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degenerate primers are given.

Abstract

One of the most important factors affecting the quality of PCR is the choice of primers. In general, the
longer the PCR product the more difficult it is to select efficient primers and set appropriate designing prim-
ers, and in general, the more DNA sequence information is available, the better the chance of finding an
optimal primer pair. Efficient primers can be designed by avoiding the following flaws: primer-dimer forma-
tion, self-complementarity, too low T, of the primers, and/or their incorrect internal stability profile. Tips on
subcloning PCR products, calculating duplex stability (predicting dimer formation strength), and designing

Index Entries: PCR; primer design; primer internal stability.

1. Introduction

One of the most important factors affecting
the quality of polymerase chain reaction (PCR)
is the choice of primers. Several rules should be
observed when designing primers and, in gen-
eral, the more DNA sequence information avail-
able, the better the chance of finding an “ideal”
primer pair. Fortunately, not all primer selection
criteria need be met in order to synthesize a
clean, specific product, since the adjustment of
PCR conditions (such as composition of the
reaction mixture, temperature, and duration of
PCR steps) may considerably improve the reac-
tion specificity. Amplification of 200-400-bp
DNA is the most efficient and, in these cases,
one may design efficient primers simply by fol-
lowing a few simple rules described in this chap-
ter. It is more difficult to choose primers for
efficient amplification of longer DNA frag-
ments, and use of an appropriate primer analysis
software is worthwhile.

The important parameters to be considered
when selecting PCR primers are the ablility of

the primer to form a stable duplex with the spe-
cific site on the target DNA, and no duplex for-
mation with another primer molecule or no
hybridization at any other target site. The primer
stability can be measured in the length (base
pairs) of a DNA duplex, the GC/AT ratio, kcal/
mol (duplex formation free energy), or in °C
(melting temperature). The most accurate meth-
ods for computing helix stability are based on
nearest neighbor thermodynamic parameters (/).
Calculation of T, according to the nearest neigh-
bor method is complicated, and therefore not
practical for use without computer software.
Similar duplex stability accuracy, however, may
be achieved by calculating the free energy of
duplex formation (AG). This calculation is
simple and can be performed manually.

The Methods section describes the following:
an example of AG calculation, needed for accu-
rate determination of duplex stability; general
rules for PCR primer selection; primer design
based on a peptide sequence; and primer design
for subcloning PCR products.
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2. Methods

2.1. Calculations
of DNA Duplex Stability

The method of predicting free energy of duplex
formation (AG) for DNA oligomers, described in
the following, is a simplified method of Breslauer
et al. (1). It is based on the equation

AG = AH - TAS ey)

where AH and AS are the enthalpy and entropy
of duplex formation, respectively, and T is the
temperature in K. Table 1 lists the AG values of
nucleotide pairs.

For simplicity, all calculations are made with T
set to 298.15 K (25°C). The relative stability of
base-pairing in a duplex is dependent on the
neighboring bases (/). Thus, for example, to cal-
culate the AG of the d(ACGG/CCGT) duplex
formation, add the AG values of the three nucle-
otide pairs as follows:

AG (ACGG) = AG (AC) + AG (CG) + AG (GG)
)

AG (ACGG) = (1.3 + 3.6 + 3.1) =-8.0 (kcal/mol)
©)

This method is especially useful for determina-
tion of primer compatibility owing to formation
of 3'-terminal duplexes, discussed in the follow-
ing section. Use the same approach when calcu-
lating the AG of a hairpin loop structure, except
that the AG increment for loop must be added. For
loops, sizes 3-8 nucleotide, I use the following
values (averaged from refs. 2 and 3): 3 nucleotide,
5.2 kcal/mol; 4 nucleotide, 4.5; 5 nucleotide, 4.4;
6 nucleotide, 4.3; 7 and 8 nucleotide, 4.1 kcal/mol.
More data can be found in ref. 2.

2.2. Selection of PCR Primers

2.2.1. General Rules
2.2.1.1. DiMER FORMATION

PCR primers should be free of significant
complementarity at their 3' termini as this pro-
motes the formation of primer—dimer artifacts that
reduce product yield. Formation of primer—dimer
artifacts may also cause more serious problems,
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Table 1
Free Energy Values of a Nearest Neighbor Nucleotide?

Second nucleotide

First (5")
nucleotide dA dC dG dT
AG (kcal/mol)
dA -1.9 -1.3 -1.6 -1.5
dC -1.9 3.1 -3.6 -1.6
dG -1.6 -3.1 -3.1 -1.3
dT -1.0 -1.6 -1.9 -1.9

“Calculated according to Eq. (1) in 25°C.

PCR yield [%]

I
0 -4 -8 -12
3-terminal duplex AG [keal/mol]

Fig. 1. Dependence of PCR yield on the AG of 3'-
terminal primer duplexes. The AG values were calcu-
lated as described in Section 2.1.

such as nonspecific DNA synthesis owing to an
unbalanced primer ratio (asymmetric PCRs fail
more frequently than “standard” reactions). Fig-
ure 1 illustrates the PCR yield dependence on the
AG of 3'-terminal duplexes.

These values are approximate, since the yield
also depends on the annealing temperature, the
specificity of primers, and other parameters not
considered here. The high dependence of yield on
dimer formation tendency is the result of the very
high processivity of Tag polymerase. Duplexes
need not be stable to prime DNA synthesis. Very
little time is required for the enzyme to recognize
a 3'-terminal duplex and start polymerization.

2.2.1.2. Setr-COMPLEMENTARITY

In general, oligonucleotides forming intra-
molecular duplexes with negative AG should be
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avoided. Although self-complementary PCR
primers with hairpin loop AG approaching -3
kcal/mol (at 25°) are suitable in certain cases, a
hairpin loop forming primer is troublesome when
its 3' end is “tied up,” since this can cause internal
primer extension, thus eliminating a given primer
from the reaction. Hairpins near the 5' end, how-
ever, do not significantly affect the PCR.

2.2.1.3. MEeLTING TEMPERATURE: STABILITY

There is a widely held assumption that PCR
primers should have about a 50% GC/AT ratio.
This is not correct. An 81% AT-rich primer
(with a second primer of a similar composition
and human genomic DNA as substrates) pro-
duced a single, specific, 250-bp PCR product
(70% AT-rich). Without getting into the com-
plex calculations of product and primer T,
values, PCR primers should have a GC/AT ratio
similar to or higher than that of the amplified
template.

A more important factor is the T}, difference
between the template and the less stable primer.
PCR is efficient if this difference is minimized.
Note that the T, of DNA also depends on its length.
This is the reason why researchers typically design
primers that are too long and unnecessarily too
stable. Longer oligos, however, are less likely to be
suitable in terms of dimer formation and self-
complementarity and, therefore, generally scarce in
a given sequence. If the expected PCR product is
<500 bp, select short (16-18 nucleotide) primers.
For the synthesis of a 5-kb fragment, choose about
24-mers. Recently, products of over 40 kb in
length have been amplified using 20-23-mers (4)
with T, of approx 68° or higher (5). When work-
ing with longer primers, however, it is difficult to
choose a compatible primer pair without the aid
of primer selection software to check dimer for-
mation, self-complementarity, and the specificity
of primers. When amplifying a long DNA frag-
ment, there is a good chance that an oligonucle-
otide selected “by eye” will prime from other than
the intended target site, yielding nonspecific
product(s). The likelihood of false priming can be
significantly reduced by observing the internal sta-
bility rule, as described in the following.
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Fig. 2. Internal stability of two poorly functioning
(B1, B2) and two efficient (G1, G2) sequencing prim-
ers. Primer G1 and G2 performed above average (with
almost any other compatible primer) in PCR. The AG
values were calculated for all pentamers in each
primer. The last symbol in each inset represents the
AG value of the subsequence written in bold (the 3'-
terminal pentamer).

2.2.1.4. INTERNAL STABILITY

Primers that are stable at their 5' termini but
somewhat unstable on their 3' ends perform best
in sequencing and PCR as well. This primer struc-
ture effectively eliminates false priming. These
recent findings, based on primer internal stability,
are supported by the experimental data presented
in Fig. 2. A primer with low stability on its 3' end
will function well in PCR because the base pair-
ings near and at the 3' end with nontarget sites are
not sufficiently stable to initiate synthesis (false
priming). Therefore, the 5' and central parts of the
primer must also form a duplex with the target
DNA site in order to prime efficiently. Con-
versely, oligonucleotides with stable, GC-rich, 3'
termini need not anneal with the target along their
entire length in order to efficiently prime, result-
ing often in nonspecific product synthesis. Exam-
ples of efficient PCR (and sequencing) primers
are presented in Fig. 2 (primers G1 and G2).

Notice the high 3'-end stability of nonspecific
primers (B1 and B2) and low stability of specific
primers. The optimal annealing temperature range
is unusually broad when primers exhibiting low
3'-terminal stability are used. This improves the
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chances of running the PCR at optimal conditions
without preliminary optimization experiments. It
is worth noting that the quality of the PCR prod-
uct depends on the template (substrate complex-
ity, product length, and T,,), as well as on the
annealing time and temperature (6). In certain
conditions, primers with high 3’ terminal stability
perform satisfactory in PCR. Nevertheless, oligo-
nucleotides with 3' terminal pentamers less stable
than -9 kcal/mol (check Section 2.1. for calcula-
tions) are more likely to be specific primers.

2.2.1.5. UNIQUE PRIMERS

In order to amplify a single, specific DNA frag-
ment, the primer’s sequence should not repeat in
the template (7). Although it is highly unlikely
that the entire primer matches perfectly at more
than one site on the template, primers with 6-7
nucleotide-long nonunique 3' termini are not
uncommon. This may create problems when a
“false” priming site is located inside the ampli-
fied region. In these cases, a nonspecific product
formation is observed (especially in later cycles),
because the PCR of shorter DNA fragments is
usually more efficient. Note that the more
unstable the primer’s 3' end, the lower the likeli-
hood of false priming (see Section 2.2.1.4.). When
working with mammalian genomic sequences, it
is helpful to check the primer of-interest for
complementarity with Alu sequences or with other
short repetitive elements. For a similar reason,
homooligomers (like ~AAAAAA-) and dinucleo-
tide repeats (like —ATATAT-) should rather be
avoided.

2.2.2. Specific Applications

2.2.2.1. PrRiMER DESIGN BASED
ON PEePTIDE SEQUENCES

When designing primers from peptide
sequences, the use of degenerate primers rather
than “guessmers” is preferred. Although it has
been reported that up to 1024-degenerate primers
have been used successfully (8), regions of high
degeneracy should be avoided. There are many
(unreported) cases in which less degenerate prim-
ers have not worked. It is generally assumed that
PCR is acceptably efficient when using primers
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with 15-20% bp mismatches with the template.
Mismatches at a primer’s 3' end, however, cause
more serious problems than the same mismatch
ratio at the 5' end. The PCR yield using a primer
with two mismatches within the last four bases
is drastically reduced. Studies of Kwok et al.
(9) indicate, however, that primers with 3'-ter-
minal “T”-mismatches can be efficiently uti-
lized by Taq polymerase when the nucleotide
concentration is high. At 0.8 mM, most 3'-end
mismatches are acceptable (9), although non-
specific product formation is high, and the
fidelity DNA synthesis is reduced (10). There
is a low level of priming from mismatched
bases even at low nucleotide concentrations
(11), and therefore, increasing the annealing
time to 3-5 min in the initial PCR cycles may
yield a desired product of a better quality than
when using standard annealing times and high
dNTP concentrations. A total nucleotide con-
centration of 0.2 mM, or below, is recommended
when unique primers are used, since high con-
centrations increase the misincorporation rate
(10,12). When degenerate oligonucleotides are
used, PCRs should be run at higher primer
concentrations (1-3 uM instead of 0.2 uM)
because most oligos in the mixture will not
prime specifically and only contribute to high
background. More information on optimizing
the reaction mixture and the use of degenerate
primers can be found in Chapters 30 and 31 of
ref. 13.

2.2.2.2. PriMER DESIGN FOR SUBCLONING

The addition of a (mismatched) restriction site
at the 5' terminus is the most useful method. Add
a few “dummy” 5'-terminal bases beyond the
recognition site, so that the restriction endonu-
cleases can cut the DNA. Try not to extend a
potential dimer structure (inherent to restriction
sites) beyond the recognition site. There are no
general rules as to how many nucleotides to add.
A list of cleavage efficiencies of short oligo-
nucleotides has been published (14); the sum-
mary is listed in Table 2.

An alternative to incorporating a full restriction
enzyme recognition site is to use oligonucleotide
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Table 2
Cleavable Efficiencies of Short DNA Fragments
%Cleavage %Cleavage
after after

Excess - Excess -

Enzyme bp? 2h 20h Enzyme bp? 2h 20h
Accl 3 0 0 Not 1 8 25 90
Afi I 1 0 0 10 25 >90
2 >90 >90 Nsil 3 10 >90

Asc1 1 >90 >90 Pst1 1 0 0
BamH 1 1 10 25 4 10 10
2 >90 >90 Pvul 1 0 0

Bglll 1 0 0 2 10 25
2 75 >90 3 0 10

3 25 >90 Sacl 1 10 10

BssH 11 2 0 0 Sac 11 1 0 0
3 50 >90 3 50 90

BstE1 1 0 10 Scal 1 10 25
Clal 1 0 0 3 75 75
2 >90 >90 Smal 0 0 10

3 50 50 1 0 10

EcoR1 1 >90 >90 2 10 50
Hae 111 1 >90 >90 3 >90 >90
Hind 111 2 0 0 Spe 1 1 10 >90
3 10 75 2 10 >90

Kpnl 1 0 0 3 0 50
2 >90 >90 4 0 50

Miul 1 0 0 Sph 1 1 0 0
2 25 50 3 0 25

Ncol 1 0 0 4 10 50
4 50 75 Stul 1 >90 >90

Nde 1 1 0 0 Xbal 1 0 0
Nhe 1 1 0 0 2 >90 >90
2 10 25 3 75 >90

3 10 50 4 75 >90

Not 1 2 0 0 Xho1 1 0 0
4 10 10 2 10 25

6 10 10 3 10 715

“Number of base pairs added on each side of the recognition sequences.

primers with only half a palindromic recognition
site at the 5' termini of each phosphorylated primer.
After amplification, the PCR product should be
concatamerized with ligase and then digested with
the appropriate enzyme (15). This is an efficient
method, actually forcing a researcher to use high
fidelity synthesis conditions (10,16), i.e., low
nucleotide concentration, low number of cycles,
short extension times, and no “final extension.”
In these conditions, the formation of 3' overhangs,
preventing efficient ligation, is minimal.

Motecuiar BIOTECHNOLOGY

If the amplified product is to be subcloned, and
the restriction site not needed, use unphos-
phorylated primers for the reaction and then ligate
the product with a Sma I-digested vector in the
presence of low concentrations of Sma I (a blunt-
end cutter compatible with the ligation condi-
tions). Again, high fidelity PCR conditions should
be used, as mentioned earlier, to minimize forma-
tion of 3' overhangs.

When high fidelity synthesis is less essential,
one may utilize the template-independent activity
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of Tag polymerase to create 3'-“A” overhangs in
the PCR product and use a vector with 3'-“T”-
overhangs (17,18). This method is very efficient
when high concentration of nucleotides and
long extension times are used, followed by pro-
longed incubation at the extension temperature
after the last cycle.
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