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Parameters Affecting the Sensitivities of
Dideoxy Fingerprinting and SSCP

Qiang Liu and Steve S. Sommer

Department of Biochemistry and Molecular Biology, Mayo Clinic/Foundation, Rochester, Minnesota 55905

The goals of the present experiments
are (1) to improve dideoxy finger-
printing (ddF) and (2) to utilize ddF
as a tool to evaluate the relative mer-
its of different conditions for single-
strand conformation polymorphism
(SSCP). ddF is performed by electro-
phoresing one dideoxy termination
reaction through a nondenaturing
gel. The ddF pattern can be divided
into a ““dideoxy component’’ and an
“SSCP component.” If dideoxy CTP
(ddCTP) is utilized for the termina-
tion reaction of ddF, the dideoxy
component is abnormal when an ex-
tra segment is produced by a se-
quence change that creates an extra
C or when a segment is eliminated by
a change of C to another base. All
subsequent segments produced by
the termination reaction constitute
the SSCP component that contains
the mutation in a nested series of
ddCTP termination products. The
SSCP component is informative if ab-
normal mobility is detected in one or
more of the segments. Herein, we uti-
lize 84 different single-base changes
in the human factor IX gene to exam-
ine the effects of gel matrix, temper-
ature, and different primers on the
sensitivity of ddF. The effects of glyc-
erol and cross-linker ratio were ex-
amined on fewer mutations. The fol-
lowing conclusions emerge:

1. The sensitivity of the dideoxy com-
ponent is invariant, but the sensi-
tivity of the SSCP component can
vary greatly with gel matrix, tem-
perature, segment size, and se-
quence context.

2. For a given segment containing a
mutation, it is likely that a mobil-
ity shift will be seen under some
conditions but not under other

conditions. By examining the mo-
bility of the SSCP component in
>2200 segments, it was found
that some conditions are statisti-
cally more likely to result in al-
tered mobility, thereby increasing
the average sensitivity of muta-
tion detection by ddF or conven-
tional SSCP.

3. GeneAmp and MDE gels are supe-
rior to polyacrylamide gels and
electrophoresis at 8°C is superior
to electrophoresis at 23°C. Gene-
Amp at 8°C provided the highest
SSCP component efficiency of all
conditions tested; all 84 hemizy-
gotes and 40 heterozygotes were
detected readily by ddF under
these conditions.

4. The segments that terminate near
the mutation site are likely to
show an abnormal mobility on
polyacrylamide gels at 23°C.

5. The likelihood of mobility shifts
decreases with segment size, but
sequence context can have a ma-
jor effect on SSCP component effi-
ciency.

6. The smearing of bands sometimes
found on the upper part of the
gel, especially at 8°C, was elimi-
nated by utilizing a loading buffer
containing 50% formamide and 7
M urea.
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Dideoxy fingerprinting (ddF) is a hy-
brid between single-strand conforma-
tion polymorphism (SSCP) and Sanger
dideoxy sequencing.” In ddF, a Sanger
sequencing reaction performed with one
dideoxy terminator is electrophoresed
through a nondenaturing gel. Mutations
can be detected as a result of gain or loss
of a dideoxy termination segment
(dideoxy component) and/or by an alter-
ation in the mobility of at least one of
the termination segments that contain
the mutation (SSCP component). The
number of potentially informative seg-
ments in the SSCP component can vary
from 1 to >50, depending on the loca-
tion of the mutation. The inherent re-
dundancy of ddF facilitates detection of
virtually all mutations. In the initial
study, each of 83 single-base changes
and one 3-base change were detected. In
samples from 40 patients with hemo-
philia B, 13 regions of the factor IX gene
were screened in a blinded manner and
the results were compared with the
““gold standard” of direct genomic se-
quencing. All 36 mutations detected by
genomic sequencing were also detected
by ddF. A second blinded comparison of
ddF and direct genomic sequencing de-
tected 26 of 26 mutations in the p53
gene, a gene with a higher G+ C content
than the factor IX gene (55% vs. 39%)
(J.S. Kovach and S.S. Sommer, in prep.).

The initial experiments were per-
formed at room temperature with a 5.6%
polyacrylamide gel in the presence of
10% glycerol. In 50% of the 84 human
factor IX mutations, more than three
segments in the SSCP component
showed abnormal mobility (type-A pat-
tern). In some of these samples with a
type-A pattern, most of the segments in
the SSCP component had an altered mo-
bility. In 45% of the mutations, only one
to three segments of the SSCP compo-
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nent had an abnormal mobility (type-B
pattern). Although these changes were
unequivocal, some of these could have
been missed if the gels were not of good
quality or the researcher was not experi-
enced. Finally, four of the mutations
(5%) were detected only by the loss of a
segment because of the dideoxy compo-
nent (type-C pattern). These mutations
might well have been missed in het-
erozygous patients.

To help make ddF a more robust
screen in routine practice, we searched
for conditions that would increase the
percent of type-A patterns and decrease
the percent of type-C patterns. In the
process of these experiments, we exam-
ined the mobility of >2200 mutant seg-
ments from samples with 84 different
mutations. Thus, our data also provide a
good estimate of the sensitivity of con-
ventional SSCP, which may well be the
most widely used method for mutation
screening. The experiments indicate that
electrophoresis through GeneAmp gels
at 8°C is particularly efficient at detect-
ing mutations.

MATERIALS AND METHODS

Materials

AmpliTaq was purchased from Perkin-
Elmer Cetus. T7 and SP6 RNA poly-
merases, AMV reverse transcriptase, and
RNAsin were from Promega Biotech.
[y-32P]ATP was purchased from Amer-
sham. GeneAmp (Perkin-Elmer), MDE
(AT Biochem), and acrylamide/bis (Bio-
Rad) gel matrices were utilized for the
experiments. A methods protocol flow
chart is shown in Figure 1.

PCR and Transcription

PCR was performed from human ge-
nomic DNA essentially as described ear-
lier.® Briefly, 30 cycles of amplification
were performed at 94°C for 1 min, 50°C
for 2 min, and 72°C for 3 min. The PCR
mixture contained a total volume of 25
wl: 50 mm KCl, 10 mum Tris-HCI (pH 8.3),
1.5 mM or 2.5 mMm MgCl,, 200 um of each
dNTP, 0.1 pMm of primer, 0.5 unit of Am-
pliTaq, and 200 ng of genomic DNA. The
PCR and ddF primers are listed in Table
1. A detailed description of the informa-
tive oligonucleotide names given in
Table 1 is provided in Sarkar et al.®
As an example, for oligonucleotide A,
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Sanger termination reaction with one
ddNTP and an internal primer

l Non-denaturing gel

1 C 2

>
-

1L #* &

1 and 2 have mutations
and C is a normal control

FIGURE 1 Schematic of ddF. ddF may be
adapted to any sequencing protocol, because
the method involves electrophoresing one
lane of a Sanger sequencing reaction on a
nondenaturing gel. The protocol utilized in
the present experiments is an adaptation of
genomic amplification with transcript se-
quencing (GAWTS).*® At least one of the
PCR primers has a 23-nucleotide phage pro-
moter sequence attached. In the example
shown, the amplified region contains a mu-
tation relative to the normal control. The am-
plified product is transcribed by T7 RNA poly-
merase, and a Sanger termination reaction is
performed with a terminator such as dideoxy
CTP. Because the termination reaction primer
is nested and end labeled, spurious amplifica-
tion products do not produce a signal on the
autoradiograph. After the termination reac-
tion, the sample is loaded onto a nondenatur-
ing gel and electrophoresed next to a normal
control on a nondenaturing gel (C). In the
example shown, an extra segment is produced
so that the dideoxy component of ddF is in-
formative, for example, the mutation is A, T,
or G — C, and dideoxy CTP is the terminator.
In addition, the SSCP component of ddF is
also informative (see lane I relative to con-
trol). In lane 2, a different mutation is shown.
In this case, the dideoxy component is non-
informative but the SSCP component is infor-
mative. From the ddF pattern, the mutation in
lane 2 is highly likely to have occurred at the
3’ end of the mutation in lane 1.

F9=factor IX; (T7-29)=29 bases of the
T7 phage promoter sequence; E2(6247)-

47D=5' end of the oligonucleotide of
factor IX-specific sequence begins in
exon 2 (E2) at base 6247 (numbering as
described in Yoshitake et al.’®’), and the
total length of the oligonucleotide is 47
bases ‘“downstream’’ (D) (i.e., in the di-
rection of transcription). The precise
sizes and locations of the amplified seg-
ments and the base pairs screened with
ddF can be determined from the infor-
mative names.

The T7 promoter sequence is either
23 bases (TAATACGACTCACTATA GG-
GAGA) or 29 bases (ggtaacTAATACGAC-
TCACTATAGGGAGA; the lowercase let-
ters are restriction sites and other
nonessential sequences). The SP6 pro-
moter sequence is either 23 bases (ATT-
TAGGTGACACTATAGAATAC), 29 bases
(ggtaccATTTAGGTGACACTATAGAATAC),
or 35 bases (catacacatacgATTTAGGTGA-
CACTATAGAATAC).

Primers A and B amplify a 630-bp seg-
ment containing exons 2 and 3 of the
factor IX gene; primers D and E amplify
a 359-bp segment of exon 8 of the factor
IX gene; and primers I and J amplify a
787-bp segment of the D1 dopamine re-
ceptor gene. All of the PCR products con-
tain a T7 promoter sequence at the 5’
end and an SP6 promoter sequence at
the 3’ end.

Transcription was performed with 8
units of either T7 or SP6 RNA poly-
merases (Promega Biotech) in a 20-pl re-
action containing 40 mwm Tris-HCl (pH
7.5), 6 mm MgCl,, 2 mm spermidine, 10
mM NaCl, 0.5 mm each of the four ribo-
nucleoside triphosphates, 32 units of
RNAsin (Promega Biotech), and 3 pl of
the PCR-amplified template. The tran-
scription reaction was incubated at 37°C
for 2 hr.

Sanger Dideoxy Termination
Reaction With One ddNTP

One pmole of 3?P-end-labeled primer (1
pl), 1 or 2 pul of template RNA, and 10 pl
of annealing buffer [250 mwm KCl, 10 mm
Tris-HCI (pH 8.3)] were mixed. The mix-
ture was heated at 80°C for 3 min and
incubated at 45°C for 45 min. Of this
mixture, 1 or 2 pl was added to 3.3 pl of
reverse transcription buffer [24 mwm Tris-
HCI (pH 8.3), 16 mm MgCl,, 8 mm DTT,
0.8 mMm dATP, 0.4 mMm dCTP, 0.8 mm
dGTP, 1.2 mM dTTP, and 100 pg/ml of
actinomycin D], 0.8-1.0 pl of ddNTP
(0.25 mm ddCTP, 1.0 mm ddGTP, or 1.0
mM ddTTP) and 1 unit of AMV reverse
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TABLE 1. Oligonucleotides Used in this Study

A. F9—(T7-29)12(6247)-47D T7 + GACTTTCTTAAGAGATGT 5" PCR
B. F9-(SP6-29)I3(6818)-45U SP6 + GATCTTTCTGAGTCCT 3’ PCR
C. F9-E2(6535)-17U CTATTCTATGCTCTGCA ddF

D. F9-(T7-29)E8(30883)-45D T7 + TCCTCACCACAACTAC 5’ PCR
E. F9-(SP6-35)E8(31177)-50U SP6 + GCCAGCACAGAACAT 3" PCR
F. F9-(T7-6)E8(30883)-22D GGGAGATCCTCACCACAACTAC ddF

G. F9-E8(31101)-17U CTAAGGTACTGAAGAAC ddF

H. F9-(SP6-6)E8(31177)-21U GAATACGCCAGCACAGAACAT ddF

[. D1-(T7-23)E2(912)-39D T7 + GCCCTTCTGCATTGAT 5" PCR
J. D1-(SP6-23)E2(1655)-40U SP6 + CTGTTCACTGTTGATTC 3' PCR
K. D1-E2(1373)-15U ATGAGCATGTGTGGC ddF

transcriptase. The Sanger sequence mix-
ture was incubated at 55°C for 45 min. In
initial experiments on ddF sensitivity, 2
ul of the Sanger sequence mixture was
added to 50 ul of stop/loading buffer
(40% formamide, 5 mMm EDTA, and 0.5%
each of xylene cyanol and bromphenol
blue) to lower the amount of sample
loaded on the low-temperature gel,
thereby avoiding the smearing that may
otherwise occur. The sample was boiled
for 3 min, quick-cooled on ice water, and
loaded rapidly onto the gel. Ten micro-
liters of stop/loading buffer was added to
2 pl of the Sanger termination reaction,
as the introduction of stop/loading
buffer mainly containing 50% forma-
mide/7 M urea/2 mm EDTA (5 ml forma-
mide, 4.2 grams of urea, 1.5 ml of 20 mm
EDTA), or 50% formamide/7 M urea/10
mM NaOH is used to prevent the smear-
ing. The new samples were heated for 5
min at 80°C, quick chilled, and loaded
immediately onto the gel. Although
much less of the improved stop/loading
buffer is used, clear autoradiography
without smearing is obtained routinely.

ddF Electrophoresis

The sample (1.5 wl) was loaded into
square wells (shark-tooth combs resulted
in interactions at lane boundaries). Elec-
trophoresis of 7.5% GeneAmp, 0.5X
MDE (fourfold dilutions of the stock so-
lutions provided by the supplier), and
5.6% polyacrylamide gels (45 cmx 37.5
cmx0.35 mm) was performed with 50
mwM Tris-borate (pH 8.3) and 1 mm EDTA
at 12 W constant power using a Poker
Face SE 1500 sequencing apparatus. For
low-temperature gels, electrophoresis
was performed in a cold room (2-3°C)
with a fan directly cooling the plate to

keep it at 7-8°C. Temperature was mea-
sured by either a liquid crystal thermom-
eter (accuracy +£3°C) placed on the outer
plate or a mercury thermometer placed
in the upper buffer chamber. Both mea-
surements were similar. For electro-
phoresis at room temperature, the tem-
perature was regulated by circulating
water to keep the electrophoresis plates
at 22-24°C. After an initial electrophore-
sis for 15~-30 min, 1.5 pl of sample was
loaded for 4 hr at low temperature or for
3 hr at room temperature. During the
course of electrophoresis, the tempera-
tures varied only by 1-2°C. The average
temperatures of 8°C and 23°C are utilized
throughout these experiments. The gel
was dried and subjected to autoradiogra-

phy.

ddF Analysis

All segments of the SSCP component
were scored by visual analysis for the
presence of abnormal mobility in com-
parison with normal samples. For prim-
ers C and H, a wild-type sample was
loaded every three lanes so that a normal
sequence always was immediately adja-
cent. For primers F and G, a wild-type
sample was located every five lanes. Un-
equivocal mobility changes were scored.
Typically, a mobility change of one-half
of a bandwidth or more was necessary
for a scored mobility shift. Occasionally,
a wild-type band may be composed of
two overlapping or partially overlapping
segments. If a mutation resolves the two
segments into two separate bands, one
or two abnormal mobility changes are
scored depending on whether there is a
band at the position of the wild-type
band. Rarely, a single termination seg-
ment has two stable states, each of dif-

ferent mobility. If a mutation in that seg-
ment changes the pattern, one or two
mobility changes could be scored.

Efficiency vs. Sensitivity

The utility of the SSCP component can
be quantitated in two ways, which are
referred to by the terms efficiency and
sensitivity. The efficiency of the SSCP
component for a given mutation is the
number of abnormally migrating seg-
ments divided by the total number of
segments in the SSCP component. The
average SSCP component efficiency for a
region is determined by dividing the
number of segments with abnormal mo-
bilities for all of the mutations by all of
the segments in the SSCP component.
The sensitivity of the SSCP component is
the percentage of samples in which the
presence of a mutation could be de-
tected, that is, the percent in which the
efficiency of the SSCP component is >0.
The sensitivity of the SSCP component
of ddF is different from that of conven-
tional SSCP in which a mobility change
in either of two complementary strands
is necessary to detect the presence of the
mutation. The sensitivity of conven-
tional SSCP can be estimated from the
efficiency of the SSCP component of ddF
by assuming that the two segments in a
conventional SSCP behave indepen-
dently (see Table 3 footnotes and Re-
sults, below). If segments do not behave
independently, the observed sensitivity
of conventional SSCP should be lower
than the estimated value. The sensitivity
of ddF is the fraction of mutations that
can be detected by either the dideoxy or
the SSCP components.

RESULTS

Effects of Temperature, Gel Matrix,
and Genomic Region

The bulk of the experiments described
below were performed without glycerol,
because the addition of glycerol to gels
reduces convenience, increases band-
width, and generates a potential source
of variation caused by incomplete mix-
ing (data not shown). Multiple gel ma-
trices were tested, including three exper-
imental matrices kindly provided by AT
Biochem. Of the group, 7.5% GeneAmp
gels and 0.5X MDE gels were the most
promising matrices. The efficiencies of
GeneAmp, MDE, and polyacrylamide
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ddF Primer C

G A

1 CTATTCTATG CTCTGCATCT GAAGGGTATT ATGTGGAAAT ACTCACTGTT

S1
GC T TA T T G T
51 CTTTCAGTGT TTTCAAAAAC TTCTCGTGCT TCTTCAAAAC TACACTTTTC
S5 S10 S15
T T C
101 TTCCATACAT TCTCTCTCAA GGTTCCCTTG AACAAACTCT TCCAATTTAC
520 825 530
T
Cc AA
151 CTGAATTATA CCTCTTTGGC CGATTCAGAA TTTTGTTGGC GTTTTCATGA
S35 S40
C
201 TCAAGAAAAA CTGAAATGTA AAAGAATAAT TCTTTAGTTT TAGCAAAAAA
545
251 GAAAACATCA TGAAAATTTT ACATCTCTTA AGAAAGTCTT CTCCC

550 S56

FIGURE 2 Screening for mutations in exon B of the factor IX gene. The 5’ end of the ddF primer
C (17 bp, underlined) corresponds with the first nucleotide of the sequence. Nineteen single-base
substitutions are shown above the normat sequence. The termination products produced by the
ddCTP Sanger reaction are underlined and numbered consecutively (S1-556). Segments 2-56
comprise the ddF patterns shown in Fig. 3. The segments examined have a maximum size of 295 bp.

gels were compared when electro-
phoresed at 23°C and 8°C.

Fighty-four different single-base mu-
tations in the factor IX gene were exam-
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FIGURE 3 Sample ddF gels performed with primer C. Exon B of the human factor IX gene was
amplified, transcribed, and reverse transcribed in the presence of ddCTP (see Materials and
Methods). The samples were electrophoresed through nondenaturing gels under the following
conditions: (4) 5.6% polyacrylamide gels at 23°C; (B) 7.5% GeneAmp gels at 8°C. (Lanes C)
Control DNA with wild-type sequence; (lanes 1-19) 19 different point mutations in the order
shown in Fig. 2. This region has the lowest efficiency of all the regions examined. The ddGTP

termination segments are numbered as in Fig. 2.
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different from those examined in the
initial study.® The dideoxy terminator
used in most experiments was either
ddCTP or ddGTP.

Of the 84 samples examined, 50 had
an abnormal dideoxy component. Thirty
percent of the these samples had an ex-
tra segment whereas 70% lost one of the
segments. The excess of lost segments
when using ddCTP or ddGTP reflects the
known hot spot of transition mutations
at the dinucleotide CpG. All of the ex-
pected changes in the dideoxy compo-
nent were detected under all conditions
tested. In contrast, the efficiency of the
SSCP component varied dramatically.
Sample data are shown (Figs. 2 and 3)
and analyzed (Table 2 and Fig. 4) for 19
mutations in the genomic region of low-
est efficiency. When the samples were
electrophoresed through polyacryla-
mide gels under standard conditions (see
Materials and Methods) at 23°C, the effi-
ciency of the SSCP component varied for
each mutation. Greater than 80% of the
segments in the SSCP component
showed altered mobility for three factor
IX gene mutations, whereas <10% of the
segments showed altered mobility in
each of the 12 mutations (Table 2). In
addition, five mutations showed no al-
terations in the SSCP component. Thus,
the likelihood that a given segment dis-
plays altered mobility depends markedly
on the particular mutation. When aver-
aged, the SSCP component efficiency
was 22.5% for the 19 mutations analyzed
with primer C.

When these 19 samples were electro-
phoresed through GeneAmp at 8°C, the
average efficiency of the SSCP compo-
nent increased to 71.4%. A similar in-
crease in the efficiency of the SSCP com-
ponent was found when ddF was
performed with primer G (Fig. 5). In Fig-
ure S5, lanes 5 and 6 have no signal be-
cause the mutations are located in the
primer region. This illustrates that a re-
producibly poor signal in the presence of
adequate transcript template can be
caused by a mutation in the sequence
complementary to the termination reac-
tion primer.

For the great majority of mutations,
the fingerprints generated with the MDE
gels were similar to those with the Gene-
Amp gels. Visual inspection of the auto-
radiographs indicated that MDE and
GeneAmp gels have similar SSCP effi-
ciencies at 23°C and 8°C for the four
primers tested. When quantitation was
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TABLE 2 Analysis of Dideoxy and SSCP Components for Primer C

SSCP efficiency (%)*

First
Segment Dideoxy SSCP PA at GA at PA at GA at
Number® Mutation® length® component? (no.)® 23°C 23°C 8°C 8°C
1 A—-G 41 0 2 10.9 47.3 9.6 50.6
2 G—A 48 0 5 98.1 94.2 94.2 100
3 T—G 62 0 7 12.0 62.0 60.0 78.0
4 T—C 63 + 7 84.0 86.0 8.0 26.0
5 C—->T 73 - 10 0 48.9 42.6 91.5
6 C—>T 75 - 11 4.3 47.8 13.0 76.1
7 G—A 76 0 11 4.3 78.3 6.5 82.6
8 C—>T 82 - 13 6.8 65.9 36.4 22.7
9 C—T 85 - 14 16.3 14.0 60.5 95.3
10 A—G 94 0 16 4.9 24 70.7 34.1
11 C—>T 100 - 18 0 0 64.1 100
12 C—>T 108 - 21 0 0 0 100
13 C—>T 127 - 28 100 100 100 100
14 T—C 138 + 30 0 0 0 7.4
15 T—C 157 + 35 9.1 13.6 77.2 86.4
16 C—A 171 - 40 5.9 5.9 76.5 100
17 C—>T 171 - 40 5.9 5.9 52.9 64.7
18 G—A 172 0 40 5.9 82.4 64.7 100
19 A—-C 216 + 45 0 0 50.0 50.0
Average (%) 68.48 22.5 45.5 434 71.4

2Sample number as shown in Fig. 3.

®Mutation present in the reverse-transcribed segments.

“Length (in bp) from the 5§’ end of the segment (see Fig. 2); corresponds to the minimum size termination segment that can contain the mutated
base.

9Dideoxy component. (+) An extra segment is produced; (—) a segment is eliminated; and (0) no change observed. All abnormal dideoxy
components were detected under all conditions.

“The smallest segment of the SSCP component is numbered sequentially as indicated in Fig. 2. That segment and all subsequent segments comprise
the SSCP component.

fSSCP efficiency is the percentage of abnormal bands in the SSCP component. (PA) Polyacrylamide gel; (GA) GeneAmp gel.

8Percent of samples with an informative dideoxy component.

performed for MDE gels electrophoresed
at 8°C, the average SSCP efficiency was
slightly lower than with GeneAmp gels
(77% vs. 81% for the 84 mutations). Be-
cause quantitation of ddF gels is labori-
ous, only GeneAmp and polyacrylamide
gels were chosen for the comprehensive
comparisons that follow.

When polyacrylamide and GeneAmp
gels at 23°C and 8°C were compared for
primer C, it was found that the SSCP
component had a higher efficiency at
8°C (Fig. 4). At a given temperature, Ge-
neAmp gels have a higher SSCP effi-
ciency than polyacrylamide gels. This is
true in the four regions of the factor IX
gene examined (Table 3). GeneAmp gels
at 8°C consistently displayed the highest
efficiency. Sample gels from another re-
gion of the factor IX gene illustrate the
qualitative as well as a quantitative im-
provement of GeneAmp gels at 8°C rela-
tive to polyacrylamide gels at 23°C, that
is, the presence of mutations is more fre-

quently apparent in the autoradiography
(Fig. 5).

The SSCP efficiencies shown are for a
nested series of 5'-coterminal strands
produced by a Sanger dideoxy termina-
tion reaction. In conventional SSCP, a
mobility shift in either of two comple-
mentary strands is sufficient to detect
the mutation. Assuming that comple-
mentary strands have approximately in-
dependent mobilities, a maximal esti-
mate of the average sensitivity of
conventional SSCP can be obtained for a
given set of experimental conditions (Ta-
ble 3). Analyses of ddF patterns produced
from complementary strands are com-
patible with the above assumption (data
not shown).

The sensitivity of ddF is higher than
that of conventional SSCP because a sin-
gle abnormal segment caused by either
the dideoxy or the SSCP component is
sufficient to detect the presence of the
mutation. The sensitivity of ddF for

hemizygous mutations ranged from 92%
for polyacrylamide gels at 23°C to 100%
for GeneAmp gels at 8°C (Table 4). For
heterozygous mutations, the estimated
frequency is somewhat lower, ranging
from 87-99.6%. In limited experiments
with heterozygotes, all 40 different mu-
tations were detected with polyacryla-
mide and GeneAmp gels at 8°C. As might
be expected, the ddF pattern for the het-
erozygote was almost always (>99%) the
sum of the patterns for the hemizygote
mutant and hemizygote normal individ-
ual (data not shown). However, a few ex-
amples of anomalous patterns were
found that presumably represent inter-
actions of sequence conformers (data
not shown).

Distribution of SSCP Efficiencies

The efficiency of the SSCP component at
23°C for most mutations is associated
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) P €0 O B B & B B OB BB OO« <o FIGURE 4 Graphic analysis of the SSCP component of ddF performed with

MugtionType: & 0 (£ & 0 0 © 0 O & O OO K H O OO polyacrylamide gels at 23°C and 8°C, and GeneAmp gels at 23°C and 8°C. The
Posion: 3 & 8 O R R R 8 2 XS 3KIHRTIy i indi in Fi isk (*) indi

S 2399555 ¢ 19mutations indicated in Fig. 2 were analyzed. An asterisk (*) indicates that

DideoxyComp: 0 0 0 + = = 0 == 0 = = = + + = = o + the segment could not be scored because it was electrophoresed out of the

MutaniNumber: 1 2 3 4 5 6 7 011 12 13 17 13 19 8el- The numbers 2-56 correspond with the ddCTP termination segments

shown in Fig. 2. The sequencing change indicates whether the dideoxy com-
ponent is noninformative (0) or whether an extra (+) or missing (=) band
occurred. The sample numbers correspond to the lane numbers in Fig. 3.

56
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31

30
29
28
27
26
25
24
23

with either a very high efficiency (81-
100%) or with a low efficiency (0-20%).
When electrophoresis is performed at
8°C, mutations associated with very low
SSCP efficiency are reduced greatly, es-
pecially when the GeneAmp gel matrix is
used (Fig. 6A).

When mutations were present in
small segments (20-80 bp), the average
SSCP efficiency ranged from 68% in
polyacrylamide gels at 23°C to 84% in
GeneAmp gels at 8°C (Fig. 6B). For poly-
acrylamide gels at 23°C, the efficiency
fell to 40%, 34%, and 8% for segments of
81-160, 161-240, and 241-295 bp, re-
spectively. In contrast, the SSCP effi-
ciency of GeneAmp gels at 8°C did not
fall significantly until segments of 241~
295 bp were examined (Fig. 6B). How-
ever, the latter conclusion must be re-
garded tentatively because the sample
size of the SSCP component (293 bands)
is derived from only 19 mutations
within one genomic region. No simple
pattern was discerned when the effi-
ciency of the SSCP component was ana-
lyzed by type of mutation (Table 5). In
particular, the more bulky changes pro-
duced by transversions were not de-
tected more readily than changes pro-
duced by transitions.

For polyacrylamide gels at room tem-
perature, the SSCP component efficiency
is much higher when the 3’ end of a seg-
ment terminates a short distance from
the mutation (Table 6). Similar, but less
dramatic, effects are seen for samples
electrophoresed through polyacryla-
mide gels at 8°C or GeneAmp gels at
23°C. No such effect is seen for Gene-
Amp gels at 8°C. When present, this ef-
fect was seen for each of the four ge-
nomic regions. The observed gradient
may well reflect an intrinsic predisposi-

Segment Number

A = Room Temperature, PA
B = Room Temperature, GA
C =Low Temperature, PA

D = Low Temperature, GA tion toward mobility change when the
mutation is near the 3' end, but the ef-
Normal Band fects of the enlarged segment size and

the presence of a terminal dideoxy nu-
cleotide could contribute to the gradi-
ent.

Abnormal Band
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FIGURE 5 Additional ddF gels illustrating the better reproducibility of SSCP component effi-
ciency from region to region when samples are electrophoresed through GeneAmp gels at 8°C.
ddF was performed with primer G as described in Materials and Methods. The samples were
electrophoresed under the following conditions: (4) 5.6% polyacrylamide gel at 23°C; (B) 7.5%
GeneAmp gel at 8°C. The type of base substitution and their positions are shown on top of

the gel.

Other Conditions

In the previous publication describing
ddF,® 100% of mutations were detected
by polyacrylamide gels at 23°C. In those
experiments, glycerol was added to the
gels. Because the ddF sensitivity of poly-
acrylamide gels without glycerol was
only 92%, the effect of glycerol on the
SSCP component was directly compared
in polyacrylamide or MDE gels at 23°C.
Primer H was utilized for these experi-
ments. For certain individual mutations,
glycerol either markedly increased or
markedly decreased the SSCP compo-
nent efficiency. The average SSCP com-
ponent efficiency with glycerol was
somewhat higher than for identical con-
ditions without glycerol (56% vs. 61%
for polyacrylamide gels without and
with glycerol, respectively, and 64% vs.
77% for MDE gels without and with glyc-
erol).

Polyacrylamide gels with an acryla-

mide/bisacrylamide ratio of 50:1 are
sometimes used for SSCP. When ratios of
19:1 and 50:1 were directly compared us-
ing primers C and F, the average effi-
ciency of the SSCP component was
higher to a variable degree at 50:1, (22%
vs. 46% for primer C, and 34% vs. 38%
for primer F), but for certain individual
mutations the efficiency of the SSCP
component was higher at a 19:1 ratio.

Thus, glycerol and a low ratio of
cross-linker seem to enhance the average
efficiency of the SSCP component of
MDE or polyacrylamide gels at room
temperature. However, for a given re-
gion, the efficiency of GeneAmp gels at
8°C was always the highest.

Effects of Stop/Loading Buffer

The segment of the D1 dopamine recep-
tor gene is chosen for these experiments
because the segments in the upper half

of the gel were particularly susceptible to
smearing when electrophoresis was per-
formed at 8°C. Twelve types of stop/load-
ing buffers composed of 98% forma-
mide, 98% formamide/5 mm NaOH,
40% formamide, 40% formamide/5 mm
NaOH, 8 M urea, 8 M urea/5 mMm NaOH,
50% formamide/7 M urea, 50% forma-
mide/7 mMm urea/5 mM NaOH, 80%
DMSO mM (dimethylsulfoxide), 80%
DMSO/S mm NaOH, 40% DMSO, and
40% DMSO/5 mm NaOH were screened
using 0.5x MDE gels at 8°C and 23°C
(data not shown).

The stop/loading buffer composed of
50% formamide/7 M urea reproducibly
produced the sharpest bands even under
the most adverse circumstances, that is,
electrophoresis at low temperature with
a slow-cooling sample after heat dena-
turation and the addition of high levels
of RNA (Fig. 7). Addition of extra tem-
plate RNA, complementary RNA, or un-
related RNA to the sequencing reaction
caused smearing on MDE gels when 40%
formamide was the stop/loading buffer.
The smearing was eliminated by 50%
formamide/7 M urea stop/loading buffer.
The characteristics of the MDE gel sug-
gest that the smearing was caused prima-
rily by hybridization and/or some other
intermolecular interaction among nu-
cleic acids before and/or within the elec-
trophoresis. Stop/loading buffer with
50% formamide/7 M urea also eliminates
smearing when samples are electro-
phoresed through polyacrylamide gels at
23°C (data not shown).

DISCUSSION

The ddF pattern can be divided into
dideoxy component and SSCP compo-
nent. For random sequence of 50%
G+C, 50% of samples are expected to
have an abnormal dideoxy component
no matter which ddNTP is used. Half the
time the dideoxy component will be at-
tributable to the presence of an extra
band, and half the time attributable to
the absence of an extra band. In practice,
the frequency of an abnormal dideoxy
component is influenced by the types of
mutation and the dideoxy nucleotide
used. In our sample, 50 of 84 mutations
displayed an abnormal dideoxy compo-
nent (60%) when ddCTP and ddGTP
were used. Because extra segments are
detected more easily with heterozygotes,
ddTTP or ddATP is the terminator of
choice when mammalian DNA is
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TABLE 3 Efficiency of the SSCP Component Varies with the Region Analyzed

SSCP Efficiency at Efficiency at
ddF segments 23°C (%) 8°C (%)
primer® (no.)® PA GA PA GA
C 687-90 22 46 43 71
F 518 34 52 52 77
G 314-6 30 67 76 81
H 742-6 56 64 73 88

Total sample 2261-70 38 57 60 81
Estimated average sensitivity of conven-
tional SSCP of complementary strands® 62 82 84 96

*The primers screen exon B and part of exon H in the factor IX gene (Materials and Methods).
ddCTP was used with primers C, F, and G; ddGTP was used with primer H.

"Total number of ddCTP or ddGTP terminated segments in 84 mutations examined that contain
a mutation. The numbers vary slightly because one or a few segments electrophoresed com-
pletely through the gel matrix. The number of different mutants examined for primers C, F, G,
and H were 19, 21, 18, and 26, respectively. The size of the regions scanned was 295, 236, 221,
and 229 bp, respectively (average equals 245 bp). Up to 56, 50, 40, and 51 bands, respectively,
were scored for these regions.

“Percentage of all SSCP segments that displayed an altered mobility relative to the corresponding
wild-type segments when electrophoresed through PA (polyacrylamide) or GA (GeneAmp) gels,
e.g., the total number of segments showing altered mobility divided by the total number of
segments containing a mutation in the SSCP component.

dCalculated by assuming that the efficiency of mutation detection in one strand is independent
of the mutation in the complementary strand and the average efficiency of the data sample of 84
mutations. Thus, the fraction of mutations in which at least one of the complementary strands
show altered mobility on SSCP is 1 — (1 — average efficiency of a single strand)?. For example,
for the total sample of polyacrylamide gels at 23°C, the efficiency is 1 — (1 — 0.38)? = 0.62.

screened under conditions in which het-
erozygotes are expected. This is because
25-33% of mutations in many genes are
caused by transitions at CpG dinucle-

otides;'”? these transitions will provide
an extra segment when ddTTP or ddATP
are the terminators.

The sensitivity of mutation detection

TABLE 4 The Relationship between the Efficiency of ddF and Its Components

dd*and dd°and dd®*and dd°and Observed ddF Estimated ddF

sscp+ SSCP*  SSCP° SsCpe hemi/homozygote heterozygote
Conditions® (%) (%) (%) (%) sensitivity (%)° sensitivity (%)°
PA, 23°C 49 34 11 S 95 91
GA, 23°C 51 38 8 3 97 95
PA, 8°C 56 39 3 1 99 98
GA, 8°C 58 40 1 0 100 99.6

Eighty-four single-base mutations were examined. The percentage of each of the four types of
ddF patterns is shown. (dd*) Abnormal dideoxy component attributable to the presence or the
absence of a band; (dd°) no abnormality seen in the dideoxy component; (SSCP*) at least one
segment in the SSCP component has an abnormal mobility; (SSCP°) none of the segments show
mobility alterations.

#Polyacrylamide (PA) and GeneAmp (GA) gels were electrophoresed at 23°C and 8°C.

"The observed ddF efficiency was with hemizygous males containing mutations in the factor IX
gene. Mutations associated with dd®/SSCP° are missed. A few samples were excluded from anal-
ysis because the SSCP component was not positive, but small changes in mobility could not be
evaluated because neither adjacent lane had normal sequence. Thus, for PA and GA at 23°C, 79
and 78 mutations were analyzed, respectively. In patients heterozygous for a sequence change,
dd ~/SSCP° mutations (loss of a segment attributable to the mutation and no abnormal mobility
relative to any SSCP segment) can also be missed (see text). To estimate the efficiency of ddF for
detection of heterozygotes, it is assumed that all mutations of this type are missed and that
ddATP (or ddTTP) is utilized to help maximize the number of extra bands in the dideoxy com-
ponent produced by transitions at CpG. In our sample of 84 mutations, 15 lose a segment when
ddA is the terminator. Thus, the efficiency of ddF for heterozygotes is SSCP° x (dd® + dd ™).
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by ddF and SSCP was examined under
different conditions. The samples were
electrophoresed through polyacryla-
mide, MDE, or GeneAmp gels at either
23°C or 8°C. The sensitivity of ddF was
found to be high under all conditions
tested. The efficiency of the SSCP com-
ponent of the ddF pattern varied mark-
edly. The SSCP component of ddF can be
used to estimate the efficiency of con-
ventional SSCP in which the mobility of
a pair of complementary segments is an-
alyzed (see Table 3, footnotes). Low tem-
peratures and the use of GeneAmp (or
MDE) gels improve the efficiency of the
SSCP component. In addition, 10% glyc-
erol or an increased ratio of polyacryla-
mide to bisacrylamide (50:1) improve
the average efficiency of polyacrylamide
gels at 23°C. However, GeneAmp gels at
8°C were found to be superior to all
other conditions tested.

Efficiency of SSCP

The reported sensitivity of conventional
SSCP varies dramatically.*'® Our data
illustrate that there are at least four un-
derlying parameters that affect the SSCP
efficiency. The specific mutation influ-
ences the efficiency in the SSCP compo-
nent as illustrated in Table 2, Figure 3,
and Figure 5A (see Materials and Meth-
ods for the difference between SSCP
component sensitivity and conventional
SSCP sensitivity). The most dramatic
mutant-to-mutant variation in SSCP
component efficiency occurred for poly-
acrylamide gels at 23°C. The SSCP com-
ponent efficiency is also a function of
the primer used (Table 3). For polyacry-
lamide gels at 23°C, the average effi-
ciency of the SSCP component varied
from 22% in primer C to 56% in primer
H. Third, segment size also affects SSCP
component efficiency (Fig. 6B). For
those samples analyzed with polyacryla-
mide gels at 23°C, the average SSCP com-
ponent efficiency decreased from 68%
when the segments were 21-80 bases to
34% when the segments were 160-240
bases. Fourth, the position of the muta-
tion relative to the 3’ end can affect the
SSCP component efficiency. These re-
sults can explain the dramatic variation
in the sensitivity of conventional SSCP
from region to region and laboratory to
laboratory.

We speculate that the sensitivity of
one strand of SSCP for a given region
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FIGURE 6 Distribution of SSCP component efficiency as a function of primer, gel matrix, temperature, and segment size. The SSCP component
efficiency was determined for each sample. (4) The number of samples within a given range of efficiencies is shown on the y-axis. The SSCP
component efficiency per sample is shown for four primers and four gel conditions. (B) The segments in the SSCP component are divided into four
size groups ranging from 21-80 bases to 241-295 bases. The average SSCP component efficiency for primers C, F, G, and H is plotted as a function
of segment size for four electrophoresis conditions.

depends on the distribution of mobili-
ties of single-base changes and the loca-
tion of the normal sequence within that
distribution (Fig. 8). For a 200-bp seg-
ment, there are 600 possible variants
that differ by a single-base substitution.
If these variants could be generated and
electrophoresed under a given set of
conditions, the mobility distribution
could be determined. Although the dis-
tribution is unknown, it might be as-

sumed that the distribution is Gaussian.
If the mobility is plotted in units of
bandwidths and the resolution is +1/2
bandwidth, it is apparent that the sensi-
tivity of SSCP will be less for a segment
in which the mobility of the normal se-
quence is close to the mode (see point A)
in comparison with a normal sequence
in which the mobility occupies position
B. For the same segment electrophoresed
under a second set of conditions, the

TABLE 5 Relationship between SSCP Efficiency and Mutation Type

SSCP Efficiency (%)°

variance of the distribution may change
(Fig. 8B). If the variance of the second set
of conditions is generally lower, the SSCP
sensitivity usually will be lower than
with the first set of conditions. However,
the efficiency of detecting mutations for
a given normal sequence may be better
with the second set of conditions if the
mobility of the normal sequence occu-
pies a more favorable position on the
distribution (see points C vs. C').

TABLE 6 SSCP Component Efficiency
as a Function of the Proximity of the

Mutation Mutation Segment we §c Mutations from the 3" End of
type no.? no.? PA GA PA GA the Segment
—-T 4 134 19 66 43 72 Number of segments 3’
A—>G 7 201 38 56 64 72 from the mutation (%)?
-C 4 46 26 38 76 89 Conditions 1-3 4-6 7-9 all
— A 3 67 10 42 95 96 PA, 23°C S5 43 37 38
T—G 3 119 46 80 71 86 o
~cC 6 198 32 2 21 4 | SAZC 64 6l ST 57
PA, 8°C 83 75 69 60
— A 14 356 56 76 74 97 GA, 8°C 85 84 86 81
G—->T 8 175 11 23 36 74
SC 4 142 65 77 79 89 Data are from primers C, F, G, and H. Thus,
for GeneAmp gels at 8°C, 85% of the segments
- A 10 205 33 49 70 90 1-3 terminations from the mutation site had
C—T 17 541 28 47 53 77 an altered mobility while only 55% occurred
-G 4 104 83 82 86 94 for PA at 23°C.
Transitions 44 1306 38 55 55 76 3Segment number is calculated from the mu-
Transversions 40 962 38 59 65 87 tations. (1-3) The first three termination seg-
Total 84 2268 38 57 60 81 ments immediately to the 3' end from the

SSCP efficiency and mutation type combine data from primers C, F, G, and H.
®The number of different mutations with a given mutation type.
®The total number of segments in the SSCP component.

¢(PA) Polyacrylamide gel; (GA) GeneAmp gel.

mutations; (4-6) the fourth, fifth, and sixth
termination segments to the 3' end from the
mutation; (7-9) the seventh, eighth, and
ninth segments to the 3’ end from the muta-
tion.
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FIGURE 7 Stop/loading buffer with 50% formamide and 7 M urea inhibit smearing. A 789-bp
fragment of the D1 receptor gene was amplified by primers I and J, and the termination reaction
was performed with ddTTP. One microliter of the Sanger sequence reaction was added to 4 pl of
either 40% formamide or 50% formamide/7 M urea stop/loading buffer. Additional RNA was also
added in the following amounts: 0-, 1-, 5-, and 10-fold more RNA was added in each group of four
lanes. (Group A) Additional template RNA was added; (group B) complementary RNA was added;
(group C) an unrelated 600-bp RNA was added (exons 2 and 3 from the human factor IX gene).
(Mol Fold) The molar ratio of the added RNA relative to the normal amount of template RNA in
the termination reaction. Samples were electrophoresed through 0.5X MDE gels at 8°C. Prior to
loading, the samples were boiled for 3 min and slowly cooled to 37°C within 30 min.

Does the Average Efficiency of the
SSCP Component Reflect the
Sensitivity of Conventional SSCP?

The sensitivity of conventional SSCP is
determined by the sensitivities of two

A

A 0.6

0.5

complementary segments. The SSCP
component efficiencies of ddF herein are
based on the mobilities of >2200 seg-
ments for 84 different mutations. The
higher the average efficiency of the SSCP
component, the higher the average sen-

sitivity of conventional SSCP. Our esti-
mates of the sensitivity of conventional
SSCP are lower than most previous esti-
mates of sensitivity (for review, see Ha-
yashi and Yandel)."" There may be a
number of reasons for this, including
the following: (1) Some unknown prob-
lem in our laboratory may result in sub-
optimal SSCP gels; (2) sensitivities are
sometimes based on SSCP performed un-
der two to four conditions while the
present estimate is for SSCP under one
condition; and (3) there may be a bias
against publication of regions in which
SSCP has a low sensitivity, that is, show-
ing that a region has a sensitivity ap-
proaching 100% is relatively clear cut,
whereas finding a low sensitivity leads to
questions about optimal laboratory tech-
nique. This also decreases the probabil-
ity of manuscript acceptance by inviting
questions by reviewers on the accuracy
of the biological conclusions obtained
by the screening of the relevant regions
with SSCP.

Aids in Optimizing ddF

ddF is a robust technique that has been
used by many individuals in the labora-
tory to screen an aggregate of >2 Mb of
human genomic sequence in the factor
IX, the p33, and the dopamine D1, D2,
D4, and DS receptor genes. As with se-
quencing and conventional SSCP, some
initial practice in ddF is required to ob-
tain high-quality reproducible autorad-
iographs and to reliably distinguish mu-
tations from artifact. On the basis of our

FIGURE 8 Schematic of how different distributions of mobilities and different locations of the wild-type sequence within the distribution affect the
efficiency of detection of single-base changes. The units on the x-axis are in bandwidth lengths. The mobility is defined as the migration from the
origin to the peak of the band divided by the electrophoresis period under certain conditions. The mobilities are relative to the most commonly
observed mobility. The resolution of detection is +1/2 bandwidth from the mobility of wild-type sequence. (A) Three different wild-type mobilities
are indicated by A, B, and C, respectively. (B) Electrophoresis of the same samples under a different set of hypothetical conditions.
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TABLE 7 Checklist for Achieving Technically Superior ddF with High Efficiency

and Specificity

1. For optimal gels, perform a pilot sequencing reaction electrophoresed through a
standard denaturing gel to choose a ddNTP that is likely to give good separation
between the termination segments and to determine the amount of transcripts to
utilize to obtain a good signal with ddF after autoradiography for 12-36 hr.

2. Process multiple samples (>10) of the same region to minimize confusion between
mutations producing subtle alterations and the normal range of sample variation.

3. When a substantial fraction of samples are expected to have a mutation, process a
sufficient number of control samples so that at least one of the two adjacent lanes is

very likely to contain a normal sequence.

4. Generate similar concentrations of PCR-amplified DNA for each sample; if
concentrations differ, adjust the volume so that approximately equivalent amounts of
DNA template are added to the transcription reaction.

5. After the termination reaction, use a stop buffer with sufficient amounts of denaturing

strength (see text).

6. Use square-well combs rather than shark-tooth combs.

7. Position the fan to provide even cooling.

8. To avoid false-negative samples attributable to subtle alterations in the SSCP
component, reelectrophorese samples in orphan lanes, i.e., lanes in which neither

adjacent sequence is normal.

9. Don’t score a sample as positive if the intensity of the signal fades out as the segment
gets larger; this pattern is attributable to a poor termination reaction producing
multiple nonspecific termination products by AMV reverse transcriptase or whatever
polymerase is being used. Expose autoradiographs long enough to achieve a strong
signal; if a sample seems to contain added termination segments in addition to all of
the normal segments and close inspection reveals faint normal segments at that exact
mobility, the pattern is attributable to a suboptimal ddF Sanger reaction and not a

mutation.?®

10. If even one segment of the SSCP component is subtly but clearly different from
flanking adjacent normal segments, the sample should be assumed to contain a
mutation until high-quality sequence in both directions fails to reveal a mutation.® The
sequencing reactions should examine all base pairs capable of resulting in an abnormal

ddF.

#Usually these samples are attributable to suboptimal termination reactions that are more subtle
than the ones mentioned above; on inspection, the intensity of the upper segments is almost
always found to decrease relative to optimal termination reactions of normal sequence.

In our experience, band compressions, shadow bands, or mutations that occur below the first
segment clearly resolved on the sequencing gel have resulted in initial false-negative sequencing
gels. Confidence that a given pattern does represent a sequence change prompted further inves-

tigation, which revealed the sequence change.

experience, a ddF checklist is offered to
facilitate the optimal quantitative detec-
tion of mutations with few, if any, false-
positive samples (Table 7).

In conclusion, multiple parameters
affecting the sensitivity of SSCP and ddF
have been defined. SSCP, when per-
formed under one condition, is about
two times faster than ddF, but ddF con-
sistently has a higher sensitivity of mu-
tation detection. For situations in which
it is important to detect the presence of
essentially all mutations, ddF is the pre-
ferred method. ddF has additional bene-
fits in some contexts, that is, spurious
PCR amplification products are essen-
tially never a problem, because (1) the
fingerprints are generated by a nested
termination reaction primer, (2) large

segments can be screened conveniently
by synthesis of termination reaction
primers every 150-250 bp, and (3) the
location of the mutation within the re-
gion can be estimated.
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NOTED ADDED IN PROOF

For maximum ddF sensitivity, it is criti-
cal that a normal sequence be in one of

the adjacent lanes. A small, but distin-
guishable, misalignment of even one
band in a sample and adjacent normal
control is excellent evidence for the pres-
ence of a mutation if the bands above
and below align perfectly.
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