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ABSTRACT 
We propose a simple  algorithm  for  estimating  the  number  of  nucleotide  differences  between a pair 

of RNA or DNA sequences  through  comparison of their RNAse A mismatch  cleavage patterns. In the 
RNAse A mismatch  cleavage technique two or  more  sample  sequences  are  hybridized  to  the  same RNA 
probe,  the hybrids  are  partially  digested  with  RNAse A, and  the  digestion  products  are  compared  on  an 
electrophoretic  gel.  Here we provide  an  algorithm  for  converting  the  numbers  of  unique  and  matching 
electrophoretic  bands  into  an  estimate of the  number of nucleotide  differences  between  the  sequences. 
Computer  simulation  indicates  that  the  proposed  method  yields a robust  estimate of the  genetic  distance 
despite  stochastic  errors  and  occasional  violation  of  certain  assumptions. Our study  suggests that  the 
method  performs  best  when  the  distance  between  the  sequences  is < 15  differences.  When  the  sequences 
under analysis are likely  to  have  larger  distances, we  advise  to substitute  one  long  riboprobe with a set 
of shorter  nonoverlapping  probes.  The new algorithm  is  applied  to  infer  the  proximity  of  several  strains 

~~ ~~ 

of pseudorabies virus. 

T HE RNhe A mismatch  cleavage method (RAMCM) 
is a powerful technique for detecting single  base 

substitutions (see LOPEZGAL~NDEZ et al. 1995). This 
method is based on the observation that single  base mis- 
matches present in RNARNA or RNADNA hybrids can 
be cleaved  with  bovine pancreatic ribonuclease (RNhe 
A, see MYERS et al. 1985; WINTER et al. 1985) or with other 
similar  enzymes. In RAMCM a radioactively labeled RNA 
probe is hybridized to  either an RNA or DNA sample, 
and the hybrid molecule is subjected to RNhe A diges- 
tion. Each sample treated in this way generates a charac- 
teristic pattern of electrophoretic bands that is highly 
reproducible under specified  digestion conditions (PERU- 
CHO 1989), and  the similarity  between  any pair of  se- 
quences can be  quickly  assessed. 

RAMCM is particularly useful in screening a large 
number of similar sequences. At first, this technique 
was used for  detecting single base substitutions in hu- 
man  genes  that  might have caused tumorogenesis (FOR- 
RESTER et al. 1987); it was then  applied  for other pur- 
poses such as studying genetic variability in RNA viruses. 
In this way, the genetic variabilities of influenza virus 
(LOPEZ-GAL~NDEZ et al. 1988),  cucumber mosaic  virus 
(OWEN and PAULUKA~TIS 1988), respiratory syncytial vi- 
rus (GARCIA et al. 1994),  herpes simplex virus (ROJAS et 
al. 1995),  and  human immunodeficiency virus (LOPEZ- 
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GAL~NDEZ et al. 1991),  among  others, have been ana- 
lyzed. Recent studies have  shown that RAMCM gener- 
ally produces the same phylogenetic classification as 
other techniques  such as restriction fragment  length 
polymorphism (RFLP, see ROJAS et al. 1995),  direct se- 
quencing (GARCIA et al. 1994) and  other molecular 
screening  methods (WHO NETWORK FOR HIV ISOLA- 
TION AND CHARACTERIZATION 1994; SANCHEZ-PALOMINO 
et al. 1995). Although genetic variability can be analyzed 
in  greater  detail by direct  comparison of nucleotide 
sequences (NEI 1987; NEI and JIN 1989),  direct sequenc- 
ing is rather expensive in terms of time and reagents 
required. Other approaches,  such as RFLP, permit 
large-scale  analyses (NEI and LI 1979), but lack the high 
resolution provided by nucleotide  sequencing. RAMCM 
combines the advantages of both  direct  sequencing  and 
RFLP, because many samples can be quickly and inex- 
pensively analyzed, and  the  method is  highly  sensitive 
in detecting single base variations in  nucleotide se- 
quences. 

Despite the  apparent utility  of the  method, virtually 
no attempts  to ascribe genetic distances between genes 
to the observed differences between RAMCM patterns 
were made  until recently (DOPAZO et al. 1993). Using 
a computer simulation, DOPAZO et al. (1993) showed 
that  the  number of different  fragments between two 
RAMCM patterns is proportional to the  number of  dif- 
ferences between the analyzed nucleotide sequences. 
The relationship holds for a wide range of realistic con- 
ditions used in  the application of RAMCM. Unfortu- 
nately, the  factor of proportionality  appears to be differ- 
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ent in each particular case. Thus, in the absence of 
independent  data allowing for calibration of the mea- 
surements, only a  rough estimate of the genetic dis- 
tances can be obtained by that  method. 

Here we present  a new and more accurate algorithm 
for estimating the  number of different nucleotides be- 
tween two sequences with  RAMCM.  We use computer 
simulations to test the validity  of the  method  and to 
define the optimal conditions under which to apply  this 
technique in  large-scale genetics studies. 

MODEL 

Definitions and parameters: The ultimate goal of our 
modeling is to relate the observed numbers of electro- 
phoretic bands in RAMCM to  the actual number of 
nucleotide differences between a pair of sequences. 
That is, we consider two sample sequences, Sl and S,, 
that  are each hybridized to a  reference  sequence, S, to 
yield  hybrids $:SI and S,:S, (see Figure 1, A and B). 
Comparing two electrophoretic lanes corresponding to 
the fragments of the digested hybrids (see Figure 1, B- 
D), we count separately the  bands  that  are common 
for two lanes (B12) and  the  bands  that  are  unique  for 
Sr:S1 and ST:& (B1 and &, respectively, see Figure 1, C 
and D). Our goal is to estimate the  expected  number 
of differences, N12, between sequences SI and S, from 
the observed values B1, &, and B12. 

To derive analytical expressions, we need  to make 
assumptions about  the model of nucleotide substitution 
in sequences SI, S,, and Sv. Since for hybridization these 
sequences must be similar to each other  and have nearly 
identical nucleotide frequencies, we can assume that 
nucleotide substitution is governed by a stationa9 time- 
reversible  Markov process (see KEILSON 1979 for de- 
tails). We shall use further only two properties  common 
to all stationary time-reversible  models: (1) that  the ex- 
pected nucleotide frequencies do not  change with time, 
and (2) that  the mathematical description of the substi- 
tution process does not change when substitution 
events are  considered “backwards in time” (from  the 
present to the  past), which  makes the position of the 
root in a phylogenetic tree immaterial. In  other words, 
labeling nucleotides A, T (U), C, and G by integers 1, 
2, 3, and 4, respectively, we can introduce parameters 
7rl, 7r2,  7r3,  and rr4, that specify the expected nucleotide 
frequencies in each of the sequences SI, S,, and S, and 
in their  common ancestors. Further, we can represent 
the history  of origin of these sequences with an un- 
rooted three-sequence tree (see Figure lA), denoting 
by Su the ancestral sequence  corresponding to the inte- 
rior  node of  this tree. 

We shall  also need two additional assumptions re- 
garding  the evolution of the sequences: that  the only 
source of evolutionary change in the sequences is nucle- 
otide substitution (e.g., no deletions, insertions, etc.), 
and that all nucleotide sites  of the  three sequences accu- 

mulate nucleotide substitutions at roughly the same 
rate. 

The actual procedure of digestion of heterodupleces 
with  RNAse A has two important features that also  have 
to be incorporated  into  the model: (1) some mis- 
matches are undetectable with  RNAse A digestion and 
(2) the digestion can be partial or total depending on 
the conditions of the  experiment.  The jirst property is 
evident from experiments showing that  the efficiency 
of mismatch cleavage by  RNAse A depends  on  the actual 
kind of mispaired bases, the nucleotide sequences 
flanking this mismatch (LOPEZ-GAL~NDEZ et al. 1988; 
PERUCHO 1989), and the total time  allowed for reaction. 
Since under a time-reversible stationary model the rela- 
tive frequencies of different mismatches do not change 
with time, the probability of observing a particular se- 
quence flanking a specified mismatch is time-indepen- 
dent.  Therefore, assuming that  the reaction time is 
fixed, we can introduce  an additional parameter, Pd, to 
specify the probability of detecting a n  existing mismatch, so 
that on average (1  - Pd) X 100 percent of the actually 
existing mismatches would remain undetected under  our 
model. For example, the value  of Pd inferred from the 
experimental  data of PERUCHO (1989) is close to 0.45. 
We assume here  that when a mismatch is present in 
both ST:& and $ : S ,  heterohybrid molecules at  the same 
site, it is either detectable in both hybrid molecules, or 
is undetectable in both. The second property applies to 
the cleavage of detectable mismatches. Under partial di- 
gestion individual heterohybrid molecules with  several 
detectable mismatches may not be cleaved at all, may be 
cleaved  only at  one of these mismatches, at any two of 
them,  and so on. Since the  number of hybrid molecules 
in the typical sample is  very large, the partial digestion 
generates  the set of  all  possible fragments of the  hetero- 
hybrid molecule. In the case  of total digestion, the same 
subset of detectable mismatches is  cleaved in every hybrid 
molecule in a sample. We assume for the  moment  that 
all nonhomologous heterohybrid fragments can be dis- 
tinguished by electrophoresis. 

Before proceeding to the derivation of distance esti- 
mators, we need to introduce  a  number of additional 
notations that will enable us to shorten  the following 
derivation. First, let S,, SI,, &, and Sui stand  for nucleo- 
tides occupying the ith homologous site in sequences 
S,, SI, & and Sa, respectively. Second, let p,, p ,  and P, 
define the probabilities of observing Sa, f S,, Sui * SI,, 
and Sa; + si, respectively (see Figure 1A). Third, we 
need  to  define  the following configurations of  sites  re- 
sulting from the pairwise comparisons of sequences SI 
and S, with sequence S,. 

C] = { S I z  f S,^ s 2 ;  = S,], c, = {Sli = S,^ f &I, 
and C12 = {SI, f S,^ S , j  f S,,). (1) 

(Here  the symbol ^ stands for “and.”) Fourth, we de- 
note by DL, &, and D12 the observed numbers of  sites 




