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Detection of Single Base Substitutions by
Ribonuclease Cleavage at Mismatches
in RNA:DNA Duplexes

Richard M. Myers, Zoia Larin, Tom Maniatis

Physical methods for detecting single
base substitutions have provided power-
ful tools for the analysis of human genet-
ic diseases (/-4) and the establishment of
human genetic linkage maps (5-7). These
techniques could also be of considerable
value in the detection and analysis of
single base mutations in regulatory or
protein-coding sequences. Procedures
available for detecting base substitutions
rely on differences in restriction endonu-
clease cleavage sites (8—12), or on differ-
ences in the melting behavior of wild-
type and mutant DNA duplexes (13-21).
For example, some single base substitu-
tions result in the loss or gain of a
restriction endonuclease cleavage site,
and can therefore be detected in South-
ern blotting experiments (8-12). Howev-
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er, it is usually necessary to use a large
number of different restriction enzymes
before a change is detected. In addition,
many substitutions cannot be detected
by this procedure because they do not
alter a restriction site. Another approach
involves the use of synthetic oligodeox-
yribonucleotides as differential hybrid-
ization probes (/3-16). In this method, a
labeled synthetic oligonucleotide ho-
mologous to the mutant or wild-type
DNA is hybridized to blotted genomic
DNA. Hybridization or washing condi-
tions are then adjusted to allow the dif-
ferential melting of the mismatched and
perfectly paired duplexes. This method
is useful for scoring substitutions at spe-
cific locations, but is not practical for
screening large regions of DNA for new
mutations or polymorphisms.
Differential DNA melting is also the
basis for detecting single base substitu-
tions by denaturing gradient gel electro-
phoresis (I17-21). In this method, wild-
type and mutant DNA molecules are
separated by electrophoresis in poly-
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acrylamide gels containing a gradient of
formamide and urea. Duplex DNA frag-
ments move through these gels with a
constant mobility determined by molecu-
lar weight until they migrate into a por-
tion of the gel containing a denaturant
concentration sufficient to melt the
DNA. When the DNA undergoes melt-
ing, its electrophoretic mobility abruptly
decreases. Thus, the final position of a
DNA fragment in the gel is determined
by its melting temperature. The differ-
ence in melting temperature between
two fragments that differ by a single base
change is sufficient to allow separation
on the gel. Even greater separation is
achieved with DNA duplexes containing
a single base mismatch (/8). With spe-
cially designed plasmid vectors, virtually
all possible single base substitutions can
be detected in cloned DNA fragments
(19, 20). However, for technical reasons
(I8-21), only 25 to 40 percent of all
possible substitutions can be detected
directly in total genomic DNA.
Because of the limitations in the pro-
cedures discussed above, we developed
an alternative method for detecting sin-
gle base substitutions in cloned and ge-
nomic DNA. This method involves the
enzymatic cleavage of RNA at a single
base mismatch in an RNA:DNA hybrid.
The strategy used is based on the devel-
opment of methods for synthesizing
RNA probes (22-24), and on the obser-
vation that many ribonucleases are spe-
cific for single-stranded RNA under ap-
propriate reaction conditions (25). A
similar strategy had been developed ear-
lier to detect mutations in duplex DNA
containing single base mismatches (26,
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27). In this case, attempts were made to
cleave DNA:DNA mismatches with the

single-strand specific nuclease S1. How-

ever, only a small amount of cleavage
occurs at a few mismatches while most
mismatches are not cleaved at all (26,
27). In this article, we demonstrate that
many single base mismatches in

RNA:DNA hybrids are cleaved specifi-

cally by ribonuclease A (RNase A).
The steps in the RNase cleavage pro-
cedure are outlined in Fig. 1. A 32P-
labeled RN A probe is synthesized from a
wild-type DNA template with the SP6
transcription system (22-24, 28). The
RNA probe is hybridized to denatured
test DNA (29) in solution, and the result-
ing RNA:DNA hybrid is treated with

RNase A (30). The RNA products are -

then analyzed by electrophoresis in a
denaturing gel. If the test DNA is identi-
cal to wild-type DNA, a single band is
observed in the autoradiogram of the gel,
since the RNA:DNA hybrid is not
cleaved by RNase. However, if the test
DNA contains a single base substitution
that results in a mismatch recognized by
RNase A, two new RNA fragments will
be detected. The total size of these frag-
ments should equal the size of the single
RNA fragment observed with wild-type
DNA. Thus, the mutation can be local-
ized relative to the ends of the RNA
probe by determining the sizes of the
cleavage products. The end of the RNA
probe mapping nearest to the substitu-
tion can be determined when the experi-
ment is performed with DN A digested by
an additional restriction enzyme (29),
thus localizing the substitution unambig-
uously.

For convenience, single base mis-
matches in the RNA:DNA hybrids are
presented as X:Y, where X and Y desig-
nate the mismatched RNA and DNA
bases, respectively. For example,
“C:A” refers to a mismatch in which
cytosine appears in the RNA strand op-
posite adenine in the DNA strand.

Detection of single base substitutions in
cloned DNA fragments. To establish opti-
mal conditions for recognizing single
base mismatches, and to determine
which types of mismatches can be
cleaved by RNase, we examined a large
number of single base substitutions in
the mouse B-major globin promoter re-
gion (21, 31). With this collection, it was
possible to examine all 12 types of mis-
matches possible in RNA:DNA hybrids
in several different sequence contexts.
The results of several RNase cleavage
reactions are shown in Fig. 2. The RNA
probe used in these reactions is comple-

mentary to the sense strand of the - -

globin promoter, and therefore is desig-
13 DECEMBER 1985 '

Abstract. Single base substitutions can be detected and localized by a simple and
rapid method that involves ribonuclease cleavage of single base mismatches in
RNA:DNA heteroduplexes. A 3*P-labeled RNA probe complementary to wild-type
DNA is synthesized in vitro and annealed to a test DNA containing a single base
substitution. The resulting single base mismatch is cleaved by ribonuclease A, and
the location of the mismatch is then determined by analyzing the sizes of the
cleavage products by gel electrophoresis. Analysis of every type of mismatch in
many different sequence contexts indicates that more than 50 percent of all single
base substitutions can be detected. The feasibility of this method for localizing base
substitutions directly in genomic DNA samples is demonstrated by the detection of
single base mutations in DNA obtained from individuals with B-thalassemia, a

-genetic disorder in B-globin gene expression.

nated an ‘‘antisense’’ probe. When this
probe was annealed to the wild-type pro-
moter fragment and then digested with
RNase A, a single, full-length RNA frag-
ment of 186 nucleotides (nt) was ob-
served (Fig. 2, lane 1). In some experi-

" ments, faint background bands were visi-

ble in the wild-type lane, indicating that a
low level of cleavage occurs at bases that
are not mismatched. In contrast, when
an RNA:DNA duplex containing a C:A
mismatch at position —40 in the promot-
er was analyzed, three bands were ob-
served (Fig. 2, lane 2). One of these
bands, representing about 50 percent of
the total radioactivity in the lane, corre-
sponds to the full-length RNA probe.
The lengths of the other two RNA frag-

‘ments correspond to the sizes expected

for cleavage at the mismatch at position
—40 in the promoter (66 and 120 nt). In
this and other mismatches examined,
one of the RNA fragments (the 66-nt
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fragment) appears as a doublet on the
autoradiogram, which is probably the
result of further reaction of RNase at
pyrimidines near the ends of the cleaved
RNA product.

Similar results were obtained with an-
other C:A mismatch located at position
—60 in the promoter (Fig. 2, lane 4). In
contrast, in the case of a third C:A
mismatch, occurring at —56 in the pro-
moter, all of the radioactivity is present
in the two cleavage products, indicating
that 100 percent of the mismatches were
cleaved under the same conditions (Fig.
2, lane 3). Altogether, 21 different C:A
mismatches in the promoter were tested,
and more than 50 percent of each mis-
match was cleaved by RNase A in every
case (Table 1). Similar results were ob-
tained with C:C. and C:T mismatches
(Fig. 2, lanes 5 to 7, and Table 1). In
contrast, only six of ten U:G mismatches
in the promoter were cleaved by RNase,
and the efficiency of cleavage varied
from 10 to 90 percent (Fig. 2, lanes 8, 9,
and 11, and Table 1). Three U:C mis-
matches were tested, and in each case
cleavage was very inefficient (only S to
10 percent; lane 10 and Table 1). Three
U:T mismatches in the promoter were
cleaved at alevel of 25 percent (Table 1).

Fig. 1. Detection and localization of single
base substitutions by the RNase cleavage
procedure. A labeled RNA probe is synthe-
sized with the use of the SP6 transcription
system. Double-stranded DNA is digested
with restriction enzymes that cleave outside
the region covered by the probe and then
denatured and annealed to a large molar ex-
cess of the RNA probe. Digestion of the
hybridization mixture with RNase removes all
of the unhybridized RNA probe and cleaves
the specific RNA:DNA duplex at the position
of the mismatched base. The RNase resistant
products are then size-fractionated by gel
electrophoresis and detected by autoradiogra-
phy. In the absence of a mutation, the full-
length probe fragment is observed. If the test

" DNA contains a single base mutation, cleav-

age at the resulting mismatch generates two
RNA fragments whose total lengths are equal
to that of the probe.
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Several G:G, G:A, G:T, A:A, A:.C,
and A:G mismatches were tested and no
cleavage by RNase A was observed in
most cases (for example, see Fig. 2, lane
15). However, a small amount (10 to 20
percent) of cleavage occurred at two
A:A mismatches and one G:T mismatch,
and efficient cleavage occurred at three
A:C and two A:G mismatches (Table 1).
It is surprising that cleavage occurred at
these mismatches since RNase A cleaves
after pyrimidines (25). However, it is
possible that destabilization of the mis-
matched RNA:DNA duplex leads to
cleavage at nearby pyrimidine bases.

To determine whether this procedure
can be used to detect small deletions, we
analyzed several promoter fragments
containing different single base dele-
tions. In each case, nearly complete
cleavage of the probe was observed at
the resulting single base ‘‘loop-out,’’ or
at nearby pyrimidines (Fig. 2, lane 12,
and Table 1). Similarly, RNA:DNA du-
plexes containing two mismatches in
close proximity were efficiently cleaved
in the assay (Fig. 2, lane 13, and Table
1).

Detection of B-thalassemia mutations in
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Fig. 2. RNase cleavage analysis of singe base
mutations in a cloned mouse B-major globin
promoter fragment. A 186-nt antisense RNA
probe was annealed to wild-type and mutant
promoter fragments and the resulting
RNA:DNA duplexes treated with RNase A.
The digestion products were analyzed by
polyacrylamide gel electrophoresis and auto-
radiography. The DNA sample analyzed in
each lane was: wild-type (lane 1); mutant
—40A (lane 2); —56A (lane 3); —60A (lane 4);
—33T (lane 5); —25T (lane 6); —54T (lane 7);
—57G (lane 8); —31G (lane 9); —62C (lane 10);
—26G (lane 11); —76 deletion (lane 12); —28G/
—26G (lane 13); —25A (lane 14); —49G (lane
15). The type of mismatch produced by an-
nealing the wild-type antisense RNA probe to
each mutant DNA fragment is indicated at the
top of each lane.
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cloned and genomic DNA. To establish
the feasibility of detecting single base
mutations associated with human genetic
diseases, we analyzed a number of dif-
ferent cloned and genomic DNA’s bear-
ing B-thalassemia or sickle cell anemia
mutations. In these experiments, the
RNA probes used were about 615 nt in
length, spanning the region of the gene
and 5’ flanking sequences from —128 to
+485 (32). Two RNA probes were syn-
thesized to test both the sense and anti-
sense strand of the region. With this set
of substitutions and probes, 10 of the 12
types of RNA:DNA mismatches could
be formed, and 7 out of the 10 types were
cleaved to some extent by RNase (Table
1).

To determine whether the RNase
cleavage procedure could be used to
detect single base substitutions in total
genomic DNA, we analyzed DNA sam-
ples from two individuals with B-thalas-
semia. One individual carried a C to T
transition at codon 39 of the B-globin
gene in both chromosomes. The second
individual was homozygous for the he-
moglobin BE (HbE) allele, which con-
tains a G to A transition at codon 26 in
the gene. The codon 39 (3°39) DNA was
tested with the sense strand RNA probe,
whereas the HbE DNA was tested with
the antisense RNA probe. Both of these
hybrids result in C:A mismatches with
their corresponding probes. When a con-
trol experiment was performed with the
sense probe and genomic DNA from an
individual with wild-type B-globin genes,
a single band appearing at the full-length
position resulted (Fig. 3A, lane 1). When
DNA from the individual homozygous
for the B39 mutation was analyzed,
RNA fragments 430 and 185 nt in length
were observed (Fig. 3A, lane 2), indicat-
ing that cleavage at the C:A mismatch
occurred at a high efficiency. Similar
results were obtained with the analogous
cloned DNA samples (Fig. 3A, lanes 3
and 4). In another experiment with the
antisense RNA probe, genomic DNA
from an individual with normal B-globin
genes also resulted in a single band ap-
pearing at the full-length probe position
(Fig. 3B, lane 1). Genomic DNA from a
patient homozygous for the HbE allele
resulted in two RNA fragments of the
expected sizes of 355 and 260 nt (Fig. 3B,
lane 2), again indicating complete cleav-
age of the mismatch by RNase A. These
results were obtained with 3 ug of total
genomic DNA, and RNA probes with an
[a-**P]IGTP specific activity of 400 Ci/
mmol. A signal could be clearly detected
after a 24-hour autoradiographic expo-
sure. These experiments therefore estab-
lish the feasibility of detecting single

base mutations and linked polymor-
phisms in genomic DNA with this meth-
od, at a level of sensitivity at least com-
parable with existing techniques.
Analysis of mismatch recognition. We
find that 4 (C:A, C:C, C:T, and U:T) out
of the 12 possible types of mismatches
are recognized efficiently by RNase A in
all sequence contexts tested. Thus, ap-
proximately one-third of all possible sin-
gle base substitutions can be detected
with an RNA probe homologous to one
strand of the test DNA. This number can
be doubled with the use of a second
RNA probe, homologous to the opposite
strand of the test DNA. For example, a

A Genomic Cloned B Genomic
il o sl
2 0 =0 20
615- 615- *’
430- 2
185-

Fig. 3. RNase cleavage analysis of human
genomic DNA samples from individuals with
B-thalassemia. (A) Analysis of the B°39 thal-
assemia mutation. Genomic and cloned DNA
from an individual with wild-type B-globin
genes and an individual homozygous for a
nonsense mutation in codon 39 were analyzed
by the RNase cleavage procedure with a
sense strand RNA probe. An autoradiogram
of the RNase digestion products is shown.
Genomic wild-type B-globin DNA (lane 1);
genomic B°39 DNA (lane 2); cloned wild-type
B-globin DNA (lane 3); cloned B°39 DNA
(lane 4). The sizes of the RNase digestion
products are indicated. (B) Analysis of the
HbE thalassemia mutation. Genomic DNA
from an individual with wild-type B-globin
genes and an individual homozygous for HbE
were analyzed by the RNase cleavage proce-
dure an antisense RNA probe. Genomic wild-
type B-globin DNA (lane 1); genomic HbE
DNA (lane 2).
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G:T mismatch formed between one
strand of the test DNA and the homolo-
gous RNA probe may not be cleaved by
RNase A. However, when the other
DNA strand is hybridized to its homolo-
gous RNA probe, the C:A mismatch at
that same position will be cleaved by
RNase. Thus, approximately two-thirds
of all possible single base substitutions
should be detected. This is clearly a
minimum estimate, since we have ob-
served cleavage at seven of the remain-
ing eight possible types of mismatches in
some sequence contexts.

We do not understand why some mis-
matches can be cleaved in some se-
quence contexts but not in others. It
seems likely that differences in accessi-
bility to cleavage are the result of differ-
ences in the overall structure of the
mismatched duplex. However, we have
not been able to discern a sequence
pattern surrounding a mismatch that can
be correlated with the observed efficien-
cy of RNase cleavage.

As indicated in Fig. 2 and Table 1,
some mismatches are only partially
cleaved in the assay. Our data were
obtained by performing the RNase reac-
tions for a fixed length of time (30 min-
utes). In a time-course experiment, we
found that many mismatches that are
only partially cleaved in 30 minutes can
be cleaved almost to completion in 90
minutes under the same conditions and
with only a slight increase in back-
ground. However, mismatches not
cleaved in 30 minutes are also not affect-
ed by longer incubation times. Thus, it
may be desirable to perform the RNase
reactions for various lengths of time in
cases where partial cleavage occurs.

The temperature and ionic strength of
the solution in which the RNase reaction
is performed also contribute to the de-
gree of cleavage and the apparent effects
of sequence context. In fact, altering the
reaction conditions to higher tempera-
ture and lower ionic strength results in
cleavage at some mismatches that are
not normally cleaved, and more com-
plete cleavage of mismatches that are
normally only ‘partially cleaved. These
reaction conditions may be desirable in
some cases, but are not ideal since inter-
nal cleavage at perfectly matched posi-
tions also increases significantly.

The fact that some mismatches are
never or rarely cleaved by RNase A and
that partial cleavage sometimes occurs
led us to test the ability of other ribonu-
cleases to cleave at mismatches. We
have not detected any cleavage with
RNase T1 and RNase T2 under various
reaction conditions.

The lack of complete cleavage of some
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mismatches may pose a difficulty when
the RNase cleavage procedure is used
for determining the genotype of a diploid
genome. In cases where 50 percent or
less of the RNA probe is cleaved, low
efficiency of cleavage could be an intrin-
sic property of the mismatch in question,
or the individual may be heterozygous
for the mutant allele. This ambiguity may
often be eliminated by performing a
time-course of RNase treatment. Alter-
natively, as with oligonucleotide probes
(3, 16, 33), the genotype can be unam-
biguously determined if probes are avail-
able for both wild-type and mutant al-
leles. Thus, it should be possible to use

this method for prenatal diagnosis of
genetic diseases. Partial cleavage at mis-
matches is not a problem when mapping
mutations in cloned DNA samples, geno-
mic DNA from haploid organisms, or
genomic DNA sequences within the X
chromosome of human males.

We have learned that a similar ap-
proach was independently developed to
detect single base substitutions in mes-
senger RNA (34). In that case 3%P-
labeled antisense SP6-RNA was an-
nealed to total cellular RNA to generate
an RNA:RNA duplex containing a single
base mismatch. As in the case of the
RNA:DNA mismatches analyzed here,

Table 1. Tabulation of the results of an analysis of single base substitutions in the mouse -
major globin promoter region and in the human B-globin gene.

Mis- Cleaved Mis- Cleaved
match ¥ (%) 'l‘ Mutanti Probe § Context H match* ()1 Mutanti Probe§ Context“
C:A 50 M -40A AS CCCUG G:A 0 M -49A AsS cuGce
100 M -56A AS CUCUA 0 M -42A AS CUGGC
50 M -51a AS [elefeleis) 0 M -54T S GAGAG
100 M -22A AS cucac 0 M -35T s CAGAG
100 M -19A As UACCU 0 M -33T S GAGCA
100 M +19A AS AACUA 0 M -25T S AAGGU
50 M -33A AS UGcucC 75 H IVS15T S UGGUA
50 M -50Aa AS UGccce
100 ‘"M -52A AS cccuc G:T 15 M -49T As cuGece
100 M -65T S CACAC 0 M -42T AS CUGGC
100 M -63T S CACAG 0 M -50A s GGGCA
75 M -49T S GGCAG 0 M -51A ) AGGGC
100 M -42T s GCCAG 0 M -40A s CAGGG
50 M -37T s GGCAG 0 M -25a ) AAGGU
75 M -32T s AGCAU 0 M -22a s GUGAG
50 M =47 s cuccu 0 M -19a s AGGUA
100 M -1T ) CUcCac 0 M -61A ) CAGGA
100 M +2T s CACAU (o] M -60A s AGGAU
60 M -77T s GGCCA 0 M -56A s UAGAG
100 H HbE AS CUCAC 0 H Hb39 AS CUGGG
50 H IVS1ll AS AACCU 0 H IVSll ) AGGUU
100 H C39 S CCCAG 0 H HbE S GUGAG
c:C 100 M -42G s GCCAG G:G [¢] M -49G AS CcuGcc
100 M -32G ) AGCAU 0 M -426G AS CUGGC
100 M -76G s GCCAA 0 M -76G AS UUGGC
100 H Ivslsc AS UACCU 0 M -77G AS uGGce
(o] M +13C s CUGAC
C:T 50 M -33T AS GACCA 0 H IVslscC ) UGGUA
75 M -25T AS AACGU
75 M -54T AS GACAG A:C 0 M -23C AS UCACC
100 M -65A S CA§AC 0 M -58C AS CUAUC
100 M -63A S CACAG 75 M -57G S AUAGA
50 M -43A s AGCCA ] M -48G S GCAGG
100 M -32aA S AGCAU 0 M -74G s CAAUC
100 M -67A s CUCAC 0 M -55G ) AGAGA
90 H IVS1sT AS UACCU 0 M -45G S GGAGC
0 M -34G S AGAGC
U:G 50 M -57G AS UCUAU 100 M -31G6 s GCAUA
30 M -31G AS UAUGC 100 M -29G ) AUAUA
90 M -26G AS CCUUA 0 M +14G s UGACA
0 M -48G AS CCUGC 50 H IVsle AS AUACC
0 M -45G AS Gcucce .
40 M -59G As UAUCC A:A 10 M -13a AS UGAUC
30 M -34G AS CGUCU 0 M -2A AS UGAGG
0 M -23C s GGUGA 0 M -73A AS UGAUU
10 M -18C s GGUAG 0 M -30A AS UAAUG
0 M +12C S UCUGA 20 M -48T s GCAGG
25 H IVSlse S GGUAU 0 H HbS S UGAGG
u:C 5 M -62C AS CCUGU A:G 100 M -66C s UCACA
5 M -66C As UGUGA 50 M -62C s UCAGG
5 M -45C AS GCucc 0 M -45C s GGAGC
i
u:T 25 M -132 s GAUCA Dele- 100 M +2CD AS AUGUG
25 M -2A S CCUCA tion 100 M -76CD AS UUGGC
25 M +6A s UUUGC 100 M +10TD AS cuucu
75 H HbS AS ccucu 100 M -18TD AS GGUAG
Double 100 =-28G/-26G AS
100 -28C/-23C AS

*The type of mismatch formed in each case.
present in cleaved RNA fragments.

1The fraction of the total protected RNA probe that is
$The mouse promoter mutants are indicated by M followed by a

number designating their position relative to the cap site of B-globin transcription (32). The human B-

thalassemia mutations are indicated by H followed by name of the mutation.
case is designated either as sense (S) or antisense (AS).

§The probe used in each
|I'The nucleotides surrounding each mismatch in

the RNA strand are indicated in a 5’ to 3’ direction. The underlined nucleotide in each case occurs at the

position of the mismatch.
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RNA:RNA mismatches are also cleaved
by RNase A.

Applications. The RNase cleavage pro-
cedure described provides a sensitive,
rapid, and simple means of detecting
single base substitutions in cloned or
genomic DNA. The 32P-labeled RNA
probes are easily prepared with well-
characterized SP6-plasmid vectors, the
required enzymes are commercially
available, and the electrophoresis in-
volves the use of standard DNA se-
quencing gels. In addition, analysis of
the sizes of the RNase cleavage products
of the RNA:DNA heteroduplexes not
only provides evidence for the presence
of a single base mismatch in the test
DNA but also makes it possible to local-
ize the mismatch to within a few nucleo-
tides.

The RNase cleavage procedure should
be applicable to problems where the de-
tection and localization of single base
substitutions is important. For example,
the procedure can be applied to the anal-
ysis of human genetic diseases. By es-
tablishing sets of SP6-plasmids contain-
ing DNA fragments that span an entire
gene, it should be possible to survey
rapidly even the largest genes for single
base mutations. Similarly, this method
should be valuable for detecting neutral
polymorphisms in genetic linkage stud-
ies. The ability to detect a large fraction
of all possible single base substitutions in
a DNA fragment with a single RNA
probe represents a significant advance
over current methods that involve the
detection of restriction fragment length
polymorphisms. Another application of
this procedure is the localization of mu-
tations that are genetically selected.
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