was followed, except that Long Ranger
Gel Solution (J.T. Baker) was used. Also, prior to loading onto
a gel, samples were sometimes denatured by heating at 94°C
for 3 min in a PCR machine, rather than as described previ-
ously (Bull et al. 1999).

Sequencing

PCR was performed on the DNA samples using standard con-
ditions, and PCR products were cloned using the pGem-T Vec-
tor System (Promega) and sequenced using the fmol DNA Se-
quencing System (Promega) and radioactively end-labeled
primers. Reactions were run on gels containing 40% for-
mamide, to resolve sequence compression seen in the (CG),,
repeat region. We focused on sequencing each allele on the
strand on which the (CG),, repeat lay 5’ to the (CA),, repeat,
because sequence of the (CG),, repeat was easier to read on
this strand.

Database Searches

Searches of sequence databases were performed using BLAST
and FASTA. Searches focusing specifically on (CG),, repeats
were performed July-September 1996, and the following pro-
cedure was used: BLAST searches were performed on the STS
division of the GenBank database without filtering, using all
possible combinations of (CG),;N, as 11 bp of sequence was
the minimum required to allow identification of homologies.
The score cutoff for the BLAST searches was 55, which corre-
sponded to a perfect match at all 11 bases of the query se-
quence. FASTA searches were performed on the STS and hu-
man divisions of the EMBL database, also using all possible
combinations of (CG),,N and a score cutoff (44) correspond-
ing to a perfect match with the query sequence. [Because
there was a large number of repeats with the sequence
(CG),C, searches of the human division were performed us-
ing FASTA and all possible combinations of (CG),,CN, with a
score cutoff of 48]. We did not extensively evaluate (CG),,
repeats present in characterized human genes and ESTs, al-
though some do exist. The large size and/or redundancy of
the relevant databases and the necessity for knowledge of ex-
on-intron boundaries make this a complicated task. The

searches for the five classes of compound (CA),, repeats were
performed in February and March 1998 using BLAST and the
STS database. Sequences of the form (XY)s(CA); (see Table 3)
were used and a score cutoff of 100, which corresponded to a
perfect match at all 20 bases of the query sequence.

Statistics
Statistical comparisons were done using the x? test.
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