Thermostable polymerases with corresponding buffers and nucleo-

side triphosphates used in PCR are commercially available in ready-

to-use form and at convenient concentrations. Yet, with all this
prepared starting material, the amplification of certain templates can
fail. Assuming that ail of the reagents have been added in the proper
concentrations, two critical reaction components are left to the re-
searcher. The first is the nucleic acid template, which should be as
pure as possible and should not contain DNA polymerase inhibitors
(although when it comes to template purity, PCR is more permissive

than many other molecular biclogy techniques). The second is the se-

lection of oligonucleotide primers, often critical for the overall success
of an amplification reaction.

The selection of a primer is distinctively challenging when consid-

ering applications such as multiplex PCR or nested PCR, or when
designing primers based on amino acid sequences. The use of
degenerate primers and base analogs, as well as considerations of
primer length and codon usage in different species when designing a
primer based on the amino acid sequence of a peptide, are discussed
in "Design and Use of Mismatched and Degenerate Primers."
Computer-assisted primer design is more effective than manual or
random selection. Some of the factors that affect the performance of
primers used in PCR—melting temperatures and possible homology
among primers—are well defined and can be easily encoded in com-

. puter software. The speed of computers allows calculations of all pos-

sible permutations of a primer’s placement, length, and relation to
other primers that meet conditions specified by the user. From the

13

thousands of combinations tested, parameters can be adjusted so that
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only those primers suitable for the needs of a particular ¢
are presented. Thus, the overall "quality" (as defi
the program parameters) of the primers selected by using com
software is guaranteed to be better than those derived "Mmanuaily,
As shown in the different protocols throughout this book, prim
can be designed without previous knowledge of the (e
quence. These include primers that have a random
quence or homopolymers (i.e., oligo[dT]). Complete
the template is not required and, therefore, prime
promoter elements, restriction enzyme recognition sites, or a vme’
of modifications at their 5’ ends. These modifications to the primep 8
nothing to hinder the PCR, but they do aid the researcher in the futy i
use of the amplicon. ,
The challenge inherent in primer design is perhaps most evidenf
in PCR using more than one primer pair, as described in "MultipI
PCR." Because more than one primer set is added to a reaction, ego}
primer sequence has to be compared to the rest of the primers in fi:
reaction to avoid amplification failure due to primer-dimer formatiof
Some of the computer programs listed in the Appendix can compa a
multiple primer pairs to determine their acceptability for use in mult
plex PCR. Some primer design programs are included in sophisticaté
and expensive software packages with multiple capabilities, Where_'af
other programs are limited to primer design, "

Xperi

mplate §
nucleotide ¢§
homology wil
rs may con At
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“INTRODUCTION One critical parameter for successful amplification in a PCR is the
b correct design of the oligonucleotide primers. The selected primer se-
quences determine the size and location of the PCR product, as well
as define the T;, of the amplified region, a physical parameter that has
been shown to be important in product yield. Well-designed primers
can help avoid the generation of background and nonspecific prod-
ucts as well as distinguish between cDNA or genomic templates in
RNA-PCR (see Section 5). Primer design also greatly affects the yield
of the product. When poorly designed primers are used, no or very
little product is obtained, whereas correctly designed primers gener-
ate an amount of product close to the theoretical values of product -
accumulation in the exponential phase of the reaction. Optimization
of reaction conditions, such as adjusting the magnesium concentra-
tion and using specific cosolvents such as dimethylsulfoxide (DMSO0),
formamide, and glycerol, may be required even with a good primer
pair. However, primers that do not follow the basic rules of primer
design may not benefit from changes in the reaction conditions. In
this case, designing a new primer set might save both time and
money. ‘
Currently, there are a wide range of computer programs for per-
forming primer selection; they vary significantly in selection criteria,
comprehensiveness, interactive design, and user-friendliness (Rychlik
and Rhoads 1989; Lowe et al. 1990; Pallansch et al. 1990; Lucas et al.
1991; O’Hara and Venezia 1991; Tamura et al. 1991; Griffais et al.
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PARAMETERS FOR
BASIC PCR DESIGN

1991, Makarova et g, 1992; Montpetit e 4] 199
Specialty primer design software programs that offer enhape

mediocre-to-poor specifi

values that are meant to be effective for only general PCR applic
tions. For example, in medica] diagnostic PCR applications, search pa
rameters and reaction conditions are adjusted to increase specificity
at the cost of some efficiency, because avoiding false-positive results:
i a higher priority than Producing large quantities of amplified prod-
uct. By carefully considering the following list of barameters when
using primer design software, a more effective selection of primers

will be achieved,

Primer Length

significant decrease in a

ion and efficiency of amplificatiop, Specifiq}
is the frequency with which a mispriming event oceurs. Primers if
city tend to produce PCR products with ex
unrelated and undesirable amplicons, as seep on an ‘
bromide-stained agarose gel, The efficiency of a primer is how clog
to the theoretica) optimum of a twofolq Increase of prodycet for e
PCR cycle a primer pair can amplify a product, :

aling step will Propagate and result in a
mplified product. In Summary, to optimize

ethj ;f
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PCR, using primers of a minimal length that ensures melting
temperatures of 54°C or higher provides the best chance for
maintenance of specificity and efficiency.

Short oligonucleotides of 15 bases or less are useful only for a
limited number of PCR protocols, such as the use of arbitrary or ran-
dom short primers in the mapping of simple genomes and in the sub-
traction library protocol described by Liang and Pardee (1992) and
Williams (1990). Depending on the organism’s genome size, there is a
bare minimum length, which will vary by a few nucleotides. In gen-
eral, it is best to build in a margin of specificity for safety. For each ad-
ditional nucleotide, a primer becomes four times more specific; thus,
the minimum primer length used in most applications is 18
nucleotides. Clearly, if purified cDNA is being used, or if genomic
DNA is not present, the length can be reduced because the risk of
nonspecific primer-template interactions is greatly reduced. Yet, it is
generally a good idea to design primers so that the synthesized
oligonucleotides can be used in a variety of experimental conditions
(18- to 24-mers); the marginal cost of oligonucleotides with 4-5 addi-
tional bases makes it worth the expense.

The upper limit on primer length is somewhat less critical and has
more to do with reaction efficiency. For entropic reasons, the shorter
the primer, the more quickly it anneals to target DNA and forms a
stable double-stranded template to which DNA polymerase can bind.
In general, olizonucleotide primers 28~35 bases long are necessary
when amplifying sequences where a degree of heterogeneity is ex-
pected. This primer length has proven to be generally useful in two
types of applications: (1) in amplifying closely related molecules such
as isoforms of a protein or family of proteins within a species, as well
as in the cloning of a gene from a different species than the one whose
sequence is available to the researcher (Dveksler et al. 1993); and (2)
in amplifying the sequences of viruses such as HIV-1 where sequence
variation and the existence of a swarm are the hallmarks of the dis-
ease and, as a consequence, the possibility of having a set of primers
with perfect complementarity to all the templates (in this example, all
HIV-1 isolates) is not expected (Mack and Sninsky 1988; Ou et al.
1988).

In both of these cases, one ﬁrst uses the primer design software to
compare all available related sequences and to describe the DNA
region with the least amount of sequence variability. These regions
serve as starting places to select the primers. In some instances, the
researcher already knows the function of the protein and its domains
essential for performing that function. In these cases, comparing
available sequences in the regions critical for the functional activity of
the related proteins within the family aids in the definition of the se-

quences around which the design of new primers should be centered.
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The addition of bases at the 5 ends of the primers is fréquently ob-

served when the researcher needs to clone the PCR product. In these
cases, the restriction enzyme sites of choice are those that do not cut
within the DNA at sites other than the primer. To ensure subcloning
of the whole amplified fragment of unknown sequence as a single
piece, the addition of sites for enzymes that recognize 6 bases, or the
addition of partially overlapping recognition sites for different en-
zymes, is recommended. An important consideration when adding
restriction sites to a primer is that most enzymes require 2 or 3 non-
specific extra bases 5 to their recognition sequence to cut efficiently,
thus adding to the length of the nontemplate-specific portion of the
primer (New England Biolabs catalog 1993/1904, pp. 180-181). An-
other drawback of long primer sequences is in the calculation of an
accurate melting temperature necessary to establish the annealing
temperature at which the PCR is to be performed. For primers shorter
than 20 bases, an estimate of 7, can be calculated as T, =
- 4(G+C)+2(A+T) (Suggs et al. 1981), whereas for longer primers, the
T, requires the nearest-neighbor calculation, which takes inlo ac-
count thermodynamic parameters and is employed by most of the
available computer programs for the design of PCR primers (Bres-
lauer et al. 1986; Freier et al. 1986).

The Terminal Nucleotide in the PCR Primer

Kwok and colleagues have shown that the 3'-terminal position in the
primers is essential for controlling mispriming (Kwok et al, 1990). For
some of the applications described above, this chance of mispriming
is useful. The. other issue with the 3° ends of the PCR primers is the
prevention of homologies within a primer pair. Care must be taken
that the primers are not complementary to each other, particularly at
their 3’ ends. Complementarity between primers leads to the un-
desirable primer-dimer phenomenon, in which the obtained PCR
product is the result of the amplification of the primers themselves.
This sets up a competitive PCR situation between the primer-dimer
product and the native template and is detrimental to the success of
the amplification. In cases where multiple primer pairs are added in
the same reaction (as in multiplex PCR), it is very important to double
check for possible complementarity of all the primers added in the
reaction. Generally, the computer programs do net allow primer pairs
with 3’-end homologies; thus, when they are used in conjunction
with the hot start technique, the chances of formation of primer-dimer
products are greatly reduced (Chou et al. 1992).

Reasonzble GC Contentand T,

PCR primers should maintain a reasonable GC content. Oligonucleo-
tides 20 bases long with a 50% G+C content generally have T,, values
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in the range of 56-62°C, which provides a sufficient thermg) wi
for efficient annealing. The GC content and 7, shoulqd '
matched within a primer pair. Poorly matched primer pajrs ca' ,
less efficient and specific because loss of specificity arigag Wi
lower T, value; the primer with the higher T, value hag a gregf
chance of mispriming under these conditions. If too high a temp
ture is used, the primer of the pair with the lower T, value may ;%.1
function at all. This matching of GC content and Ty is critical whll
selecting a new pair of primers from a list of already-synthegyi
oligonucleotides within a sequence of interest for a new app]icau
For this reason, we advocate the adoption of a standardized approgg
to primer design for the laboratory. By planning ahe 4
mix and match selected primers, because they will

ad, it is easiep{}
all have simj)a}
physical characteristics.

PCR Product Length and Placement within the Targ'et Sequence

All of the computer programs provide a place to select a range for'tHy
length of the PCR product. In general, the length of the PCR produd]
has an impact on the efficiency of amplification (Rychlik et al. 199
The length of a PCR product for a specific application is dependent {ig
part on the template material. Clinical specimens prepared from fixed
tissue samples tend to yield DNA that does not support the amplift
tion of large products (Greer et al. 1991). It is relatively stra-ightfé
ward to obtain products greater than 3 kb from pure plasmid or high§
molecular-weight DNA. For the purpose of detecting a DNA sequencé
PCR products of 150~1000 bp are generally produced.

‘The specifics of the size of the desired products often depend on
application. If the purpose is to develop a clinical assay to detec
specific DNA fragment, a small DNA amplification product of 120—5Q
bp may be optimal. The product should be specific and efficient t0]
produce and also contain enough information for use in a captu
probe hybridization assay (Whetsell et al. 1992). Products in this s
range can be produced using the two-step amplification cycling me
od, thereby shortening the length of the amplification procedure.

Other PCR approaches have different optimal product lengths. F
example, to monitor gene expression by quantitative RNA-PCR, th
product must be large enough so that a competitive template can bé
constructed and both the product and the competitor can be easlly
resolved on a gel. These products tend to run in the 250- to 750-bp

transcriptase step and the PCR. .
In terms of placing the PCR primers within a ¢cDNA sequence, W0

and product within the coding region of the mRNA, as this is ﬂle
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unique sequence responsible for the production of the protein, unlike
the 3’-noncoding region, which shares homologies with many dif-
ferent mRNAs. Second, try to place the primers on different exons so
that the RNA-specific PCR product is different in size from one arising
from contaminating DNA.

If the purpose of the PCR is to clone a specific region of a gene or
cDNA, then the size of the PCR product is preselected by the applica-
tion. Here the computer program can provide information about
selected primer sets that flank the desired area. In some instances,
when the complete sequence is required for further experiments and
the PCR product to be obtained is above the ideal length or the
template is not of the best quality, overlapping PCR fragments can be
amplified by designing the correct primers flanking unique restriction
sites in the template sequence. The production of a fragment contain-
ing the entire sequence can then be obtained by cutting and pasting
the amplified pieces. When approaching this kind of application, it is
important to think ahead of time about the ideal method for cloning
the PCR products and how the clone will be used in the.future, For
example, if utilizing restriction endonuclease sites at the end of the
primers as described above, it is important to be sure that these en-
zymes do not cut within the amplified region. Again, the software pro-
grams can provide this information (Lowe et al. 1990).

A Slmple Rule for Non -computer-based Selection

Occasionally, PCR primers must be selected from very deﬁned

‘regions atthe 3’ and 5’ ends of a specific sequence. A simple method
of primer design here is to choose regions that are deficient in a single
nucleotide. Selecting primers in this way reduces the chance of ex-
tensive primer-primer homology. Here again, care must be taken to
have a balanced primer pair in terms of length and base composition
so that the T}, values of the primers are within 2-3°C of each other.

Nested PCR

In certain situations, there are unresolvable problems with the
guanlity and quality of the template to be amplified. Perhaps the ac-
tual quantity of target nucleic acid is very dilute relative to the rest of
the material present, or there is a limit on the purity of the starting
material. Both of these problems occur simultaneously in certain
clinical applications (Albert and Fenyo 1990). In these circumstances,
one approach to synthesizing a product reliably is to develop a nested
PCR assay.

Generally, the sample is first amplified for 20-30 cycles using the
outer primer set, then a very small aliquot of this reaction is amplified
a second time for 15-25 cycles using the inner primer set. The inner
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.with possible variations (Lin and Brown 1992). Much of this type of

One example of this is the PCR cloning of an enzyme oy receptop
a similar structure and function from g related specieg usin
available structural data. With the amino acid Sequence infop
and the help of codon usage tables for different species, hotp Prime
or at least one of them, can be designed around the "conserved
quence." When selecting primers 1o amplify DNA from g differe
species, sequences at the 5'- or 3 "-untranslated regions of the mMRANAT
should be avoided because they may not necessarily have any degreé-
of homology. :
The placement of the 3" end of the primer is critical for a succesg.
ful PCR. If a conserved amino acid can be defined, the first 2 bages 0
the codon (or 3 bases in the case of an amino acid coded for
single codon [methionine and Iryptophan]) can serve as the 3’
Perfect base pairing between the primer’s 3’ end and the terplate {
optimal for obtaining good results, and minimal mismatches should
exist within the last 5-6 nucleotides at the 3’ end of the primer, At
tempts to compensate for the mismatches between the 3’ end of the
primer and the template by lowering the annealfng temperature o
the reactions do not improve the results, and failure of the reaction is
almost guaranteed. With this concept in mind, one should evaluate all
possible strategies in the design of primers when the nucleotide se-
quence of the template to be amplified is not known with certainty,
Cases like the one described above are encountered routinely when
the researcher wishes to amplify a ¢cDNA using information from a
partial protein sequence (Dveksler et al. 1993). Several approaches,
including the use of degenerate oligonucleotide primers that cover all
possible combinations for the bases at the 5’ end of the primer in the
pool as well as the use of inosine to replace the base corresponding to
the third or variable position of certain amino acid codons, have been _
successful for cDNA cloning as well as for the detection of sequences

2
1

Matigf

PCR study is empirical, and different primers may have to be synthe-
sized to obtain the desired match.

Longer primers could also arise when extra sequence information,
such as a T7 RNA polymerase-binding site, restriction sites, or a GC
clamp, is added to primers (Loh et al. 1989; Sheffield et al. 1989; Kain
et al. 1991). In general, the addition of unrelated sequence at the 5°
end of the primer does not alter the annealing of the sequence-specific
portion of the primer. In some cases, when a significant number of
bases that do not match the template sequence are added to the
primer, four to five cycles of amplification can be performed at a
lower annealing temperature; this is followed by the rest of the cycles y
at the annealing temperature calculated with the assumption that the -
sequence at the 5" end of the primer is already incorporated into the '
template.
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USING PRIMER
DESIGN SOFTWARE

s€t of PCR primers ig Positioned within the DNA o that
Plementary Seéquence for the inner primer pair jg Present i, P,
broduct obtaineq iy the first amplification reaction apg aVﬂiIal;
form a template-primer complex. This has beep shown ¢, be g ¥
successful than diluting and reamplifying with the same p"imer,‘%
bert and Fenyo 1990). The Position of the inner Primer set i4 often 1
determining factor in the overall structure of the nesteq &pproach
is a factor in determining the final product size. For eXample, 8
nesied PCR detection System, adapted from the origj 5
der for the amino acid 215 mutation in the HIv-
involved in zidovudine resistance, the 3’

Primers must match the mutations to produce g quality pcr Dl’od-

_oﬁf the software pPrograms for primer design have the selection

nested primers as an option,

More recently, Rychlik et al. (1990) implementeq T prediction based
on nearest-neighbor thermodynamic parameters (Breslauer et al.
1986; Freier et al, 1986) that appear to be slightly more accurate.
Other' programs base primer annealing temperatures op formulas
originally developed for DNA fragments over 100 nucleotides long

Bresl;

Chou,

Dvek:
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basic as primer 7, calculation can vary among the programs.

Second, different programs attack the task of primer selection very
differently, applying selection criteria to reduce the number of pos-
sible primers the program must consider, while not eliminating
potentially good candidates. For example, the program by Lowe et al.

© (1990) only considers primers that have a 3'-end CC, GG, CG, or GC
dinucleotide, which may increase priming efficiency, but allows the
user to specify a range of primer lengths. In contrast, the program by
Rychlik and Rhoads (1989) does not impose this requirement, but
checks primers of a single length specified by the user. Both of these
approaches eliminate potentially good primers but still, in most cases,
produce an adequate number of primers that meet all the conditions
considered important by the authors.

In using the computer software described, keep in mind that the
broader the selection parameters are made, the more cases the com-
puler must consider, significantly affecting the time required for
primer searches, This is one reason that search parameters should be
kept as narrow and specific as possible when they are clearly dictated
by experimental design. More restrictive search parameters usually
result in faster searches and produce primers of greater quality. In
programs that attempt more difficult selection tasks, such as choosing
primers that are highly conserved across many species, or selection of
degenerate primers from protein sequences, the basic criteria for
primer selection often must be relaxed to find primers that satisfy
more critical needs.

Using one of the available software programs in conjunction with
the information presented here should result in a good primer set.
The next task is the preparation of a good nucleic acid template.
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