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Abstract Variances, particularly single nucleotide polymorphisms (SNP), in the genomic sequence of individuals are
the primary key to understanding gene function as it relates to differences in the susceptibility to disease, environmental
influences, and therapy. In this report, the HSP70B’ gene is the target sequence for mutation detection in biopsy
samples from human prostate cancer patients undergoing combined hyperthermia and radiation therapy at the Dana-
Farber Cancer Institute, using temperature-modulated heteroduplex analysis (TMHA). The underlying principles of
TMHA for mutation detection using DHPLC technology are discussed. The procedures involved in amplicon design for
mutation analysis by DHPLC are detailed. The melting behavior of the complete coding sequence of the target gene
is characterized using WAVEMAKER™ software. Four overlapping amplicons, which span the complete coding region
of the HSP70B’ gene, amenable to mutation detection by DHPLC were identified based on the software-predicted
melting profile of the target sequence. TMHA was performed on PCR products of individual amplicons of the HSP70B’
gene on the WAVE® Nucleic Acid Fragment Analysis System. The criteria for mutation calling by comparing wild-type
and mutant chromatographic patterns are discussed.

INTRODUCTION consequential, is overwhelming. However, the potential
value of such knowledge is great in that it will lead to
better diagnostic and prognostic assays and to improved
treatment for disease.

A highly sensitive, reproducible, and robust technology
for detection of sequence variations is pivotal to exploit-
ing the relationship between sequence variability and
function. A recently developed denaturing high-perfor-
mance liquid chromatography (DHPLC) technology (Oef-
ner and Underhill 1995, 1998; Kuklin et al 1997/98) for
the analysis of DNA fragments/PCR products meets the
requirements. The technology, which is based on hetero-
duplex detection, allows for automated identification of
SNP and small deletions or insertions. Heteroduplex pro-
files are easily distinguished from homoduplex peaks
(Underhill et al 1997; Kuklin et al 1997/98) and thereby
provide a reliable means for mutation scanning and dis-
covery. DHPLC has been shown to clearly resolve muta-
tions in various genes with detection rates ranging from

Individual human genomes exhibit differences in their
DNA sequence. Variations in the genomic sequence be-
tween individuals occur at an estimated frequency of at
least 1 base per thousand bases. This totals more than 3
million variances per person. Typically, these variances
are present in the form of single nucleotide polymor-
phisms (SNP). The relationship between variability in the
sequence of specific genes among individuals to their dis-
ease status or susceptibility to disease is a primary key
to understanding gene function. Variations, in addition to
being critical for identification of disease genes, are also
essential in understanding genetic differences in individ-
ual responses to the environment, to disease, and to ther-
apies. The challenge of understanding even a fraction of
the variations in the genomic sequence, determining
which polymorphisms are significant and which are in-
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92.5% to 100% (Liu et al 1998, O’Donovan et al 1998;
Choy et al 1999; Jones et al 1999). Furthermore, it is re-
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ported in the literature that the sensitivity of detection by
DHPLC is higher than for alternative gel-based analysis
techniques; that is, mutations not detected by gel-based
techniques could be detected by DHPLC (Choy et al 1999;
Gross et al 1999; Wagner et al 1999).

In this report, the underlying principles of mutation
detection by temperature modulated heteroduplex anal-
ysis (TMHA) using DHPLC are discussed. This discus-
sion is followed by a detailed, step-by-step analysis of the
procedures involved in mutation detection using the
HSP70B’ gene sequence as a specific example. We have
chosen to examine HSP70B, as this is the most strongly
inducible member of the human HSP70 family. HSP70B
structure in control cDNA samples is compared with
HSP70B in genomic DNA extracted from the prostate tis-
sue of prostate cancer patients undergoing combined hy-
perthermia and radiation therapy at the Dana-Farber
Cancer Institute. Mutations were detected in HSP70B ob-
tained from 2 out of 3 human tumors.

MATERIALS AND METHODS
Tissue and isolation of genomic DNA

Tissue biopsies of prostate cancer patients undergoing
combined hyperthermia and radiation therapy at the
Dana-Farber Cancer Institute were immediately frozen in
liquid nitrogen. Genomic DNA was extracted using Trizol
isolation kit (Life Technologies, Grand Island, NY, USA)
according to the manufacturer’s instructions.

Melting profiles and analysis temperature predictions

WAVEMAKER™ software (Transgenomic) was used for
the prediction of melting characteristics and profiles for
all sequences analyzed. Analysis temperatures for muta-
tion detection were derived from software-predicted
melting profiles of percent helical fraction vs base posi-
tion. A temperature at which the target fragment, the
PCR product being scanned for mutations, is 70% to 85%
helical is regarded as the optimal temperature for muta-
tion detection.

Primer selection and PCR conditions

Primers flanking target regions for mutation detection
were designed using conventional software packages,
such as OLIGO® (Molecular Biology Insights Inc., Cas-
cade, CO, USA) or Primer 3 (http://www-genome.wi.
mit.edu/cgi-bin/primer/primer3.-www.cgi) using stan-
dard selection criteria. PCR amplification was performed
with either AmpliTaq® or AmpliTaq Gold™ (PE—Roche
Molecular Systems, Branchburg, NJ, USA) DNA poly-
merase as recommended by the manufacturer.
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HPLC instrumentation and analysis conditions

All HPLC analyses were performed on the WAVE® Nu-
cleic Acid Fragment Analysis System equipped with a
DNASep® cartridge (Transgenomic). Chromatography
was performed with buffers A, aqueous solution of 0.1 M
triethylammonium acetate (TEAA), and B, 0.1 M TEAA
in 25% acetonitrile (ACN). ACN (Transgenomic), TEAA
(Transgenomic), and water used for buffer preparation
were of HPLC grade. Volumetric flasks were used for the
preparation of buffers because of the sensitivity of reten-
tion times to variations in ACN concentrations. Eluent
conditions for analysis were determined using the WAVE-
MAKER™ software (Transgenomic). The eluent flow rate
for all analyses was 0.9 mL/min. Chromatograms were
recorded at a wavelength of 260 nm. Analyses under non-
denaturing conditions were conducted at 50°C. Mutation
detection under partially denaturing conditions was per-
formed at the temperature indicated for each chromato-
gram.

RESULTS AND DISCUSSION

Screening for mutations by DHPLC involves the analysis
of homo- and heteroduplex structures formed between
wild-type and mutant sequences (Fig 1) by ion-pair re-
versed-phase high-performance liquid chromatography
(IP RP HPLC) under partially denaturing conditions (Un-
derhill et al 1996; Kuklin et al 1997/98; Liu et al 1998).
Hereafter we refer to this technology, which achieves sep-
aration of DNA fragments based on fragment size and
degree of denaturation, as DNA chromatography.

A primer pair is designed to flank the DNA sequence
of interest. PCR products ranging in size from approxi-
mately 150 to 1000 bp may be suitable for analysis. The
decisive factors in judging whether a PCR product is suit-
able for mutation detection are its length, sequence, and
melting characteristics, as will be discussed in some de-
tail later. PCR on heterozygous templates generates wild-
type and mutant allele products in equimolar amounts.
The PCR product generated from homozygous mutant
templates requires the addition of wild-type PCR product
to permit heteroduplex formation (Kuklin et al 1997/98).
Wild-type PCR product is generally added when screen-
ing for mutations and for the analysis of unknown sam-
ples when the occurrence of homozygous mutants is like-
ly or possible. The latter approach is referred to as mu-
tation detection after post-PCR mixing. As illustrated in
Figure 1, a wild-type/mutant mixture is denatured at
95°C. This is followed by slow renaturation, which leads
to the formation of wild-type and mutant homoduplexes
as well as 2 distinct wild-type/mutant heteroduplexes.
The latter are characterized by a mismatch at the site of
mutation.
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Schematic of heteroduplex formation for mutation analysis. The PCR products of wild-type and mutant allele, differing by as little as
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homoduplexes

a single base pair, are denatured by heating and reannealed by slow cooling. The resultant wild-type and mutant homoduplexes melt at
higher temperatures than the mismatch containing wild-type/mutant heteroduplexes. The difference in melting temperature between homo-
and heteroduplexes is the basis for the identification of mutations by DNA chromatography.

Mutation analysis by DNA chromatography is based on
2 key features. First, heteroduplexes melt at the mismatch
site and generate a single-stranded, partially denatured
region at a temperature below the melting temperature
of the wild-type and mutant homoduplexes (Oefner and
Underhill 1995). Second, single-stranded DNA (ss DNA)
is retained less strongly on the DNASep® cartridge, which
is used for the analytical separation, than double-strand-
ed DNA (ds DNA) (Huber and Berti 1996). Consequently,
at a temperature at which wild-type and mutant homo-
duplexes are partially denatured to result in up to 2 dis-
tinct peaks, the wild-type/mutant heteroduplexes are de-
natured to a greater extent and are less well retained on
the column. Thus, the more denatured heteroduplexes
yield up to 2 peaks of equal intensity preceding the hom-
oduplex peaks (Fig 2).

Mutation detection by DHPLC involves a series of con-
siderations, some of which are of general nature and oth-
ers of which are specific for mutation detection using
DHPLC technology. It is understood that all techniques
for mutation detection are dependent on the availability
of high-grade genomic template DNA suitable for PCR.
Optimized primers for PCR are best selected using soft-
ware packages such as OLIGO (Molecular Biology In-
sights) or Primer 3. In addition to primer selection, am-
plicon design plays a crucial role in determining the suc-
cess or failure of mutation detection. Amplicon design is
defined as the process of selecting regions for PCR am-
plification and subsequent DHPLC analysis that are most
amenable to mutation detection. The process of amplicon
design and the criteria involved are outlined in the fol-
lowing on the specific example of the HSP70B’ gene. Mu-
tation detection by any technique requires high-quality
starting materials. For DHPLC, this means a PCR product
of the correct size, good yield, and high purity.

Mutation detection by DNA chromatography does not
require any post-PCR sample preparation other than de-
naturation and reannealing. Aliquots from PCR are in-
jected directly for analysis. Gradient conditions for
DHPLC and the temperature chosen for heteroduplex
analysis are crucial factors in determining the success of
mutation discovery. The WAVEMAKER™ software deter-
mines gradient conditions and analysis temperature(s)
when using the WAVE® Nucleic Acid Fragment Analysis
System for mutation detection. The final step in mutation
detection by DNA chromatography involves data inter-
pretation, namely, the comparison of wild-type peak pat-
tern with sample peak pattern for the purpose of identi-
fying the presence or absence of heteroduplex peaks.

The steps involved in amplicon design are outlined in
the following paragraph using the genomic sequence of
the HSP70B’ gene, GenBank accession number X51757
(Leung et al 1990). Like the major inducible HSP70 gene,
HSP70B’ is devoid of introns. The coding sequence of the
gene has a length of 1932 bp.

As a first step in amplicon design, the overall melting
behavior of the coding region was assessed using WAVE-
MAKER™ software (Transgenomic). This software pre-
dicts the melting behavior of ds DNA fragments of up to
2000 bp. Predicted melting profiles and temperatures are
a function of the sequence analyzed as well as the overall
length of the fragment. Fragment length plays a role in
melting temperature prediction for DHPLC analysis be-
cause longer fragments elute at higher acetonitrile (ACN)
concentrations. Since ACN has a denaturing effect on ds
DNA, it consequently lowers the predicted melting tem-
perature for analysis of longer ds DNA fragments. Con-
sideration of sequence and the fragment length informa-
tion increases the accuracy of the predicted melting tem-
perature(s) for TMHA as compared to experimentally de-
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Fig 2.

Mutation detection by DNA chromatography with the WAVE® Nucleic Acid Fragment Analysis System using a DNASep® cartridge.

Mutation detection was performed on a 209-bp PCR product in the temperature range from 54° to 61°C in 1°C intervals. The mutated sequence
analyzed differs from the wild-type sequence by a single A-to-G transition in position 168 of the 209-bp PCR product. An equimolar mixture
of wild-type and mutant sequence was denatured and rehybridized prior to analysis.

termined melting temperature(s). At this point, it is
important to emphasize that melting profiles and analysis
temperatures for TMHA predicted by WAVEMAKER™
software are specific for mutation detection by DNA chro-
matography under the conditions outlined in the Mate-
rials and Methods section.

The melting behavior of the complete coding region of
the HSP70B' gene is characterized in Figure 3, as deter-
mined with the WAVEMAKER™ software. The degree of
denaturation, which is expressed as the helical fraction of
the fragment as a percentage, is displayed in Figure 3A
as a function of temperature. The graph reveals that the
HSP70B’ coding region denatures over a range of 61° to
67°C. The coding region contains at least 2 melting do-
mains, indicated by the discontinuous profile of the melt-
ing curve.

A more detailed evaluation of the coding region’s melt-
ing behavior for the HSP70B’ sequence can be performed
if the degree of denaturation at a fixed temperature is
plotted as a function of base position. Melting profiles
(helical fraction vs base position) for the temperature
range from 62° to 67°C are shown in Figure 3B. From
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these graphs, it is apparent that the sequence contains a
5’-domain, reaching approximately 600 bp into the cod-
ing region, which melts at a higher temperature than the
remaining part of the gene. A low melting domain is lo-
cated at the 3'-terminal region of the gene, ranging ap-
proximately from base position 1300 to 1800. The central
part of the gene melts over a 3°C range with a short, high
melting region around position 800.

Amplicon design is guided primarily by the presence
of melting domains inherent to the sequence analyzed. A
secondary but important consideration is the availability
of suitable primer-binding sites for PCR amplification.
Melting domains suitable for mutation detection by
TMHA are identified first, followed by the design of suit-
able PCR primers.

Several criteria are applied for the identification of re-
gions suitable for mutation detection by TMHA. Ideally,
the target region has a homogeneous melting behavior,
which is believed to ensure sensitivity for mutation de-
tection over the whole fragment length at the predicted
analysis temperature. Progressive melting of a target re-
gion over several degrees is advantageous for mutation
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Fig 3.

Melting profiles of the complete HSP70B’ coding region. Melting profiles were calculated using the WAVEMAKER™ software. (A)

Graph of the degree of naturation (helical fraction of the fragment as a percentage) as a function of temperature. (B) Graph of the degree
of naturation as a function of base position at temperatures ranging from 62° to 67°C.

detection. A sudden, large drop in the percentage of the
fragment’s helical fraction is a disadvantage, as it narrows
the temperature range in which mutations can be detect-
ed. Melting profiles predicted by the WAVEMAKER™
software are those of the homoduplex of the entered se-
quence. As outlined previously, the mismatch containing
heteroduplex will exhibit a lower melting temperature in
the region of the mismatch than the corresponding hom-
oduplex, which does not contain a mismatched base pair.

The extent of differential melting between the homo- and
heteroduplex is determined by the sequence surrounding
the mismatch. The latter is directly correlated to resolu-
tion of hetero- from homoduplexes by DHPLC because of
the differing affinities of the stationary phase of the DNA-
Sep® cartridge for ss DNA and ds DNA. SNP and short
insertions/deletions are best resolved if mutation detec-
tion is performed at the temperature at which the helical
fraction for the sequence analyzed ranges from about 70%
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Fig 4. Melting profiles of HSP70B’ amplicons 1 to 4. Amplicons are designed to overlap and span the complete coding region of the gene.
Graphs of the degree of naturation as a function of base position are shown for each of the amplicons. A 3°C temperature range in which
mutations are predicted to be detected is shown for each amplicon. Melting profiles were calculated using the WAVEMAKER™ software.
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Temperature titration of a wild-type PCR product of ampli-

to 85%. Fragments not exhibiting uniform melting or that
contain multiple melting domains need to be analyzed at
multiple temperatures corresponding to the melting tem-
peratures of the different domains.

Based on the melting domains identified in Figure 3,
overlapping amplicons spanning the coding region of the
HSP70B’ gene were designed for mutation detection by
DHPLC. The melting profiles of 4 amplicons covering
base positions 165 to 720, 628 to 1177, 1092 to 1623, and
1521 to 2187 are shown in Figure 4. (Numbering of base
positions is based on the numbering system of the X51757
sequence.) Amplicons 1 to 4 have lengths of 556, 550, 532,
and 667 bp, respectively. The primer-binding site for the
upstream primer of amplicon 1 is positioned in the gene’s
5’-untranslated region; the downstream primer of ampli-
con 4 is positioned in its 3'-untranslated region. Thus, the
complete coding region of the HSP70B’ gene is covered
by the 4 amplicons designed. Based on the melting pro-
files predicted by the WAVEMAKER™ software for the
individual amplicons, the optimal analysis temperatures
for mutation detection by TMHA for amplicons 1 to 4 are
67°, 64° and 66°, 64°, and 62°/63°C, respectively.

Essential for mutation detection, not only by DHPLC,
is the availability of high-quality PCR products devoid of

Mutation detection by DHPLC 421

spurious amplification products. The quality, purity, and
yield of PCR may be checked on agarose gels. However,
HPLC analysis under nondenaturing conditions at 50°C
is superior for assessing PCR product quality because of
the higher resolving power of HPLC. HPLC has the add-
ed advantage of direct product quantification by peak in-
tegration. PCR products for mutation detection should
appear as single, clean peaks under nondenaturing con-
ditions. The quality of the PCR product can be improved
further by the use of a proofreading polymerase or a mix-
ture of a nonproofreading (9 parts) and proofreading (1
part) polymerases (unpublished observations). Polymer-
ases are known to incorporate errors. If errors are incor-
porated during the initial cycles of PCR, a wild-type se-
quence may falsely be identified as a mutant sequence.
The random incorporation of errors throughout the
course of PCR contribute to an elevated baseline preced-
ing the homoduplex peak during mutation detection by
DHPLC. Thus, the use of polymerases with proofreading
capabilities is beneficial for the amplification of gene frag-
ments to be scanned for mutations by DNA chromatog-
raphy.

The analysis temperature for TMHA on the WAVE®
Nucleic Acid Fragment Analysis System is determined by
the WAVEMAKER™ software based on the sequence and
length of the fragment scanned for mutations. In addition,
the software determines the gradient conditions for the
analysis by DHPLC. Under nondenaturing conditions the
PCR product for amplicon 1 yields a single peak (data
not shown). A temperature titration for the wild-type se-
quence of amplicon 1 is shown in Figure 5. Temperature
titrations are performed under identical gradient condi-
tions at different temperatures flanking the software-pre-
dicted analysis temperature. In the absence of a mutation,
heteroduplexes are not formed. Increasing temperature
during consecutive runs results in a progressive short-
ening of the retention time. The decrease in retention time
is explained by an increase in denaturation of the PCR
fragment. The latter increases the portion of the fragment
that is present in single-stranded form, which has a de-
creased affinity for the column matrix as compared to the
double-stranded form. The baseline increase preceding
the main peak is a result of heteroduplexes formed with
PCR products containing randomly incorporated poly-
merase errors. The extent of this baseline increase is de-
pendent on the fidelity of the polymerase used for am-
plification.

The chromatographic profile of the wild-type amplicon
at a specific analysis temperature serves as a reference for
mutation calling. The presence of a mutant sequence re-
sults in the formation of heteroduplexes. As explained
previously, heteroduplexes melt at lower temperatures
than homoduplexes and exhibit shortened retention
times. Chromatographic profiles of samples differing
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from the wild-type profile are indicative of the presence
of a mutation. Differences may be as subtle as peak
broadening or the appearance of a shoulder on the lead-
ing edge of the homoduplex peak or as pronounced as
the appearance of 2 distinct heteroduplex peaks and an
additional mutant homoduplex peak. The former scenario
is demonstrated in Figure 2 at 56°C and the latter at 58°
and 59°C. Resolution between hetero- and homoduplexes
is determined by the sequence context in which the mu-
tation occurs and by how the presence of a mismatch in
the heteroduplex lowers the melting temperature of the
heteroduplex fragment. In general, any difference be-
tween wild-type and sample peak pattern is justification
for calling a mutation.

Examples of mutation detection in the HSP70B' gene
sequence are shown in Figures 6 and 7. Figure 6A shows
a temperature titration of the wild-type amplicon 3 in the
range from 61° to 65° C. The analysis temperature pre-
dicted by WAVEMAKER™ software at which mutations
can be detected for this amplicon is 64°C. Figure 6B
shows an identical temperature titration for the PCR
product of amplicon 3, which was generated from geno-
mic DNA isolated from a prostate cancer cell line (sam-
ple). Comparison of the chromatographic profiles of wild-
type and sample PCR products reveal clear differences.
Peak broadening of the sample peak is observed at 61°C.
The sample chromatogram exhibits increased baseline
levels preceding the main peak at 62° and 63°C. The mu-
tation is best resolved in the sample chromatogram at 64°
and 65°C, at which wild-type and sample chromatograms
differ the most. Specifically, at 64° and 65°C, peaks cor-
responding to heteroduplexes are observed at shorter re-
tention times than that of the homoduplex peak. The ge-
nome of the prostate cancer cell line contains a mutation
in the region of amplicon 3.

Additional examples of mutation detection are shown
in Figure 7 for amplicon 2 of the HSP70B’ gene sequence.
Chromatograms were recorded at a column temperature
of 65°C. Samples A and C, which were amplified from
genomic DNA isolated from prostate cancer biopsies,
show clear differences in their peak pattern compared to
the wild-type sample B. Hence, mutations are present in
amplicon 2 of samples A and C.

Mutation detection by DHPLC, as it is presented in this
context, is a high-throughput, timesaving, and economi-
cal tool for mutation screening. DHPLC provides infor-
mation about whether a mutation is present. In order to
determine the specific nature of the mutation, however,
PCR products in question need to be sequenced.

—

Fig 6. Temperature titration of a wild-type PCR product (A) and a
wild-type/mutant PCR product (B) of amplicon 3.

Cell Stress & Chaperones (2000) 5 (5), 415-424

Intensity [mV]

RS

Intensity [mV]

10

61°C

62°C

63°C
4 1’-\—)
64 °C
5
65°C
o b
0 1 2 3 4 5 6 7 8
Retention Time [min]
6
61°C
5 4
] 62°C
4 4
|~
63 °Cl
3 B
2 64 °C|
1
65°
o] T T T T T T T T
0 1 2 3 4 5 6 7 8

Retention Time {min]



12

Mutation detection by DHPLC 423

10 -

Intensity [mV}
»

oL

Sample A

Sample B, wild type

Sample C

0 1 2 3

4 5 <] 7 8

Retention Time [min]

Fig 7.

Mutation detection on PCR products of amplicon 2 amplified from different template sources. The chromatogram in the center

represents the profile of the wild-type homoduplex. Chromatograms at the top and bottom (obtained from prostate cancer patients undergoing
combined hyperthermia and radiation therapy at the Dana-Farber Cancer Institute) differ from the wild-type chromatogram and are indicative

for the presence of mutations.

In conclusion, detection of unknown mutations by
DNA chromatography using DHPLC under partially de-
naturing conditions is a reliable, reproducible, and sen-
sitive technology. As demonstrated in the case of the
HSP70B’ gene, amplicon design for mutation scanning is
facilitated by the WAVEMAKER™ software. This soft-
ware predicts the melting behavior of specific sequences
of up to 2000 bp under the analysis conditions of TMHA
by DHPLC. Amplicons suitable for mutation detection
can be identified based on melting domains within the
sequences analyzed. PCR primers for the amplification of

identified target regions are selected using conventional
primer selection software. After primer selection, the
melting profiles of PCR amplified regions are re-evalu-
ated. This allows an optimal temperature for mutation
detection to be determined.

Prior to mutation analysis the yield, purity, and quan-
tity of the PCR product are determined by DNA chro-
matography under nondenaturing conditions. Gradient
conditions for mutation analysis are predicted by WAVE-
MAKER™ software. Mutation analysis is typically per-
formed on a 5-pL aliquot of a PCR directly without any

Cell Stress & Chaperones (2000) 5 (5), 415-424
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sample preparation or purification. Up to 192 samples can
be analyzed in an automated fashion in a single series of
runs. About 200 individual samples can be screened for
the presence of mutations per day using DHPLC.

Comparing a reference chromatogram of a wild-type
standard with that of a sample reliably identifies muta-
tions. Mutation calling is facilitated by the overlay and
stacking of chromatograms. The presence of mutations is
indicated by deviations of the sample chromatogram from
the reference chromatogram.
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