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ABSTRACT

Taq DNA polymerase can catalyze non-
templated addition of a nucleotide (princi-
pally adenosine) to the 3¢end of PCR-am-
plified products. Recently, we showed that
this activity, which is primer-specific, pre-
sents a potential source of error in genotyp-
ing studies based on the use of short tandem
repeat (STR) markers. Furthermore, in re-
viewing our data, we found that non-tem-
plated nucleotide addition adjacent to a 3¢
terminal C is favored and that addition ad-
jacent to a 3¢terminal Aisnot. It was clear,
however, that features of the templatein ad-
dition to the 3¢terminal base also affect the
fraction of product adenylated. To define
consensus sequences that promote or inhib-
it product adenylation, we transplanted se-
quences between the 5¢ends of the reverse
primers of markersthat are adenylated and
those of markersthat are not adenylated. It
proved difficult to identify a single sequence
capable of protecting the products of all
mar kers from non-templated addition of nu-
cleotide. On the other hand, placing the se-
quence GTTTCTT on the 5¢end of reverse
primers resulted in nearly 100% adenyla-
tion of the 3¢end of the forward strand. This
modification or related ones (called “ PIG-
tailing”) should facilitate accurate geno-
typing and efficient T/A cloning.

INTRODUCTION

Short tandem repeat (STR) sequen-
ces are found throughout the human
genome. Since the length of such are-
peat sequence is inherited in a Mende-
lian manner, STR markers are routinely
used for genotyping. Semi-automated,
high-throughput genotyping has been
achieved by running fluorescently la
beled polymerase chain reaction (PCR)
products of multiple markers in each
lane of agel and by detecting and sizing
the products with an automated DNA
sequencer (5,8). In the case of the Ap-
plied Biosystems (ABI) DNA sequen-

cer, data collection and allele sizing are
based on the use of GENESCANO and
GENOTYPERO software. At present,
manual editing is required to correct
allele misidentification due to variabili-
ty in non-templated addition of asingle
nucleotide, mainly adenosine, to the 3¢
end of the fluorescently labeled strand
by Tag DNA polymerase (1).

Recently, we showed that the degree
to which amarker issubject to “plus A”
modification is primer-specific (7), but
we did not define the structural motif(s)
underlying this specificity. Instead, we
demonstrated that genotyping errors
due to variability in adenosine addition
could be minimized by amplifying
markers in one of two thermal cycling
protocols: one that favors production of
the“true” allele and another that favors
the production of the “plus A” product.
In the course of these studies, we dis-
covered a small number of markers
highly resistant to adenylation and
some additional markers that gave
adenylated products even when the
PCR conditions used favored produc-
tion of the true allele. We decided to
study these markers in hopes of creat-
ing new marker panels with the follow-
ing features: (i) uniform (all or none)
plus A modification and (ii) a single,
rapid PCR cycle for al primers. These
features would aid in high-fidelity,
high-throughput genotyping.

A solution to the above problem
could also be useful in T/A cloning
(i.e., cloning of PCR products generat-
ed by Taqg DNA polymerase into vec-
tors having ends with 3¢ overhangs
comprised of single T's). This cloning
strategy has been widely adopted but
has proven problematic. Some products
fail to be ligated into the vector, and
some vector preparations yield unac-
ceptable background levels, which may
result, in part, from incomplete T-tail-
ing. We can now predict, to afirst ap-
proximation, whether a PCR product is
clonable, and we suggest a modifica
tionin PCR primer design that may in-
crease cloning efficiency.

MATERIALSAND METHODS

PCR Conditions

All PCRs were carried out using 60
ng of template DNA (CEPH individu-
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Table 1. Thermal Cycling Protocols

Protocol 1

2-step. 95°C for 5 min followed by 10 cycles of 94°C for 15 s and 55°C for 15 s,
followed by an additional 23 cycles of 89°C for 15 s and 55°C for 15 s. Total time:
1 h and 8 min. This protocol favors production of “true” (i.e., non-adenylated)
products (7).

Protocol 2

2-step/30-min final extension. As above, followed by a 30-min final extension
at 72°C.

Protocol 3

3-step/10-min final extension (ABI PRISMO protocol). 95°C for 5 min followed
by 10 cycles of 94°C for 15 s, 55°C for 15 s and 72°C for 30 s, followed by an ad-
ditional 20 cycles of 89°C for 15 s, 55°C for 15 s and 72°C for 30 s, followed by a
final extension at 72°C for 10 min. Total time: 1 h and 35 min. This protocol favors
the generation of “plus A” products (7).

Table2. Dinucleotide Repeat Markers

Marker Reverse Primer % Adenylation
5¢Sequence 2-Step PCR  3-Step+10¢PCR  Average

D1S199 CAAAGAC 4 25 14
D16S405 TGAAGGC 12 33 22
D4S398 TCAATTT 15 15 15
D15S131 TTAAAAA 24 29 26
D15S127 AACAGTT 25 65 45
D1S207 GCAAGTC 42 64 53
D10S197 GTGATAC 50 66 58
D5S436 GTCTCCA 61 66 63
D16S511 CAGCCCA 45 80 62
D8S279 GTGTCAG 66 78 72
D1S255 GTGATGG 57 92 75
D5S406 GGGATGC 64 90 76
D6S276 GGGTGCA 71 86 78
D13S173 GTCTCTG 75 82 78

The reverse primers of the markers listed in this table were modified as de-
scribed in the text. Percent adenylation of the “native” markers was calculated as
indicated in the Figure 1 legend. The figures given are means of several amplifi-
cations; the figures in the last column are averages of the values in the preced-
ing two columns. Percent adenylation of products that are not modified or prod-
ucts that are heavily modified are fairly consistent from amplification to
amplification (7).

as 884-01, -02, -03 or -04; BIOS
Laboratories, New Haven, CT, USA).
Fifteen-microliter reaction volumes
contained 50 mM potassium chloride,
1.5 mM magnesium chloride, 10 mM
Tris-HCl, pH 8.3, 333 nM each forward
and reverse primer, 0.6 U of Ampli-
Tag® DNA Polymerase (Perkin-Elmer,
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Norwalk, CT, USA) and 250 nM each
dNTP (dATR, dCTP, dGTPand dTTP).

Dinucleotide Repeat Markers

Fluorescently labeled (6-Fam, Hex
or Tet) forward primers of human dinu-
cleotide repeat markers were obtained

from Perkin-Elmer/Applied Biosys
tems Division (PE/ABI, Foster City,
CA, USA) or Research Genetics
(Huntsville, AL, USA). These were
used with reverse primers from the
same sources or with modified reverse
primers synthesized on a CycloneO
Plus DNA Synthesizer (MilliGen/Bio-
search, Burlington, MA, USA). The
primers were purified according to the
method of Sawadogo and Van Dyke
(6); two consecutive butanol precipite-
tionswere performed.

The markers studied are listed in
Table 2.

PCR Thermal Cycling Conditions

Three PCR protocols were used
with Model 9600 Thermal Cyclers
(Perkin-Elmer) (see Table 1).

Analysisof PCR Products

The native or modified markers
were used independently to amplify
products from single DNA templates,
and the 15-nL reaction products were
diluted to 100 L with water. Then, 1.5
nmL of each product were mixed with
2.5 nL formamide, 0.5 nL blue dextran
loading dye and 0.5 nL internal size
standard GS-500 (PE/ABI). The size
standard contains DNA fragments fluo-
rescently 1abeled with the dye phospho-
ramidite TAMRA (red) ranging in size
from 50-500 bp. After heat denatura-
tion at 95°C for 5 min, the tubes were
chilledonice.

Two different ABI DNA sequencers
were used: Model 373A and Model 377
(PE/ABI). For the Model 373A, 3.5 L
of the PCR product/size standard mix-
ture were electrophoresed in one lane
of a 7% denaturing polyacrylamide gel
(Bio-Rad, Hercules, CA, USA) at 15W
constant power (12-cm, well-to-read,
filter set B). For the Model 377, 2.5 nL
of the mixture were electrophoresed in
one lane of a 5% denaturing polyacryl-
amide gel at 3000 V constant voltage,
2400 scans per hour (36-cm, well-to-
read). Fluorescently labeled DNA frag-
ments were analyzed using ABI
GENESCAN 672 (Version 1.2.2-1)
software on the Model 373A and using
ABI GENESCAN (Version 2.0.1 fc2)
and ABI PRISM 377 (Version 1.1) col-
lection software on the Model 377 (all
from PE/ABI). Genotype data were
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generated using ABI GENOTYPER
(Version 1.1r8) DNA fragment analysis
software.

RESULTSAND DISCUSSION

After listing the markers we studied
earlier (7) in order of non-templated
nucleotide addition, it was clear that the
5¢base of the reverse primer of resistant
(i.e., non-adenylated) markers was fre-
quently T and that the 5¢hase of heavily
adenylated markers was frequently G.
In other words, Tag DNA polymerase
prefersto add anon-templated 3¢termi-
nal nucleoctide adjacent to a C and pre-
fers not to add one adjacent to an A.
These data are consistent with earlier
primer extension data reported by Hu
(3), but exceptionsto therule did occur,
prompting usto study the phenomenon
further.

We decided initially to look for a
consensus sequenceto add to the 5¢end
of reverse primers that would protect
forward-strand products from adenyla-
tion. We hoped to be able to routinely
use the rapid 2-step Protocol 1 (Table
1) for al amplifications involving such
primers. Not only isthis protocol faster
than the 3-step Protocol 3, (Table 1),
but it also typically gives better product
yields (7).

We chose to work with two primers
having opposite properties: D4S398
and D16S511. About 15% of the PCR
product of marker DAS398 is plus A-
modified when either Protocol 1 or 3is
used. Marker D 16S511, on the other
hand, yields products that are roughly
40% and 75% plus A-modified, respec-
tively, when these protocols are used.
When the three (TCA), four (TCAA),
five (TCAAT) or six (TCAATT) bases
comprising the 5¢ end of the reverse
primer of marker of D4S398 were
added to the 5¢ end of the D16S511 re-
verse primer, there was a progressive
decrease in product adenylation using
Protocol 3 from 75% for the native
marker to 43%, 41%, 39% and 33% for
the three, four, five and six base-tailed
primers, respectively (data not shown).
We sought an optimal sequence by pro-
gressively substituting bases at each of
the six positions of the tail; the results
of these studies areillustrated in Figure
1. A weak consensus emerged for the
sequence that resists adenylation: 5¢T
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(or C,butnot A orG); AorC; A, Cor
G;A,CorG;N;N3¢(N=A,C,Gor
T). While the base chosen for positions
5 and 6 seemed to have little impact,
the overall length of the added tail was
important. Six (or 7) bases were re-
quired for best activity. We chose TCA-
CAC, TCAGGG (seeFigure 1), TAAC-
TG and TAACTGG as seguences

representative of the consensus and
added these tailsto each of the markers
listed in Table 2. All the tails markedly
inhibited adenylation of the PCR prod-
ucts, but none was universally effective.
In general, markers that were strongly
modified to plus A when the native
reverse primer was used, were most re-
sistant to the action of the tail. This
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Figure 1. Primer modifications that favor formation of non-adenylated products. The top elec-
trophoretogram shows that marker D16S511 generates non-adenylated 197-bp (63%) and adenylated
198-bp (37%) productswhen it isamplified using a 2-step PCR protocol (Protocol 1), which does not fa-
vor adenylation. Using a 3-step protocol followed by a 10-min final extension (Protocol 3), 73% of the
product is adenylated. Addition of TCAGGG to the 5¢end of the reverse primer of marker D16S511 dra-
matically changesits performance. The 203-bp product generated resists adenylation, even when Proto-
col 3isused. Replacing the T in position 1 of thetail by G, A or C (in order of potency) causes a reduc-
tion initsability to protect from adenylation. Similarly, substitutions of T for C in position 2, T for A in
position 3 or T for G in position 4 cause some deterioration in the performance of the tail. Asterisks (*)
indicate the true (non-adenylated) products. Percent +A is calculated by dividing the height of the +A
peak by the sum of the heights of the true and +A peaks.
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suggests that Tag DNA polymerase in-
teracts with a stretch of base pairs
longer than the six or seven encoded by
the tails. The mechanism for thisis un-
known, but it is tempting to speculate
that certain nucleotide sequences stabi-
lize conformations of the polymerase
that are more or less catalytically
active.

Since it was clear that tails would
have to be custom-tailored for certain
troublesome markersin each primer set
to protect them from non-templated ad-
dition of nucleotide, we decided to look
for atail that would consistently have
the opposite effect. Note that the prod-
ucts of the last five markersin Table 2
could be predicted to be heavily adeny-
lated based on the findings summarized
above. In designing a plus A-modifying
tail, we placed G on the 5¢end because
of our observation that this favors
adenylation (Figure 1). Weput T in po-
sitions 2, 3 and 4 because we found in
the studies summarized above that this

also favors adenylation (Figure 1). The
5¢sequences of the last six primersin
Table 2 fit our design quite well. Onthe
basis of these sequences, we decided on
GTTTCT as a reasonable tail to test.
Addition of this tail to the reverse
primers of the markerslisted in Table 2
resulted in nearly complete adenylation
of each one when they were amplified
using thermal cycling Protocols 1, 2 or
3 (Tablel). An example of thiseffect is
shown in Figure 2. As mentioned earli-
er, adding aseventh, arbitrarily chosen,
base to the tail improves its perfor-
mance somewhat. This spacer may
somehow buffer the tail from the ef-
fects of internal sequences.

It is not necessary to add the entire
6- or 7-base tail to all reverse primers.
Certain primers (e.g., the last five in
Table 2) can be used as is. Other
primers should be modified to fit the
following consensus. G; T; T; T; (A, C
or G). (Theassignment of A, Cor Gin
position 5 was determined experimen-

2 STEP 3 STEP
bp 200 208 | B A bp 200  zos | B +A
D165 |
* *
+TCAGGG _N_AJ\J\\& 14% MM 19%
+ GTTTCT 75% il
= -
+ GTTTCTT /\Jk Gz M\A BO%
L P -
+ GTGTCT MM/\A[L 73% _NNJLK« BB%
+ GTGTCTT w\_J\JL Ba% MJ\ B6%

Figure 2. Primer modifications that strongl

y promote adenylation. Addition of GTTTCT or

GTTTCTT to the reverse primer of marker D16S511 has just the opposite effect than addition of
TCAGGG. The TCAGGG-tailed primer generates a 203-bp non-adenylated product; GTTTCT- and
GTTTCTT-tailed primers generate 204-bp and and 205-bp adenylated products, respectively, even when
the PCR conditions used do not favor non-templated addition of nucleotide. Substitution of G for T in
the third position of the tail has little or no effect on its performance. Asterisks (*) indicate the non-
adenylated products. Percent +A was cal cul ated as described in the Figure 1 legend.
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tally, datanot shown.) Add GTTT tore-
verse primerswith A, C or G on their 5¢
ends; add GTT to primers starting with
T followed by A, C or G; add GT to
primersending with TT followed by A,
C or G. When the primers listed in
Table 2 were modified according to this
scheme, they generated products that
were greater than 85% adenylated us-
ing PCR Protocols 2 or 3. The products
were more than 70% adenylated when
Protocol 1, the protocol of choice for
rapid throughput genotyping, was used.

We have modified more than 50
markerswith the plus A consensus tail.
All yielded predominantly adenylated
products readily identified by the
GENOTYPER software. As stated
above, thereis no need to routinely add
a6- or 7- basetail, but thereis no obvi-
ous disadvantage in doing so; we have
not seen an increase in noise due to
nonspecific priming. In fact, tailing the
primers has allowed us to alter magne-
sium concentrations to reduce noise
and/or increase signal. The increase in
signal results in part from the fact that
the entire product is associated with a
single, adenylated DNA species.

The results we have presented may
also shed light on the problems encoun-
tered in doing T/A cloning (inserting
adenylated PCR products into vectors
with complementary 3¢T overhangs).
We have shown that some PCR prod-
ucts resist non-templated addition of
nucleotide. Presumably such products
would ligate into T-tailed vectors poor-
ly. We fed that modifying reverse
and/or forward primers as described
above should result in efficient cloning.
Similarly, avector that iscompletely T-
tailed might be produced by linearizing
aplasmid to yield blunt ends with 5¢se-
guences such as GTTTCT. Thereisno
convenient restriction enzyme that can
be used to make such a product, so we
recommend instead synthesizing an
oligonucleotide containing the palin-
dromic sequence AAGACAC/GT-
GTCTT and inserting it into the plas-
mid of one’s choice. Substituting the G
in bold font for T causes little or no de-
terioration in the performance of there-
sulting tail (Figure 2). Cutting the
above plasmid with BbrPI (Boehringer
Mannheim, Indianapolis, IN, USA) or
Pmil (New England Biolabs, Beverly
MA, USA) a the siteindicated yields
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ablunt-ended product that should read-
ily be T-tailled by conventional proto-
cols (2,4).

It may be possible to create pairs of
PCR primers, the products of which
can be directionally cloned. One would
place a tail that resists adenylation on
one primer and atail that promotesit on
the other. A vector for cloning such
products could be made by inserting
the appropriate Xcml site (CCACA-
CGT'GTCTTGG) into the polylinker
of any one of several vectors and cut-
ting the vector with Xcml and an en-
zyme that generates blunt ends (e.g.,
EcoRV or Smal). The resulting vector
should have asingle T overhang (indi-
cated in bold font) complementary to
the single A found on one end of the
PCR product.

Finally, note that we refer to the
primer modification described in this
manuscript as “PIGtailing” because we
comprise the Prostate Investigation
Group of the National Center for Hu-
man Genome Research.
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