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ABSTRACT We have applied the RNase A mismatch
cleavage method to analyze genetic variability in RNA viruses
by using influenza virus as a model system. Uniformly labeled
RNA probes synthesized from a cloned hemagglutinin gene of
a given viral strain were hybridized to RNA isolated from other
strains of characterized or uncharacterized genetic composi-
tion. The RNARNA heteroduplexes containing a variable
number of base mismatches were digested with RNase A, and
the resistant products were analyzed by denaturing polyacryl-
amide gel electrophoresis. We show that many of these single
base mismatches are cleaved by RNase A, generating unique
and characteristic patterns of resistant RNA fragments specific
for each of the different viral strains. Comparative analysis of
the cleavage patterns allows a qualitative estimation of the
genetic relatedness and evolution of field strains. We also show
that cleavage by RNase A at single base mismatches can readily
detect and localize point mutations present in monoclonal
antibody-resistant variants. This method should have wide
applications in the study of RNA viruses, not only for epide-
miological analysis but also in some diagnostic problems, such
as characterization of phenotypic mutants.

RNA viruses show a high spontaneous mutation rate, which
allows the rapid evolution of viral populations (1) and the
existence of extensive genetic heterogeneity with important
biological consequences (2). In many instances, one or a few
point mutations have been shown to lead to essential phe-
notypic changes. Some relevant examples include the out-
come of epidemic variants of influenza or foot and mouth
disease viruses (antigenic drift) (3), changes in tropism (4) or
in pathogenicity (5) of viruses, or isolation of variants
resistant to neutralizing monoclonal antibodies (6).
A variety of techniques have been used for the detection

and study of genetic variation among RNA viruses. Some of
them are based on migration differences that under certain
electrophoretic conditions can be observed with single- (7) or
double-stranded (8) RNAs differing in one or a few nucleo-
tides. Similarly, conditions of partial denaturation can be
used to distinguish RNA-RNA or DNA-RNA heteroduplexes
from the corresponding homoduplexes (9, 10). However,
these techniques do not discriminate between single or
multiple nucleotide changes and also require experimental
conditions that have to be empirically determined in each
case. RNase T1 oligonucleotide fingerprinting has been
useful in many studies of viral heterogeneity and evolution
(ii). This technique yields quantitative data but becomes
cumbersome in the analysis of multiple samples. Nucleotide
sequencing is widely used for genetic analysis of RNA
viruses and has opened insights into variation studies (12).

However, sequencing of large viral genomes or of multiple
viral isolates represents a formidable experimental task.
Therefore, a simple technique that could detect point muta-
tions in viral RNA genomes would be very useful for this type
of study.
We developed a method to detect single base substitutions

in transcribed genes that is based on the ability of RNase A
to cleave single base mismatches in RNA-RNA heterodu-
plexes (13). The method has been successfully applied to
detect mutated cellular KRAS oncogenes in human tumors
(13, 14) and single mutations in the human hypoxanthine-
guanine phosphoribosyltransferase gene (15) and in the
mouse ornithine carbamroyltransferase gene (16). In addition,
single base substitutions in the j3-globin gene have been
detected in 8-thalassemias by RNase A cleavage of
DNA*RNA heteroduplexes containing single base mis-
matches (17).
Using influenza virus as a model system, we show that the

RNase A mismatch cleavage method provides an alternative
and simple approach for analysis of genetic variability in
RNA viruses. We also show that cleavage by RNase A at
single base mismatches in viral RNA hybrids can readily
detect and localize single point mutations in monoclonal
antibody-resistant variants.

MATERIALS AND METHODS
Viral Strains and RNAs. The viral strains used throughout

this work (with their abbreviated names in parenthesis) are as
follows: A/Hong Kong/8/68 (HK68), A/England/42/72
(EN72), A/Victoria/3/75 (VA75), A/Texas/i/77 (TX77),
A/Philipines/2/82 (FP82), A/Brazil/11/78 (Hi), and
A/England/12/64 (H2). Strains A/Madrid/9688/80 (MA80)
and A/Madrid/716/81 (MA81) were isolated 2 months apart
during the same influenza outbreak. Both isolates have been
characterized by Ti fingerprinting (18). Mutants RM1 (Mi),
RM2 (M2), and RM4 (M4) are viruses resistant to neutral-
ization by M58/p7/C anti-hemagglutinin monoclonal anti-
body (19). These monoclonal antibody-resistant variants
were obtained from the VA75 strain after selection by two
consecutive plaque isolation steps in the presence of anti-
body.

Viruses were grown in either 10-day-old embryonated
chicken eggs or in cultures of Madin-Darby canine kidney
(MDCK) cells. They were partially purified by precipitation
with 10% PEG-6000 followed by centrifugation through a 30%o
sucrose gradient (19). Viral RNAs were obtained from
purified viruses as described (20). Total cellular RNA from
MDCK-infected cells was isolated from subconfluent cul-
tures infected at high multiplicity. Twenty-four hours after
infection, cell monolayers were harvested and RNA was
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prepared by the guanidine hydrochloride method as de-
scribed (13).

Plasmids. Plasmid pSVa970 contains a full-length cDNA
sequence of the influenza virus hemagglutinin gene from the
VA75 strain cloned into the pBSV9 vector (21). pSVa970 was
digested with Stu I (which cuts in the early promoter of simian
virus 40, 20 nucleotides from the 5' end of the viral HA) and
EcoRI (at position 1272 in the hemagglutinin gene). The Stu
I/EcoRI fragment was subcloned into the Sma I and EcoRI
sites of pGEM3 (Promega Biotec, Madison, WI), generating
pIVAV1. From this recombinant, deletion plasmids were
obtained by digestion with HindIII (pIVAV3), Xba I
(pIVAV4), and Pst I (pIVAV5), and ligation with T4 DNA
ligase. The 523-nucleotide Taq I fragment from the BK79 HA
sequence (positions 676-1199) was isolated from plasmid
pBK4 (22) and was cloned into the Acc I site of pGEM3,
generating pIVAB1.

Hybridizations and RNase Digestions. Plasmid DNA (1 ,ug),
digested with the appropriate enzyme, was used for the
preparation of uniformly labeled RNA probes with either SP6
or T7 RNA polymerases as described (13) using 32P-labeled
CTP (Amersham). For short probes (<400 nucleotides), 24
,uM unlabeled CTP was used in the reaction mixture and
incubation was for 1 hr, whereas for longer probes the
amount of unlabeled CTP was raised to 500 ,M and incuba-
tion was for 2 hr. Uniformly labeled RNA probes were
purified by preparative electrophoresis in 5% polyacrylamide
gels and hybridized (7 x 104 cpm) to 1-5 ,ug of either viral
RNA or total cellular RNA from infected cells, for 3.5 hr at
57°C, as described (13). Hybridization with viral RNA from
HiN1 and H3N2 reference strains was done at 40°C. The
hybrids were digested with RNase A (60 ,ug/ml) (P-L Bio-
chemicals) and RNase T1 (2 ,ug/ml) (Sigma) for 1 hr at 30°C.
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RNase Ti was added to achieve a more extensive digestion
of small fragments of the nonhybridized RNA probes. The
products were analyzed by electrophoresis in 8% denaturing
polyacrylamide gels and autoradiography as described (13).

RESULTS

RNase A Mismatch Cleavage Analysis of Influenza Virus
Genetic Variants. We selected a fragment of the influenza
virus hemagglutinin gene spanning positions 1-1272. This
region encodes the major antigenic determinants of the
hemagglutinin molecule and exhibits considerable sequence
heterogeneity between different viral strains (Fig. 1 Upper).
RNA probes complementary to this region of the VA75 strain
genome (Fig. 1 Upper) were hybridized to viral RNA isolated
from the BK79 or from the MA80 strains. These viral strains
are genetically similar as determined by Ti fingerprinting
(18). The predicted mismatches present in heteroduplexes
between the VA75 complementary RNA probe and the BK79
viral RNA was inferred from the known nucleotide sequence
of these viruses (23). As shown in Fig. 1, most of these
mismatches accumulate in the region between the HindIII
and Pst I sites encoding the major antigenic area of the
influenza virus hemagglutinin. RNAs prepared from three
different VA75 subclones isolated by their resistance to
neutralization by a monoclonal antibody raised against the
viral hemagglutinin were also used (Ml, M2, and M4). Only
a few nucleotide differences were expected between these
last viral RNAs and the RNA from the parental VA75 virus.
The RNA hybrids were digested with RNase A and the
resistant RNA fragments were analyzed by denaturing gel
electrophoresis. Due to the presence of multiple mismatches
in VA75-BK79 hybrids (Fig. 1 Upper), a complex band
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FIG. 1. Schematic representation of mismatches present in RNA heteroduplexes between the hemagglutinin genes from different influenza

viruses and of the RNA probes used. (Upper) The predicted mismatches present in RNA heteroduplexes between the BK79 (+) probe (from
positions 676-1199) and virion RNA from the HK68 and VA75 influenza virus strains and from the VA75 (+) probe (from positions 1-1272)
and virion RNA from the BK79 strain. Above some of the mismatches the extent of cleavage is indicated. +, Significant cleavage (>20%); ±,

partial cleavage (5-20%); -, cleavage not detected; o, deletion of 3 nucleotides; 3, double or triple mismatch; (+), alternate mismatches. Arrow
indicates site of mutation found in monoclonal antibody resistant-variant M4. pIVAV1 was used to synthesize probes 1 and 2 with the SP6 RNA
polymerase and RNA probe 1A with the T7 RNA polymerase. Probes 3 and 4 were generated by using pIVAV3 and pIVAV4, respectively. Probes
5 and 6 were synthesized by using pIVAV5 linearized with BgI II or EcoRI, respectively. Probe 7 was synthesized by using pIVAB1. H, HindIII;
S, Spe I; T, Taq I; X, Xba I; P, Pst 1; N, Nde I; B, Bgl II; R, EcoRI.
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pattern was expected with the full-length RNA probe. There-
fore, we also used shorter RNA probes to generate hybrids
with fewer mismatches (Fig. 1 Lower).
The results of these experiments are shown in Fig. 2. As

expected, digestion with RNase A ofthe VA75-BK79 hybrids
(lanes BK) resulted in a complex pattern of RNA fragments
generated by RNase A cleavage at the mismatches present in
the entire region (panel 1) or in the internal fragments (panels
2-6). The digestion pattern ofthe VA75-MA80 hybrids (lanes
MA) was similar to that of the VA75-BK79 hybrids, although
some differences were also apparent. In contrast, the VA75
homoduplexes were essentially resistant to digestion (lanes
VA). Hybridizing smears were present below the protected
bands, especially in the longer probes (panels 1-3), which
were due to unspecific RNA degradation. The sizes of the
RNase A-resistant fragments were larger than the sizes
expected from the mismatches present in the hybrids (Fig. 1
Upper), indicating that not all mismatches were completely
cleaved by the enzyme. The mismatch cleavage pattern was
different depending on the probe used. Thus, probes 2 and 3
generated a more complex pattern than probes 4 and 6. This
result was expected because the former probes covered the
region of the hemagglutinin molecule where mutations accu-
mulate more frequently (Fig. 1 Upper).
When virion RNA from the three monoclonal antibody-

resistant mutants Ml, M2, and M4, were hybridized to the
full-length probe (panel 1), a single subband was observed in
the hybrid corresponding to M4. This result indicates the
presence of a point mutation in this viral isolate. The position
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of the mutation in M4 was mapped by using two overlapping
probes (Fig. 1, probes 5 and 6). These probes detected
subbands of approximately 100 and 165, and 165 and 200
nucleotides, respectively (panels 5 and 6). These results
localize the mutation of M4 near position 1080 in the
hemagglutinin sequence. The sequence flanking this region
was determined by using an oligodeoxynucleotide primer
(nucleotides 1000-1018). A cytosine to guanine transversion
was found at position 1076, which would lead to a phenyl-
alanine to leucine substitution in the hemagglutinin protein
sequence (data not shown). No mutations were detected for
Ml and M2 with any of the probes used (Fig. 2).
These results establish the applicability of the RNase A

mismatch method for the comparative analysis of the genetic
relatedness of different viral strains and for the detection and
localization of mutations in uncharacterized viral variants.
RNase A Mismatch Cleavage Analysis by Using Total Cel-

lular RNA from Virus-Infected Cells. To test the possibility of
using other sources ofRNA instead of purified virion RNA,
RNA extracted from virus-infected cells was hybridized to
full-length RNA probes complementary to the coding (+) or
noncoding (-) viral RNA strands (probes 1 and 1A, Fig. 1).
Thus, RNA heteroduplexes could be generated between each
probe and the complementary RNA corresponding to either
viralRNA ormRNA (and complementary RNA) both present
in the cellular RNA population. Results are shown in Fig. 3.
The RNase A digestion pattern obtained when BK79 virion
RNA (Fig. 3 Left) was hybridized to the positive polarity
VA75 probe was very similar to that obtained with total
cellular RNA from BK79-infected cells (Fig. 3 Right). This
result demonstrates the reproducibility of the method and its
applicability with total cellular RNA. Hybridization of total
cellular RNA to RNA probe 1A, complementary to the viral
coding strand, also generated a mismatch cleavage pattern
that was different from the one obtained with probe 1
complementary to the noncoding viral RNA strand. This
result was expected because the mismatches present in
hybrids of each polarity were different. Nevertheless, some
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FIG. 2. RNase A mismatch cleavage analysis ofRNA heterodu-
plexes corresponding to the influenza hemagglutinin gene from
different viral strains. RNA isolated from partially purified virion
particles from the viral strains indicated was hybridized to the probes
indicated at the top and bottom (see Fig. 1) complementary to the
noncoding RNA strand of the VA75 strain. The RNA hybrids were
digested with RNase A and the resistant products were analyzed in
25-cm-long 8% denaturing polyacrylamide gels. VA, VA75; BK,
BK79; MA, MA80. Lanes P and 0, undigested probe and probe
hybridized to carrier tRNA, respectively; lanes M, 0X174 DNA
digested with Hae III used as molecular weight markers. Numbers
in the center indicate the position and size (in nucleotides) of these
fragments.

FIG. 3. RNase A mismatch cleavage analysis of influenza he-
magglutinin RNA heteroduplexes using RNAs from purified virions
and from infected cells. The VA75-specific probes used, 1 (+) and
1A (-) (see Fig. 1) were hybridized to RNA from purified virions
(Left) and to total cellular RNA from virus-infected MDCK cells
(Right). Symbols are the same as in Fig. 2.
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common bands were also present, suggesting that some
mismatches were cleaved in both hybrids.
Comparative RNase A Cleavage Analysis of Influenza Virus

Strains. As a direct application to epidemiological studies of
influenza viruses, viral RNAs from a series of reference
strains ofthe H3N2 subtype were similarly analyzed by using
the long VA75 RNA probe (Fig. 1, probe 1). Results are
shown in Fig. 4. A unique and characteristic pattern ofRNase
A-resistant bands was obtained for each viral RNA (indicated
above the lanes). Although the pattern obtained with two
RNase A doses were different (Fig. 4 Left and Right), the
relationships among the different viruses were internally
consistent and reproducible. The complexity of the pattern
correlated with the genetic relatedness of each virus. Thus,
the mismatch patterns of closely related viral strains (i.e.,
MA80 and MA81) were very similar while the patterns of
distant viral isolates were more different (i.e., HK68 com-
pared with MA81). Strains isolated at intermediate dates
exhibited intermediate differences in their mismatch pat-
terns. Some bands were associated with genetic changes that
appear or disappear at a given evolutionary point and remain
unchanged thereafter. For example, HK68 and EN72 gener-
ated several common mismatch bands (arrowheads) that
were not present in any of the other viral strains. On the other
hand, other bands (asterisks) were present in all viral strains
isolated after the VA75 strain but not in those isolated before.
Based on the presence of these characteristic bands, it is
possible to locate the origin of the VA75 strain between the
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FIG. 4. Comparative RNase A mismatch cleavage analysis of
influenza viruses from the H3N2 subtype. Viral RNAs isolated from
the reference viruses indicated at the top were hybridized to the
VA75-specific RNA probe 1 (Fig. 1). The hybrids were digested with
60 or 120 jtg ofRNaseA per ml (indicated at the top) and the products
were analyzed in a 40-cm-long 8% denaturing polyacrylamide gel.
Arrow, arrowheads, and asterisks are explained in text. The rest of
the symbols are the same as in Fig. 2.

EN72 and the TX77 strains, in agreement with their isolation
date. In addition, a double band of =100 nucleotides (arrow)
was present in all viruses and therefore represents a charac-
teristic genetic difference of the VA75 strain. This difference
corresponds to the mutational insertion of 3 nucleotides at
position 101 that occurs in this virus.
These results were not dependent on the RNA probe used

because similar results were obtained when a probe derived
from the hemagglutinin gene from the BK79 strain (Fig. 1,
probe 7) was hybridized to viral RNAs from the same strains
used in the experiment of Fig. 4 and from viruses from the
HINi and H2N2 subtypes (Fig. 5). Again, the most distant
strains (i.e., HK68 and EN72) yielded the most complex
pattern of mismatch-specific cleaved bands, while the closer
strains generated a simpler digestion pattern. The mismatch
patterns were simpler than in Fig. 4 because this probe covers
a smaller region of the hemagglutinin gene containing fewer
mutations (see Fig. 1). Furthermore, 9 of the mismatches
present in BK79-VA75 hybrids using this probe are G-U
mismatches (Fig. 1 Upper), which normally are not cleaved
(14). Thus, the TX77, MA80, and MA81 strains exhibited a
single detectable mismatch in this region. Nevertheless, the
conclusions derived from results obtained with the short
BK79 probe were similar to those obtained with the long
VA75 probe.
No bands were observed with RNA from the HI and H2

viruses, probably because the divergence in their nucleotide
sequences prevented their hybridization to the BK79 RNA
probe.

DISCUSSION
We have applied the RNase A mismatch detection method to
analysis of genetic variability in RNA viruses. We have
chosen influenza virus as a model system because the
nucleotide sequences of various strains are well character-
ized. We have shown that this technique is useful for
classification of viruses and for the study of evolution in viral
populations during an epidemiological period. Our results on
the genetic relatedness of several viruses of the H3N2
-subtype (Figs. 4 and 5) are consistent with those obtained by
RNase T1 fingerprinting (20) or nucleotide sequencing (23).
Our method represents an alternative and complementary
approach to these methods and offers the advantage of its
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FIG. 5. RNase A mismatch cleavage analysis of influenza viruses
of the HiN1, H2N2, and H3N2 subtypes. The probe (Fig. 1, probe
7) corresponds to the BK79 strain and was synthesized by using
pIVAB1. The probe was hybridized to virion RNA from the same
viruses of Fig. 4 and from the reference viruses H1 and H2,
representative of the HiN1 and H2N2 subtypes, respectively.
Symbols are the same as in Fig. 2.
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simplicity. In addition, the use of total cellular RNA from
virus-infected cells permits a rapid and simultaneous screen-
ing of multiple viral isolates.

In our studies, we have selected conditions of partial
mismatch cleavage as can be deduced from the size of the
RNase A-resistant fragments and the differences between the
digestion patterns obtained with two RNase A doses. More
extensive digestion can be obtained by increasing the amount
of enzyme and the incubation time. However, the band
patterns obtained in these conditions were complex (data not
shown), and we have chosen conditions of partial cleavage
because the results are easier to interpret. Nevertheless, for
the same digestion conditions, the cleavage patterns were
always unique and specific for each of the different viral
strains, indicating the reproducibility of the method. How-
ever, partial mismatch cleavage makes difficult the quantifi-
cation of the differences among viruses and the identification
of the mismatches recognized. Therefore, this technique is
better adapted for qualitative studies of variation in RNA
viruses.
The technique is dependent on the synthesis in vitro ofRNA

probes of defined length (24). In a typical experiment, we
obtain RNA probe sufficient for analysis of50-250 samples. In
addition, we have used probes that were stored at - 70'C up
to 2 months with the same results. We have prepared probes
of up to 1350 nucleotides, and longer probes also may be
synthesized. This is important because the use of long probes
facilitates the screening of large genomic regions.
The RNase A method is based on the ability of this enzyme

to recognize and cleave single base mismatches in RNA
hybrids. Thus, we have shown that single point mutations in
uncharacterized viral strains can be readily detected and
localized within a few nucleotides, as with M4. However, and
in agreement with previous results using RNARNA (13, 14)
and DNA-RNA (17) heteroduplexes, our results with influ-
enza virus RNA hybrids indicate that neither are all mis-
matches cleaved, nor are all equally recognized. Thus, all
U*U (3), U C (3), A-G (1), and C C (1), only 6 of 9 A-C, and
1 of 2 A-A mismatches that we were able to identify in the
RNA hybrids were recognized and cleaved to a significant
extent. Furthermore, only 2 of 11 G-U mismatches were
partially cleaved (Fig. 1 Upper). Therefore, our failure to
detect mutations in monoclonal antibody-resistant variants
Ml and M2 was probably due to the presence of mutations in
these strains that generate mismatches that are not recog-
nized by the enzyme.

Nevertheless, we estimate that a significant proportion of
all possible single base substitutions present in RNA viruses
can be detected by RNase A cleavage at the corresponding
mismatches in RNARNA heteroduplexes. The possibility of
using total cellular RNA as a source of viral RNA of both
polarities increases the probability of detecting point muta-
tions because hybridization to the appropriate RNA probes
generates hybrids containing complementary mismatches.

In summary, we have shown that the RNase A mismatch
cleavage method has useful applications in the study of

genetic variability, epidemiology, evolution, and diagnostic
characterization of phenotypic mutants of RNA viruses.
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