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A Method for Accurate Amplification of
Polymorphic CA-repeat Sequences

Shannon J. Odelberg®' and Ray White?

'Department of Human Genetics; ?Howard Hughes Medical Institute, Department of Human Genetics, University of Utah,

Anomalous PCR products are often
produced during the amplification of
d(CA),, - d(TG),, sequences. Upon de-
naturing polyacrylamide gel electro-
phoresis, these products yield a lad-
der-like pattern that can complicate
genotypic interpretation. We have
developed two related techniques,
referred to as two- and three-stage
linear amplification (2-SLA and
3-SLA, respectively), which largely
overcome this problem and yield
readily interpretable banding pat-
terns.

Salt Lake City, Utah 84112

Anomalous products are often gener-
ated during the in vitro amplification of
d(CA),, - d(TG), sequences [hereafter re-
ferred to as d(CA),, loci, or d(CA)-repeats)
by PCR. These PCR products usually dif-
fer in length by multiples of two nucle-
otides and form a ladder-like pattern
upon denaturing polyacrylamide gel
electrophoresis (Fig. 1, lane 1)."® Be-
cause this complex pattern can make ge-
notypic interpretation difficult, it is of
critical concern when attempting to gen-
otype individuals without the assistance
of a known pedigree, for example, for
parentage testing or criminal investiga-
tions. Even within an established pedi-
gree, these anomalous products can oc-
casionally make it difficult to distinguish
between homozygous and heterozygous
patterns when the two alleles in ques-
tion differ by a single dinucleotide re-
peat.

Approximately 50,000 d(CA),, loci are
present in the human genome;®* an
even distribution would place them at
~60-kb intervals. Most of these loci are
polymorphic, and some have heterozy-
gosities >80%."> Their ubiquity and
polymorphism make them valuable
markers for genetic studies. Thus, it is
desirable, if not essential, to develop a
technique that will reliably generate in-
terpretable data for this family of genetic
markers.

It has been proposed that the anom-
alous DNA fragments produced during
PCR are a result of polymerase slippage
during primer extension.”"® However,
we demonstrate that slippage cannot ac-
count for all of the mutant fragments
generated during PCR. Alternative mech-
anisms for the ladder-like pattern in-
clude recombinational processes such as
“out-of-register’’ annealing of truncated
extension products in subsequent PCR
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cycles and out-of-register template-
switching during DNA synthesis. Several
studies have shown that recombinant
molecules can be generated during am-
plification by PCR;~'? however, the re-
combinational mechanism was not ad-
dressed in those studies.

We present two related techniques,
referred to as two- and three-stage linear
amplification (2-SLA and 3-SLA), which
greatly diminish the amount of anoma-
lous amplification products and yield
readily interpretable genotypic patterns
of d(CA),, loci.

MATERIALS AND METHODS

Amplification by PCR

A 10-pl reaction mixture included 100 fg
of the clone pKZ15/228 [contains a
d(CA),s sequence from the LPLIGTR2
marker (S.J. Odelberg, R.B. Weiss, A.
Hata, and R. White, in prep.)], 1x rapid
air thermocycler buffer (50 mm Tris at
pH 8.4, 3 mm MgCl,, 20 mm NaCl, S00
ng/ml of BSA), S00 um of each dNTP, 0.1
pmole of 3?P-end-labeled primer
LP1GT2A (5'-AATGGATGGATAGTTGG-
GAGAGGG-3'), 4.9 pmoles of unlabeled
LP1GT2A, 5 pmoles of RLPAU (5'-CUG-
GUUCCCACAUGCCCCAUUU-3’), and
0.4 unit of AmpliTaq (Perkin-Elmer Ce-
tus, Norwalk, CT). This mixture was
drawn into a microcapillary tube by cap-
illary action, and the ends of the tube
were flame-sealed. The tube was placed
in a 1605 Air Thermo-Cycler (Idaho
Technology, Inc., Idaho Falls, ID), and
30 thermal cycles were performed with
the following cycling profile: first dena-
turing phase at 94°C for 15 sec; subse-
quent denaturing phases at 94°C for 0 sec
(temperature spike); annealing phase at
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FIGURE 1 Comparison of the products gener-
ated by PCR, a single round of primer exten-
sion, and linear amplification. (Lane 1) PCR
products of the LPLIGTR2 marker. The band
that represents the wild-type allele is indi-
cated. (Lane 2) A single primer extension
through the d(CA) repeat of the LPLIGTR2
marker to the end of the template. (Lane 3)
Linear amplification through the d(CA) re-
peat of the LPLIGTR2 marker. [Note: Primer
extensions and linear amplification through
this d(CA) repeat have also been performed
using shorter templates (made by cutting the
template at a restriction site closer to the re-
peat); these templates generate extension
products that are 78 nucleotides in length
and, therefore, can be resolved at single-nu-
cleotide resolution.] Mutation rates obtained
from these latter experiments are similar to
those obtained from the data shown.

60°C for 0 sec (note that 55°C for O sec
produces indistinguishable resuits); and
extension phase at 74°C for 2 sec. The
ends of the tube were removed with a
sapphire cutter, and the sample was ex-
pelled into a microcentrifuge tube with
the aid of a Captrol III Microdispenser
(Drummond, Broomall, PA). Five micro-
liters of loading dye (95% formamide, 10
mM NaOH, 0.05% bromphenol blue,
0.05% xylene cyanol) was added, the
sample was denatured at >90°C for §
min and quenched on ice, and 6 pl was
loaded onto a 7% denaturing polyacryla-
mide gel (5.6 M urea, 32% formamide).
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Electrophoresis was performed at a con-
stant 40 watts for ~4 hr.

Amplification of human genomic
DNA by PCR was identical to the proce-
dure described above, except that 200 ng
of initial template DNA was used rather
than 100 fg, and the annealing phase of
the PCR was carried out at 55°C for O sec.

Primer Extension and Linear
Amplification

Clone pKZ15/228 was digested with
Haelll. Approximately 50 ng of pKZ15/
228—-Haelll was used in a single round of
primer extension using 1 pmole of 32P-
end-labeled LP1GT2A. The buffer and
the dNTP and polymerase concentra-
tions were the same as those used for
amplification by PCR. The thermal-cy-
cling reaction was performed on the
1605 Air Thermo-Cycler with a 15-sec de-
naturation phase at 94°C, a spike at 60°C,
and an extension phase at 74°C for 2 sec.
The sample was prepared for loading in a
manner similar to that described for the
PCR samples.

The sample used for linear amplifica-
tion was prepared in the manner de-
scribed above, except that ~1.7 ng of
pKZ15/228-Haelll was used instead of 50
ng. Thirty thermal cycles were per-
formed using the PCR cycling conditions
described in the previous section.

Two- and Three-stage Linear
Amplification

Each 10-pl reaction contained 200 ng of
genomic DNA, 1x rapid air-cycling
buffer (see above, Amplification by
PCR), 500 pm of each dNTP, 1 pmole of
primer LPL1dU (5'-GAAUUCCUGCAGC-
UCUCAGAUUUUU-3'), and 0.4 unit of
AmpliTaq. The samples were subjected
to 100 thermal cycles on the 1605 Air
Thermo-Cycler with the following pro-
file: initial denaturing phase at 94°C for
15 sec; subsequent denaturing phases at
94°C for O sec (temperature spike); an-
nealing phase at 55°C for O sec; and
extension phase at 74°C for 2 sec. Fol-
lowing the linear amplification, 1 unit
of uracil-DNA glycosylase (Boehringer
Mannheim, Indianapolis, IN) was added
to each sample and uracil excision was
allowed to occur at 37°C for 90 min. The
samples were then incubated at 95°C for
15 min, extracted once with phenol and
once with chloroform, and precipitated
with two volumes of absolute ethanol in

the presence of 2.5 M ammonium acetate
and 2 pg of carrier tRNA. The mixture
was centrifuged, and the DNA pellet was
rinsed once with 70% ethanol. After dry-
ing on a Speed-vac, the samples were re-
suspended in 10 pl of the mixture used
in the first linear amplification, except
that 1 pmole of primer RLPAU (see
above, Amplification by PCR) replaced
primer LPL1dU. The samples were sub-
jected to a second round of linear ampli-
fication. The cycling profile was identi-
cal to the one used in the first round,
except that all denaturing steps were per-
formed at 94°C for O sec. The samples
were again treated with 1 unit of uracil-
DNA glycosylase, heated, extracted with
phenol and chloroform, and precipi-
tated with ethanol. After drying, the
samples were resuspended in 10 pl of the
linear amplification mixture; however, 1
pmole of 3?P-end-labeled LP1GT2A was
used in place of the dUMP-containing
primers. A final 100 thermal cycles were
carried out with the profile used in the
second round of linear amplification.
These products were precipitated with 1
volume of isopropanol in the presence
of 2 M ammonium acetate and rinsed
once with 70% ethanol. The samples
were resuspended in 10 pl of 1X rapid air
thermocycler buffer, and 5 pl of loading
dye was added. The amplification prod-
ucts were separated on 7% denaturing
(urea/formamide) polyacrylamide gels,
and autoradiography was carried out at
—90°C for 48 hr.

RESULTS AND DISCUSSION

Amplification of d(CA), sequences by
PCR often produces anomalous prod-
ucts. At one particular d(CA),, marker,
LPLIGTRZ2, the mutant fragments make
up ~55% of the total PCR product fol-
lowing 30 thermal cycles, and the wild-
type fragments contribute the remaining
45% (Fig. 1, lane 1). This proportion of
mutant to wild-type fragments is inde-
pendent of the annealing temperature
(55°C or 60°C) and the primer combina-
tion used in the PCR (data not shown).
Assuming a constant mutation rate and
no reversion to wild type, the fraction of
wild-type molecules present following
any given PCR cycle can be calculated
using the following formula:

1 n
an(l_il*> (1)
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where W is the fraction of the wild-type
product, n is the cycle number, and p is
the mutation rate per PCR cycle. Solving
for p. produces the following formula:

po=2(1 - W, )

We calculate that a constant mutation
rate of ~5% per PCR cycle would be re-
quired to account for the final fractions
of wild-type and mutant products. How-
ever, the mutation rate may not be con-
stant throughout PCR; this will depend
on the mechanism that generates the
anomalous fragments. Mechanisms that
are independent of template concentra-
tion, for example, polymerase slippage,
would be expected to generate more uni-
form mutation rates, whereas recombi-
national mechanisms, which are depen-
dent on template concentration, would
produce rates that tend to increase dur-
ing the course of the PCR. The template
concentrations used in our test designed
to detect anomalous fragments follow-
ing a single round of primer extension
simulate those found in the last few cy-
cles of PCR. We therefore assume that
under these conditions, the calculated
5% mutation rate is a minimum estimate
of the true mutation rate. This assump-
tion is strengthened further by the fact
that we ignored the possibility of rever-
sion to wild type. Reversions, which can-
not be detected in these assays, would
decrease the estimate of w relative to the
true mutation rate. Reversions are rela-
tively uncommon occurrences during
the PCR amplification of d(CA) repeats
(these sequences tend to contract during
PCR); however, reversions undoubtedly
occur. Figures 1 and 3 demonstrate that
d(CA) repeats can occasionally expand
and thus have the potential to revert to
wild-type (note that the PCR products in
each lane contain an anomalous frag-
ment that is two nucleotides longer than
the largest wild-type allele).

Our results indicate that a single
round of primer extension in the pres-
ence of just one of the two PCR primers
yields a mutation rate considerably less
than the required 5% (Fig. 1, lane 2). Be-
cause this assay should detect all slip-
page products, this result suggests that
slippage alone cannot account for all of
the mutant products generated during
the PCR amplification of d(CA) repeats.
Recombinational mechanisms, for ex-
ample, out-of-register annealing of trun-

cated products in subsequent PCR cycles
and out-of-register template-switching,
may also be involved in the generation
of the anomalous fragments. Linear am-
plification does not produce a signifi-
cant ladder-like pattern (Fig. 1). How-
ever, no conclusions regarding
recombinational mechanisms should be
drawn from these results, because the
template concentration used in the ex-
periments was relatively low. Out-of-reg-
ister switches to preexisting templates
apparently cannot account for all of the
mutant products, because these events
would be indistinguishable from slip-
page and would have been detected dur-
ing a single round of primer extension.
However, these results do not address
the possibility of out-of-register template
switches between the complementary
nascent strands that are being synthe-
sized from the two primers in the PCR
mixture. It remains possible that a com-
bination of the mechanisms described
here or others not discussed may be re-
sponsible for the generation of the
anomalous PCR products.

The observation that linear amplifica-
tion (i.e., multiple thermal cycles using a
single primer) did not generate a signif-
icant ladder-like pattern (Fig. 1, lane 3)
allowed us to develop experimental pro-
tocols designed to reduce anomalous
amplification products. In general, these
procedures rely on multiple rounds of
linear amplification to achieve the nec-
essary sensitivity for detection (Fig. 2). A
single primer and numerous thermal cy-
cles are used to linearly amplify a target
d(CA),, marker. The primer is then elim-
inated, and the next round of linear am-
plification is performed with a second
primer that anneals to the 3’ ends of the
extension products from the first round.
The second primer is eliminated, and a
third round of linear amplification is
carried out with an end-labeled primer.
Alternatively, one can use an end-la-
beled primer in the second round of lin-
ear amplification and omit the third
round. We refer to these two techniques
as three- and two-stage linear amplifica-
tion (3-SLA and 2-SLA), respectively.

Figure 3 shows a comparison between
PCR and 3-SLA amplification products of
the LPL1IGTR2 marker. Figure 3B illus-
trates the products obtained by PCR.
Each allele is represented by several
bands, which differ in length by two nu-
cleotides from their nearest neighbors;
this complex pattern makes genotypic

interpretation more difficult. Figure 3C
shows the amplification products gener-
ated by the 3-SLA technique. The band-
ing patterns are much less complex and
are easily interpreted. Figure 3 illustrates
the difficulty that can be encountered
when one attempts to determine by
means of PCR whether an individual is
homozygous or heterozygous. All six sib-
lings are heterozygotes, each possessing
alleles that differ by a single dinucle-
otide repeat. By following empirically
derived guidelines and relying on the
structure of the pedigree, the genotype
for each individual can be determined
by PCR; however, the 3-SLA technique
allows for a more direct interpretation
without relying on a set of guidelines or
the family structure.

We used a Phosphorlmager (Molecu-
lar Dynamics, Sunnyvale, CA) to quanti-
tate the amount of wild-type and anom-
alous amplification products generated
by 3-SLA and PCR techniques. The ratio
of the fraction of anomalous products
generated during PCR to the fraction of
anomalous products generated during
3-SLA was determined; from this analysis
we estimate that the 3-SLA technique of-
fers a greater than fourfold reduction of
anomalous d(CA), amplification prod-
ucts when compared with PCR.

A critical step in the 2-SLA and 3-SLA
procedures is the elimination of the
primer from the previous round of linear
amplification. If the primer is not elim-
inated, it can participate in the subse-
quent amplification process and gener-
ate the ladder-like pattern observed
following PCR. An efficient method for
eliminating unwanted primers incorpo-
rates both replacement of dTMPs with
dUMPs during the chemical synthesis of
the oligodeoxynucleotide and treatment
of samples with uracil-DNA glycosylase
(UDG) following each round of linear
amplification. This enzyme hydrolyzes
uracil-glycosidic bonds at all uracil-
DNA sites, creating alkali- or heat-sensi-
tive apyrimidinic sites in the DNA
strand.*''® Treatment with UDG, fol-
lowed by incubation at high tempera-
ture, destroys both the excess dUMP-
containing primers and the 5’ ends of
their extension products. Thus, each suc-
cessive round of linear amplification
produces extension products that are
shorter than the previous round. We de-
signed our dUMP-containing primers
such that the dUMPs were fairly evenly
spaced throughout the primer except
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FIGURE 2 Schematic diagram of three-stage linear amplification. The solid line without an arrow
represents the original template, whereas those with arrows represent DNA that has been syn-
thesized previously during linear amplification. Broken lines with arrows represent DNA repli-
cation. (A) One hundred thermal cycles are carried out using primer 1. This primer contains
dUMPs in place of dTMPs and represents primer LPL1dU in the text. (B) The components that are
present after the first stage of linear amplification include excess primer 1 and extension products
of primer 1. (C) Excess primer 1 and the 5’ end of its extension products are eliminated by
treatment with UDG and heat. (D) Primer 2, which anneals to the 3’ end of the extension
products from the first round of linear amplification, is added, and the samples are subjected to
another round of 100 thermal cycles. This primer corresponds to primer RLPdU in the text.
Excess primer 2 and the 5’ end of its extension products are eliminated. (E) 3?P-End-labeled
primer 3 (primer LP1GT2A in the text) is added, and a final round of 100 thermal cycles is carried
out.

that the 3’ end contained at least two
adjacent dUMPs. This assured us that the
primers would be cut into fragments
containing no more than seven nucle-
otides—a size that would effectively pre-
vent unwanted primer extensions.

Both 2-SLA and 3-SLA require numer-
ous thermal cycles to achieve a visible
signal by autoradiography, because they

10 PCR Methods and Applications

rely on linear amplification from a sin-
gle primer during each thermal cycling
reaction. This is in contrast to PCR,
which exponentially amplifies a seg-
ment of DNA by synthesizing both
strands of the double helix during each
cycle. To achieve the required signal, it
was necessary to perform 100 cycles of
primer extension for each round of lin-

ear amplification; thus, a very rapid ther-
mal cycler was a practical requirement.
The 1605 Air Thermo-Cycler meets this
requirement; it is capable of performing
a complete thermal cycle in <30 sec.®
For this reason we performed all of the
reactions in this study using the 1605 Air
Thermo-Cycler.

Either 2-SLA or 3-SLA can be used to
generate an accurate genotype of an in-
dividual at d(CA),, loci. The advantages
of the 2-SLA technique include speed
and simplicity; the major disadvantage is
the requirement for a large amount (2
ng) of starting genomic DNA, which may
contribute to a high lane background
(data not shown). The 3-SLA technique
has the advantage of increased sensitiv-
ity and specificity. It is capable of gener-
ating a genotype from an initial 200 ng
of genomic DNA; in this respect, it is
comparable to PCR. Furthermore, the
use of three primers increases the speci-
ficity of the amplification. The disadvan-
tages of 3-SLA include increased time
and labor. The products from the first
two rounds of linear amplification must
be extracted with organic solvents and
precipitated, presumably because the in-
creased concentrations of glycerol or de-
natured protein lead to inhibition of Tag
DNA polymerase.

LPL1GTR?2 is located near the 5’ end
of the lipoprotein lipase gene (S.J. Odel-
berg, R.B. Weiss, A. Hata, and R. White,
in prep.). We have found that our primer
set identifies a fairly common null allele,
which can lead to apparent second-order
parental exclusions when genotyping
families. The specific molecular defect
has not been ascertained but could re-
flect any one of a variety of mutations,
including a single-base substitution at
one of the two priming sites, a deletion
at one of the priming sites, or even a
larger deletion encompassing the entire
amplicon.

We used 3-SLA to amplify a second
d(CA),, sequence, LNS-CA,*® which also
generates complex banding patterns
upon amplification by PCR. This d(CA)
repeat is part of the 3'-untranslated re-
gion of the DPI gene, which is located
30-70 kb downstream of the adenoma-
tous polyposis coli (APC) gene. The 3-SLA
technique produced readily interpret-
able genotypic patterns, demonstrating
the general applicability of this proce-
dure (data not shown).

It is not surprising that the 2-SLA and
3-SLA procedures reduce the amount of
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FIGURE 3 A direct comparison of the PCR and 3-SLA techniques. Amplification of the LPLIGTR2
marker. (A) A partial pedigree of kindred 1463 of the CEPH reference panel. The amplification
products of each individual’s DNA in B and C are lined up directly under their representative
symbol in the pedigree. (B) The PCR products for each DNA sample. (C) The 3-SLA products for
each DNA sample. Although some anomalous bands remain, they are greatly reduced in intensity
and do not interfere with genotypic interpretation. (Note: The alleles are numbered from the
smallest to the largest; these numbers appear at left.) The assigned genotype of each individual

is listed.

anomalous fragments generated during
amplification. Mutant extension prod-
ucts synthesized during linear amplifica-
tion cannot be used as template during
that series of primer extensions and
therefore accumulate linearly. This is in
contrast to PCR, where mutant exten-
sion products can participate as tem-
plates in subsequent cycles and be expo-
nentially amplified. For this reason, the
2-SLA and 3-SLA procedures are expected
to generate fewer anomalous fragments
and a less complex banding pattern.

In conclusion, we have shown that
3-SLA is capable of amplifying a d(CA),
sequence without generating a signifi-
cant ladder-like pattern. This is in
marked contrast to PCR, which often
produces complex banding patterns.
PCR-based analyses of d(CA), markers
have been valuable both in constructing
genetic linkage maps?*'® and in dem-

onstrating linkage to disease-causing
genes.”'® Because the 3-SLA tech-
nique allows accurate genotypes to be as-
signed to each individual without rely-
ing on empirically derived guidelines
and pedigree structures, it extends the
utility of these hypervariable loci to in-
vestigations involving disputed parent-
age and individualization of biological
specimens.
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