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Previously, the smart amplification process version 2
(SMAP-2) was developed to detect mutations from tis-
sue and in crude cell lysates and has been used for
rapid diagnosis of specific somatic mutations with
single-nucleotide precision. The purpose of this study
was to develop a rapid and practical method to detect
cancer and metastasis in specimens using the SMAP-2
assay. We developed modified SMAP-2 assays that en-
abled detection of any change in a single codon using
a single assay. Rapid SMAP-2 screening assays are
suitable for routine clinical identification of critical
amino acid substitutions such as codon 12 mutations
in KRAS. Primers bracketing the first two nucleotides
of KRAS codon 12 were designed so that all possible
alleles would be amplified by the SMAP-2 assay. In
combination with the peptide nucleic acid (PNA) with
exact homology to the wild-type allele, our assay am-
plified all mutant alleles except for the wild-type se-
quence. With this new assay design (termed PNA-
clamp SMAP-2), we could detect KRAS mutations
within 60 minutes , including sample preparation.
We compared results from PNA-clamp SMAP-2
assay, polymerase chain reaction-restriction frag-
ment length polymorphism, and direct sequencing of
clinical samples from pancreatic cancer patients
and demonstrated perfect concordance. The PNA-
clamp SMAP-2 method is a rapid, simple, and highly
sensitive detection assay for cancer mutations. (J Mol

Diagn 2008, 10:520–526; DOI: 10.2353/jmoldx.2008.080024)

Previously we developed a rapid single nucleotide poly-
morphism detection system named the smart amplifica-
tion process version 2 (SMAP-2).1 The SMAP-2 can rap-
idly detect mutations from tissue, and has been used for
rapid diagnosis of specific somatic mutations.2 However,
instead of using several specific point mutation assays in
parallel to analyze clinical specimens, it was more desir-
able to create a SMAP-2 assay that would identify many
possible mutations in a single tube. This would enable
screening of genes for amino acid substitutions at spe-
cific codons in a way that saves significantly on cost and
time and perhaps provides enough information to make
more effective clinical decisions. To test this principle, we
focused on KRAS point mutations at codon 12 since they
are well characterized and observed frequently in human
pancreatic cancer.3–5

Many methods such as polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP),
PCR-SSCP, PCR sequencing, and MASA, have been
used to detection KRAS mutations in clinical samples, but
all of these methods require purification of DNA, involve
many steps and require skilled technicians to perform.6–9

These assays are very complicated and time-consuming.
A KRAS mutation detection system using the SMAP-2
may be useful for routine intraoperative clinical screening
such as the rapid detection of micrometastasis, which
has not been possible until now.

To suppress any misamplification of highly related tar-
get species, SMAP-2 utilizes two fundamental technolo-
gies.1 The first is a unique asymmetric design of the
primers flanking the target sequence. These primers are
referred to as the folding primer and turn-back primer
and are engaged in amplifying the target through a self-
priming mechanism. The second approach to minimize
background amplification uses Thermus aquaticus (Taq)
MutS in combination with the isothermal amplification
procedure.
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Oligonucleotides of modified chemistry such as pep-
tide nucleic acid (PNA)-based primers have also been
shown to be effective for the enrichment of mutant alleles
in PCR screening.10 PNA is a synthetic oligonucleotide
where the ribose-phosphate backbone is completely re-
placed by (2-aminoethyl)-glycine units linked by amide
bonds. PNA cannot serve as a primer for polymerization
because it is not recognized by the polymerase as nat-
ural DNA, and it cannot be a substrate for exonuclease
activities of Taq polymerase. In addition, the melting tem-
perature of a perfectly matched PNA-DNA duplex is
higher than that of DNA-DNA of the same length, but a
single mismatch destabilizes the PNA-DNA hybrids,
causing a melting temperature shift of 10–18°C.11 Be-
cause of these features, PNA has been used to spe-
cifically block primer annealing or chain elongation on
undesirable templates without interfering with PCR am-
plification of target templates with which their sequence
is not a perfect match.12–14 Here, we report the use of
PNA in a modified SMAP-2 assay and demonstrate the
complete suppression of background amplification,
which enables the accurate and rapid detection of all
KRAS codon 12 point mutations in a single reaction. This
is the first report of PNA oligonucleotides effectively ap-
plied to enhance an isothermal amplification technique.

Materials and Methods

Cell Lines and Plasmid

To assist in the development of the SMAP-2 assay, pos-
itive control DNA was extracted from the colon cancer
cell line SW480 (American Type Culture Collection, Ma-
nassas, VA), which harbors a homozygous mutation at
the second base of codon 12 in the KRAS gene
(GGT�GTT), and the pancreatic cancer cell line KP-1N
(Health Science Research Resources Bank, Osaka, Ja-
pan), which harbors a heterozygous mutation at second
base of codon 12 in the KRAS gene (GGT�GAT). DNA
was extracted from cell lines by QIAamp DNA Mini Kit
(Qiagen, Tokyo, Japan) and serially diluted to a concen-
tration representing 10 genomic copies/�L. The dilution
needed for specificity studies were performed by mixing
the cell line DNA with wild-type human genomic DNA
(Promega, Tokyo, Japan), which is homozygous wild-
type for both KRAS alleles. All experiments using wild-
type human genomic DNA in this study refer to the control
DNA from Promega (Tokyo, Japan). The human genomic
DNA and all DNA templates extracted from cell lines were
stored at �20°C before use.

It has been reported that six nonsynonymous point
mutations of codon 12 of the KRAS gene (GAT, GCT,
GTT, AGT, CGT, TGT) were observed in human tumors.4

To assist in validating the SMAP-2 primer set, each of
these six mutations were engineered into a clone of the
wild-type KRAS gene by PCR-based site-directed mu-
tagenesis. These mutants were cloned into the plasmid
pGEM-T (Promega, Tokyo, Japan), for use as template
DNA in SMAP-2 assay development, and the sequence
of all of the synthesized mutant templates were verified

by sequencing. The synthesized templates were sus-
pended in TE buffer and stored at �20°C before use.

The SMAP-2 Assay for KRAS Point Mutation
Detection

The PNA-clamp SMAP-2 assay was engineered in a way
to amplify all six point mutations of KRAS gene that occur
in the first two nucleotides of codon 12 (Figure 1). The
PNA competition probe was designed with a full match
for the wild-type sequence and spanned across the
codon 12 region (Figure 2, A and B). Consequently,
hybridization of the wild-type PNA competitive probe
(CP) would interfere with inhibition of chain elongation
from turn-back primer, resulting in suppressing amplifi-
cation of the wild-type allele.

SMAP-2 reactions were assembled on ice and incu-
bated at 60°C for 60 minutes. We used the Mx3000P
system (Stratagene, La Jolla, CA) for maintaining isother-
mal conditions and monitoring the transition in fluores-
cence intensity of intercalating SYBR Green I (Invitrogen,

Figure 1. Schematic of PNA-clamp SMAP-2 assay. For this assay, the SMAP-2
primer design principle is engineered to allow amplification of all possible
sequences dictated by the first two nucleotides in codon 12 of KRAS. PNA-
clamp competitive probe is designed for the wild-type allele sequence. The
greater stability of the PNA probe in hybridization inhibiting to SMAP-2
amplification, and consequently the wild-type allele amplification is sup-
pressed. This effect is theoretically manifest at the initial elongating event
from the turn-back primer on wild-type template (case 1) or on a folding
primer-synthesized strand (case 2) also early in the reaction.

Figure 2. PNA-clamp SMAP-2 primer set sequences for the KRAS mutation
codon 12 detection assay. A: Sequence alignment of the KRASmutation at codon
12 and SMAP-2 primer positioning. Wild-type sequence of KRAS gene is illus-
trated. The arrowheads indicate the position of the mutations found in codon
12. DNA sequences used for primer design are marked. B: SMAP-2 primer
sequences for the KRAS mutation at codon 12 detection assay. Unlike other
SMAP-2 assays previously reported, none of the sequences are a discrimination
probe, since they bracket the actual site of sequence variability.
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Tokyo, Japan) during the reaction. The SMAP-2 method
for detecting KRAS point mutation was performed in a
total reaction volume of 26 �l. Enzymatic components
(Aac DNA polymerase) for the SMAP-2 assays were sup-
plied by K.K. DNAFORM (Kanagawa, Japan). Each re-
action contained 3.0 �mol/L each of folding primer and
turn-back primer, 1.5 �mol/L BP, 0.4 �mol/L OP1 and
OP2 (primers), 0.7 �mol/L PNAs, 1.4 mmol/L de-
oxynucleoside-5�-triphosphates, 5% dimethyl sulfoxide,
10 mmol/L (NH4)2SO4, 10 mmol/L KCl, 8 mmol/L MgSO4,
1/100,000 diluted original SYBR Green I, 20 mmol/L Tris-
HCl (pH 8.8), 0.1% Tween 20, 9 units of Aac DNA poly-
merase, and 1 �l of prepared sample.

In data analysis and diagnostic judgment, we evalu-
ated SMAP-2 results according to the principle of ampli-
fication versus nonamplification compared to threshold
values. Generally, we considered amplification to be pos-
itive if the fluorescence (delta raw fluorescence: dR), a
baseline-subtracted fluorescence reading, strength was
higher than a value of 1000 and no amplification occurred
if the signal was less than 1000.

Collection and Preparation of Clinical
Specimens

Clinical samples from 25 consecutive patients who un-
derwent operation for pancreatic ductal adenocarcinoma
in the Yokohama City University Hospital from September
2004 to June 2007 were evaluated. All tumor tissues were
diagnosed for pancreatic cancer by hematoxylin and
eosin stain. The tissues of nerve plexus around superior
mesenteric artery (SMA plexus) were also evaluated for
cancer by hematoxylin and eosin stain and judged to be
negative for metastasis. After surgical removal, all tumor
samples were immediately frozen and stored at �80°C
until analyzed. All patients gave informed consent in writ-
ing for use of their pancreatic cancer tissue and SMA
plexus in research. Institutional approval for conducting
research using human material was obtained from the
Ethical Advisory Committee of Yokohama City University
Graduate School of Medicine and the RIKEN Institute
before initiating the study.

Sample Preparation

For the PNA-clamp SMAP-2 assay, approximately 5 mg
of tumor sample and SMA plexus were minced and
mixed with 1 ml of 30 mmol/L NaOH, stirred, and incu-
bated at 90°C for a minute. After chilling on ice, the tumor
lysis extract was diluted 1:10 in water, and 1 �l of the
diluted solution was used as the template for SMAP as-
says performed in the same way as described in the
previous sections. To verify the results of the SMAP-2,
genomic DNA was extracted from tumor tissues and SMA
plexus by using QIAamp DNA Mini Kit and subject to
PCR-RFLP analysis and direct sequencing.

PCR-RFLP Analysis and Direct Sequencing of
Clinical Samples

For confirmation of the result of SMAP-2, the mutation
status at codon 12 of the KRAS gene was examined by
PCR-RFLP and direct sequencing. The method of PCR-
RFLP analysis was done as described previously.6

Genomic DNA extracted from tumor sample was ampli-
fied by PCR and digested with BstNI overnight at 60°C.
The digested products were analyzed on a 2% agarose
gel, which was stained with ethidium bromide. PCR prod-
ucts from wild-type allele should be digested by BstNI;
however, PCR product from mutant type allele cannot be
digested. DNA typing was based on the gel pattern of the
restricted PCR fragments as previously described.6

For the direct sequencing, following primers were used
to amplify the KRAS gene: forward primer, 5�-CCTA-
AACTCTTCATAATGCTTGCTC-3�; reverse primer, 5�-
CCACAAAATGGATCCAGACA-3�. PCR products were
cycle-sequenced using the Big Dye Terminator v1.1 cy-
cle-sequencing kit (Applied Biosystems; Tokyo, Japan)
according to the manufacturer’s instructions. Sequence
reactions were then subjected to electrophoresis on an
ABI PRISM 3100 (Applied Biosystems) instrument.

Direct Sequencing of the Amplification Product
of Our Assay

In our assay, we could not tell which mutation is present
in given sample. So we developed the method to identify
a particular mutation in each sample after SMAP-2 am-
plification screening. After 1000 times diluted SMAP-2
amplification products, we purified it by Wizard SV Gel
and PCR Clean-Up System (Promega, Tokyo, Japan).
Purified SMAP-2 products were cycle-sequenced in the
same way as described in the previous sections.

Results

Development of a PNA-Clamp SMAP-2 Assay
for the KRAS Point Mutation at Codon 12

Controlled tests on known genomic templates were per-
formed with the PNA-clamp SMAP-2 assay to validate its
performance before testing unknown clinical samples.
Each genomic DNA purified from the SW480 and KP-1N
cell lines was used as a template after dilution to a
concentration representing 6000 genomic copies/�l.

SMAP-2 primer sets with PNA specific for detecting the
KRAS point mutation were shown to rapidly amplify the
SW480 (homozygous for mutation) and KP-1N (heterozy-
gous for mutation) cell line DNA within 40 minutes, while
the same primer set was not capable of amplifying wild-
type genomic DNA even after 60 minutes. A “no-tem-
plate” control reaction was also negative at 60 minutes
(Figure 3).
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Sensitivity of Mutation Detection by PNA-Clamp
SMAP-2 Assay in Mixed-Cell Populations

In the clinical setting, there are frequently situations
where only very small amounts of tumor sample can be
obtained, such as from cytology samples or biopsies. To
be a useful as a diagnostic tool for mutation detection,
assays need to display high sensitivity and be able to
detect mutations in a background of wild-type genomic
DNA. To explore these characteristics of the PNA-clamp
SMAP-2 assay, we conducted serial dilution experiments
to examine detection sensitivities. In the serial dilution
experiments using purified SW480 cell line genomic DNA
alone, the assay could detect 10 copies of the KRAS
point mutation in a 26-�l amplification reaction within 50
minutes (Figure 4A).

Furthermore, because tumor samples frequently consist
of numerous subpopulations of cancer cells, we assessed
the PNA-clamp SMAP-2 assay for detection of muta-
tions in a heterogenous background. Mutant cell line
DNA was mixed with increasing amounts of wild-type
DNA, and SMAP-2 assay was performed to determine
the minimal detection limits in a background of wild-
type DNA. Using the SW480 cell line genomic DNA and
the primers for detection of the KRAS point mutation,
the mutant sequences could be detected within 50
minutes even when it presented at only 0.1% (Figure
4B). These serial dilution experiments showed good
linearity (see Supplementary Figure 1, A and B, at
http://jmd.amjpathol.org/).

Equivalent Detection of Six Mutant Alleles by the
PNA-Clamp SMAP-2 Assay

The PNA-clamp SMAP-2 assay was engineered to detect
all six known mutant alleles of KRAS codon 12. This
design assumption was examined using the six mutant

templates made by PCR-based site-directed mutagene-
sis. The assay results demonstrated approximately equal
efficiencies for the amplification of all mutant templates in
40 minutes (Figure 5).

Figure 3. Assay validation for detection of the KRAS point mutations at
codon 12. Amplification curves of PNA clamp SMAP-2 assay for KRAS mu-
tation detection indicate a detection time of �25–35 minutes on homoge-
neous cell populations harboring KRAS mutations at codon 12. As expected,
the heterozygous cell line (closed squares) (KP-1N; GAT, heterozygous)
displays slightly slower amplification, likely because it has 50% less actual
target sequences than the homozygous cell line (closed circles) (SW480;
GTT, homozygous). No amplification is observed for wild-type DNA (open
triangles) or the no template DNA (x) controls.

Figure 4. Assay sensitivity for detection of KRAS point mutations at codon
12 in homogeneous and mixed cell populations. A: Sensitivity of the PNA
clamp SMAP-2 assay on a homogeneous target. PNA clamp SMAP-2 assay
with serial dilutions of SW480 cell line genomic DNA. Shown are 1000 copies
(closed circles), 500 copies (closed squares), 100 copies (open circles), 50
copies (open squares), 10 copies (open triangles), and 0 copy (x). Ten copies
of mutant DNA are detected in a 26-�l reaction in �45 minutes. B: Sensitivity
of the PNA clamp SMAP-2 assay on a heterogeneous target. PNA clamp
SMAP-2 assay detects mutations in a mixture of wild-type genomic DNA.
Shown are 50% (closed circles), 10% (closed squares), 1% (open circles),
0.5% (open squares), 0.1% (open triangles), and 0% (x) of SW480 cell line
genomic DNA. Even 0.1% of mutant DNA can be detected in a 26-�l reaction
in �50 minutes.

Figure 5. KRAS codon 12 mutant allele detection of six known variants.
Amplification of six mutant sequences corresponding to known mutations of
KRAS codon 12 is shown. Each assay was performed on 6000 copies of
template. The assay showed little to no bias, validating its effectiveness as a
general screening tool for the six mutations of interest.
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PNA Is a Superior Competitive Probe for
Suppression of Background Amplification in
Detection of KRAS Mutation

Previously, we reported CP for suppression of back-
ground amplification.15 For suppression of background
amplification, the mechanism of PNA is similar to CP and
therefore we compared PNA with CP in their ability to
suppress background amplification.

Control studies were first performed without the use of
a competitive probe (Figure 6A). Amplifications of wild-
type and mutant alleles occurred with nearly identical
kinetics. The concentration of CP used in the assays was
30 �mol/L compared to 0.7 �mol/L for PNA. Furthermore,
several different CPs were designed and tested. The data
illustrating the best performing CP is reported (Figure
6B). Unlike that of CP, PNA was found to completely
suppress the background amplification (Figure 6C).

The PNA-Clamp SMAP-2 Assay Detects KRAS
Mutations in Clinical Samples

By using only a crude sodium hydroxide extraction pro-
cedure and SMAP-2 analysis, we were able to diagnose
KRAS mutations from clinical samples within 60 minutes.
In this study, the KRAS gene was evaluated from a series
of 25 pancreatic cancer samples (23 primary pancreatic
cancer specimens and two peritoneal dissemination
specimens) and seven SMA plexus samples by both PNA
clamp SMAP-2 assay and PCR-RFLP. The clinical sam-
ples represented a group of 11 males and 14 females
with an age at diagnosis ranging from 50 to 81 (median
64.3) years. Among the 25 pancreatic cancer patients,
six (24.0%) were diagnosed as well-differentiated adeno-

carcinomas, 16 (64.0%) as moderate differentiated ade-
nocarcinomas, and three (12.0%) as poorly differentiated
adenocarcinomas.

In 21 (19 primary pancreatic cancer specimens and
two peritoneal dissemination specimens) of the 25 pan-
creatic cancer specimens, KRAS mutations were de-
tected by the PNA-clamp SMAP-2 assay. Also, we could
detect micrometastasis of KRAS mutations in one SMA
plexus. These results that were proven to have mutations
by PNA-clamp SMAP-2 assay were also verified indepen-
dently by PCR-RFLP and direct sequence, and corre-
lated completely. We also sequenced the amplification
product of our assay. The types of mutation of SMAP-2
amplification product was in concordance with the result
of direct sequence perfectly (Table 1). In summary, by
using the PNA-clamp SMAP-2 assay, we could easily and
rapidly detect KRAS mutations in primary cancer speci-
mens, peritoneal dissemination, and micrometastasis in
SMA plexus.

Discussion

The SMAP method has several advantages for KRAS
point mutation detection over conventional PCR-based
technologies such as PCR-RFLP and other methods. The
SMAP-2 technique is simple, requires no DNA purifica-
tion, and is performed in a closed tube, which reduces
the risk of contamination. Conventional PCR-based meth-
ods generally require careful DNA purification, because
impurities of DNA interfere with the activity of Taq DNA
polymerase and similar enzymes. The SMAP-2 assay
uses a strand-displacing DNA polymerase and can am-
plify and detect point mutation directly from clinical sam-
ples requiring only a simple heat lysis and denaturation

Figure 6. Comparison of PNA and conventional CP for suppression of
background amplification in detection of KRAS mutations at codon 12.
Shown are 40 ng of SW480 cell line DNA (GTT, homozygous) as a mutant
template (closed circles) and 40 ng of wild-type human genomic DNA (GGT,
homozygous) as a wild-type template (open squares). A: SMAP-2 amplifica-
tion without the CP and PNA shows that amplifications of both wild-type and
mutant allele were detected at the same time (�25 minutes). B: SMAP-2
amplification with a conventional CP cannot suppress wild-type allele am-
plification completely. In this study, 28 different CP sequence designs were
tested. Typical data are shown. C: SMAP-2 amplification with a PNA-clamp
competitive probe could suppress wild-type allele background amplification
completely.
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step. It is not known why some strand-displacing poly-
merases can effectively amplify DNA from such crude
samples, but this feature is one of the crucial merits of the
SMAP-2 assay.

The KRAS point mutations at codon 12 have been
reported to be mainly six different alleles,3–5 which by
conventional SMAP-2 design approaches using discrim-
ination primers, would require six different assays. For
routine clinical use, a new method was desired to detect
all six possible mutations from only one primer set. To
accomplish this task, we used a PNA-based competition
probe in the SMAP-2 assay to suppress amplification of
the wild-type allele. This made it possible to amplify all six
mutant alleles equally with a single primer set.

In a previous report analyzing KRAS mutations by
PNA-clamp PCR methodology, the mismatch amplifica-
tion was reported to occur depending on the position of
PNA and DNA primer.16 This may be due to the temper-
ature cycling conditions of PCR, which have differential
effects on the various primers and their actual hybridiza-
tion affinity for the target. This is the first report for use of
PNA competitive probes in an isothermal DNA amplifica-
tion technique. It may be that PNA clamp approaches are
better suited for isothermal amplification where condi-
tions are constant and primers exist in a state of equilib-
rium with respect to hybridization kinetics. Under these
conditions, temperature cycling variation effects are elim-
inated perhaps allowing for a more effective translation of
the optimized parameters of the competitive probe and
amplification primer design. The basic design of this
KRAS assay is also unique with respect to previous SMAP
design strategies. By deliberately bracketing two nucle-
otides of a key codon to allow amplification of all possible
sequences, and suppressing wild-type allele amplifica-
tion through use of a PNA probe, a general approach to
identify all possible amino acid substitution mutations in a
single assay was developed. This may prove to have
wider appeal for detection of other important cancer mu-
tation markers.

Previously we reported the detection of various single
nucleotide polymorphisms, mutations, and deletions us-
ing SMAP-2, such as ALDH2 and CYP2C19*2,1 EGFR,2

and UGT1A1.15 As applications of this assay technology
continue to expand, challenging targets are likely to be
encountered. With new variations on SMAP-2 including
CP usage15 or PNA clamping, the versatility of the system
continues to expand, providing an opportunity to custom-
ize design approaches in a manner suitable for the ob-
jective (eg, mutation detection, single nucleotide poly-

morphism, deletions) and appropriate for the target
sequence.

The benefit of SMAP-2 assay is the use of crude ly-
sates of frozen tissue. However, SMAP-2 assay also can
be applied to paraffin-embedded archival tumor tissues.
After deparaffinization and DNA extraction by QIAamp
DNA Micro Kit (Qiagen), we tested 25 paraffin-embed-
ded tumor tissue sample from same patients of our study.
The results of PNA-clamp SMAP-2 assay for frozen tissue
and paraffin-embedded tissue demonstrated perfect
concordance (mutant type, 21; wild type, 4).

The detection of micrometastasis during operations
has not been feasible due to technical issues related to
DNA extraction and PCR complexity and assay process-
ing time. In general, several hours are necessary for the
detection of mutations. The KRAS mutation detection at
codon 12 assay reported here is an effective tool to
rapidly diagnose cancer and metastasis. We have shown
that the PNA-clamp SMAP-2 assay is capable of detect-
ing the KRAS point mutation system within 60 minutes
including sample preparation time. Amplification-based
techniques are clearly more sensitive than normal patho-
logical examinations.

In summary, our study is the first report of a PNA-
clamp being used in an isothermal amplification pro-
cess. Furthermore, the primer strategy used for detec-
tion of the mutants by the SMAP-2 method is unique,
versatile, and powerful for codon mutation screening.
This approach can be more widely applied for detec-
tion of cancer mutations where codon changes result in
amino acid substitutions. Many examples exist where
single amino acid changes to proto-oncogenes or tu-
mor suppressor genes have been characterized and
found to play a role in tumorigenesis. The PNA-clamp
SMAP-2 technology makes it possible to screen for all
possible mutations leading to an amino acid substitu-
tion in one assay.
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