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RNA secondary structure prediction using
stochastic context-free grammars and
evolutionary history
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Abstract
Motivation: Many computerized methods for RNA second-
ary structure prediction have been developed. Few of these
methods, however, employ an evolutionary model, thus
relevant information is often left out from the structure
determination. This paper introduces a method which
incorporates evolutionary history into RNA secondary
structure prediction. The method reported here is based on
stochastic context-free grammars (SCFGs) to give a prior
probability distribution of structures.
Results: The phylogenetic tree relating the sequences can be
found by maximum likelihood (ML) estimation from the
model introduced here. The tree is shown to reveal informa-
tion about the structure, due to mutation patterns. The
inclusion of a prior distribution of RNA structures ensures
good structure predictions even for a small number of related
sequences. Prediction is carried out using maximum a
posteriori estimation (MAP) estimation in a Bayesian
approach. For small sequence sets, the method performs
very well compared to current automated methods.
Contact: bk@imf.au.dk

Introduction

Computerized methods have been used for RNA secondary
structure prediction for a number of years (e.g. Nussinov et
al., 1978; Zuker and Stiegler, 1981). During the last 10 years,
further methods have been developed (e.g. Zuker, 1989;
Eddy and Durbin, 1994; Sakakibara et al., 1994; Cary and
Stormo, 1995; Tabaska et al., 1998). Some methods use
single sequences, which take advantage of prior information
on RNA structures, usually through energy functions, e.g.
Zuker (1989). No knowledge concerning related sequences
is used, so these methods are not ideal when estimating struc-
tures of sequences with known homologs.

Covariance methods (Eddy and Durbin, 1994) and profile
stochastic context-free grammars (SCFGs) (Sakakibara
et al., 1994), on the other hand, do use information from
more than one sequence, but do not explicitly take phylogeny
into account, and do not use a prior probability distribution

of structures. Maximum weighted matching methods (Cary
and Stormo, 1995; Tabaska et al., 1998) share these char-
acteristics.

The method introduced here uses prior knowledge about
RNA structure in making a maximum a posteriori (MAP)
estimation of the secondary structure. This is performed on
an alignment of sequences assumed to have identical second-
ary structures, i.e. the alignment is assumed to be a structural
alignment. The method takes the phylogenetic tree of the se-
quences into account, including branch lengths, using a
model of mutation processes in RNA. Furthermore, the tree
can be estimated by a maximum likelihood (ML) method.

The idea for this work originates in work by Goldman et al.
(1996), who developed a method for predicting protein sec-
ondary structure using hidden Markov models (HMMs) and
including phylogenetic information. This method uses
20 × 20 rate matrices for amino acid replacements. Three
matrices are employed: one for α-helices, one for β-sheets
and one for coils (the rest). These matrices are estimated
from sequences of known structure. An HMM with three
states, corresponding to the structure types, models the
structures along sequences. This HMM is then used in
conjunction with the rate matrices to find the ML estimate of
the tree relating sequences in an alignment and to predict
their secondary structures. The method described here is an
extension of this model to RNA secondary structure.

Secondary structures in RNA are not local, like in proteins,
thus it is necessary to use a more complex model than an
HMM for modelling these. SCFGs, which are used here, can
describe some long-range interactions, including most of the
ones in RNA secondary structure. SCFGs are unable to
model crossing interactions, thus pseudoknots cannot be pre-
dicted by this method.

Algorithms

The input for this analysis is an alignment of RNA se-
quences, while the output is a single common structure for
the sequences. The model consists of two distinct parts: the
SCFG and the evolutionary model.
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Fig. 1. Production of RNA structures by the grammar. (a) The rules
being used, starting from S. (b) The corresponding structure. (c) The
production of a stem with a bulge.

The grammar

A grammar consists of a set of variables, some terminal and
some non-terminal. Specifically, a starting non-terminal
called S is contained in a grammar. The non-terminals are
rewritten according to a set of production rules, which (for
an SCFG) specifies a single non-terminal and a string of vari-
ables, that it should be changed to. Successive production
rules are applied until only a string of terminals are left
(Chomsky, 1959; Lari and Young, 1990).

The basis of the model is a simple SCFG with the follow-
ing production rules:

S → LS | L
F → dFd | LS
L → s | dFd

Here, s symbolizes a base in a single string and ds symbolize
bases that pair up in a stem. The non-terminal S produces
loops and F produces stems, while L decides whether a spe-
cific loop position should be a single base or the start of a new
stem. An illustration is given in Figure 1. Stems can have any
length, whereas loops have lengths of at least two positions,
due to the fact that F produces LS instead of just S. Here,
positions should be understood in the broad interpretation
that the start of a new stem is also a position. This means that
the two-position loops can either be two bases, one base and
a new stem (a bulge), or two new stems (a bifurcation).

The probabilities of the production rules determine the
prior distribution of secondary structures, in that each struc-
ture has a certain probability given by the SCFG. The SCFG
production probabilities are estimated from a training set of
folded RNAs.

Most literature on SCFGs assumes the grammar to be in
Chomsky normal form for the algorithms to be used
(Chomsky, 1959; Baker, 1979; Lari and Young, 1990). The
algorithms are easily adapted to other forms, which has been
done here. The number of computations needed for solving
problems with these algorithms is proportional to the cube of
the sequence length.

Probabilities of columns

First, we look at the columns of the alignment one at a time.
Denote the number of sequences in the alignment by n,
which gives the height of the columns. The probability of a
column of non-pairing bases is assumed to be independent
of the other columns, given the tree relating the sequences.
Likewise, the probability of two pairing columns is assumed
to be independent of any other columns, again given the tree.

Let p = (pA, pU, pG, pC) be the distribution of bases in loop
regions of RNA sequences. Furthermore, for X ≠ Y, let rXY
denote the rate of mutation from base X to base Y, while rXX
is the negative of the rate by which base X mutates to other
bases. The rate matrix can be written as:

R ��
�
�

rAA rAC rAG rAU

rCA rCC rCG rCU

rGA rGC rGG rGU

rUA rUC rUG rUU

�
�
	

The rates are assumed to satisfy:

pXrXY = pYrYX for X ≠ Y

which means that the overall flow from base X to Y equals the
flow from base Y to X, i.e. reversibility of mutations. The rXX
values are calculated as

rXX � ��
Y�X

rXY

This is known as a general reversible model (Tavaré, 1986).
Given a tree, including branch lengths, the column probabil-
ities are calculated using post-order traversal as described by
Felsenstein (1981).

For base pairs, the probability of the two columns, given that
they form a pair, is calculated using a similar rate matrix, except
that base pairs are used instead of single bases. We thus have a
distribution of the 16 base pairs and a 16 × 16 rate matrix, i.e.
a general reversible model for base pairs. The reason for includ-
ing all 16 base pairs is to make it possible to model rare non-
standard base pairs. Parameterized rate matrices for base pairs
were described by Muse (1994) and Schöniger and von Hae-
seler (1994). This way of looking at base pairs means that any
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base pair change, like AU to GC, is regarded as a single muta-
tion. Even very closely related sequences show these ‘double’
mutations. Pairs of the rRNAs described below, with sequence
identity of 98% or more, were analysed (again as described
below). This showed that the base pair mutations between them
consisted of 22% ‘double’ mutations, justifying using a full 16
× 16 matrix for the mutation model. This makes it possible to
exploit the differences in base distribution and mutation patterns
between loops and stems to obtain good structure predictions.

If a gap is present in one of the sequences, it is handled by
treating it as an unknown base, according to the overall base
distribution in the model.

Probability of an alignment

Now the entire alignment is taken into consideration. The
columns are numbered C1, C2, …, Cl, where l denotes the
total length of the alignment. The input data, D, are then
given as the ordered set of columns: D = (C1, C2, …, Cl). By
M, denote the model including the mutational model and the
SCFG. Assuming that the tree is known and the model given,
the probability of the alignment can be found. This is done
by summing over all possible secondary structures, σ:

P(D|T, M)

� �
�

P(D, �|T, M)

� �
�

P(D|�, T, M)P(�|T, M)

� �
�

P(D|�, T, M)P(�|M)

The last equality stems from the fact that the secondary struc-
ture only is dependent on the tree through the data. The terms
P(σ|M) are probabilities of secondary structures, given the
model. These are the prior probabilities from the grammar
previously described.

The terms P(D|σ, T, M), i.e. the alignment probabilities,
given the secondary structure and the tree, are products of the
column probabilities. This results from the assumption that
columns which do not pair are independent:

P(D|�, TM)
� P(C1 � � � Cn|�, T, M)

� �
s

P(Cs|�, T, M)�
d

P(CdCdc|�, T, M)

The product over s is over the columns of single bases, while
the product over d is over left columns of pairs, while the dcs
are the corresponding right columns of the pairs.

The sum can be calculated using a dynamical programming
approach (Baker, 1979), by extending the view of the grammar
described above to include productions of columns as follows.
When an s is used in a production rule, it corresponds to a col-
umn in the alignment of sequences. Such a column has a prob-
ability, given the tree, which is multiplied to the production

probability each time an s is produced. Likewise, probabilities
for rules producing base pairs, like F → dFd, are multiplied to
the probability of the two columns, given that they form a pair.
This makes the grammar equivalent to a grammar that generates
columns in alignments instead of just secondary structure,
meaning that for a two-sequence alignment, the production rule
L → s covers the following rules:

L � �XY� for X, Y � {A, U, G, C}

with �XY� denoting a column with the base X in the first se-

quence and the base Y in the second sequence. Thus, for n
aligned sequences a rule like L → s covers 4n rules, while a
rule like F → dFd covers 42n rules (some being unlikely, with
rare base pairings).

The full model

If the phylogenetic tree relating the sequences is not given,
it must be estimated from the model. For a given tree, T,
P(D|T, M) can be calculated as above. The ML estimate of the
tree, given the model, can then be obtained by:

TML � argmax
T

P(D|T, M)

which can be found by using numerical optimization: given a
tree topology, the branch lengths can be obtained by maximiz-
ing the probability of the alignment, P(D|topology, M). This is
a 2n – 3 dimensional search for a maximum, which can be done
using standard methods (e.g. Press et al., 1992). Estimating tree
topology can, for example, be done by an exhaustive search, a
branch and bound method or a heuristic method (Swofford et
al., 1996). The choice will be highly dependent upon the
number of sequences in the alignment, considering the fast rate
of growth in the number of trees with respect to the number of
sequences. The maximum likelihood estimate of the tree is used
in the MAP estimation of the structure. It would be better to
integrate over all trees during the structure determination, but the
above described approach is simpler.

The alignment of sequences is the data to be used in the
secondary structure estimation. To perform a MAP estima-
tion, we need to maximize P(σ|D, T, M), which means to find
the most likely secondary structure, given what we know.
Using Bayes theorem, while conditioning on T and M, we
obtain:

P(�|D, T, M)

� P(D|�, T, M)P(�|T, M)
P(D|T, M)

� P(D|�, T, M)P(�|M)
P(D|T, M)
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P(σ|M) is the prior distribution of structures given by the
SCFG. P(D|T, M) is independent of the structure, and thus
constant over all structures. The MAP estimate of the struc-
ture is then given by:

�
MAP � argmax

�

P(D|�, TML, M)P(�|M)

which is found using the CYK algorithm (Durbin et al.,
1998) on the extended grammar, producing alignments.

From the posterior secondary structure prediction, various
questions regarding the structure can be answered, including
the most probable overall secondary structure (MAP esti-
mate), the certainty of the prediction in each position and
probabilities of the pairing of specific bases.

Implementation

The model was estimated in a number of steps:

1. A suitable database of sequences with known
structures was made.

2. Single base and base pair frequencies were
estimated.

3. Mutation rates were estimated.
4. The grammar parameters were estimated.

The database

The database used for estimating this model should represent
RNA secondary structures in general, because it is attempted
here to model RNA structures as a whole. For this reason, the
database should be composed of various types of RNA.
tRNAs and large subunit ribosomal RNAs (LSU rRNAs)
were chosen. These are publically available and have well-
established structures. The database made here consists of
RNA sequences along with their entire secondary structures.

The tRNAs are from the database by Sprinzl et al. (1998).
Part one of this database contains 2146 aligned tRNA gene
sequences with corresponding RNA structures. This data-
base was reduced by removing sequences with unknown
bases and the like. Furthermore, interior loops, having one
unpaired base on each side, were changed into stems [e.g.
structures like ‘(.(.....).)’ were changed to ‘(((.....)))’]. [Par-
enthesis notation is used for describing the structures in this
article. Matching parentheses (or later, brackets) denote posi-
tions that form a pair.] This pairs the non-standard pairs that
the structures imply, which are assumed to bond (this is
sometimes true, sometimes not). Allowing for non-standard
base pairs gives the algorithm more robustness towards se-
quencing and alignment errors. Before this operation, the
database only contained AU, GC and GU base pairs. The
revised database had 1968 tRNA sequences with correspon-
ding secondary structures.

The LSU rRNAs are from a database by De Rijk et al.
(1998), which contains 709 sequences. A reduction was per-
formed as above, resulting in 305 remaining sequences. This
database contains a number of non-standard base pairs.

The training was carried out with a weighting of the se-
quences to represent the two RNA families equally.

Frequencies

The single base frequencies were estimated from counts of
the bases in the single base positions of the sequences. Over-
all base frequencies were also determined. Base pair fre-
quencies were estimated by counting base pairs. Interesting-
ly, tRNAs show more GC than CG base pairs, meaning that
in GC/CG base pairs the G tend to be nearer the 5′ end of the
RNA than the C. This might have to do with functional con-
straints on evolution. As this model aims to be general,
unique characteristics of the training sequences should not be
modelled. Therefore, to obtain equal frequencies of XY and
YX base pairs, each occurrence of an XY base pair also
counted as a YX base pair (the rarely occurring pairs of ident-
ical bases were counted twice).

The obtained frequencies are shown in Table 1, which
shows that the overall base frequencies are approximately
equal. In stems, there are a significant majority of GC/CG
base pairs, which probably has to do with the high binding
energy associated with this pair.

Table 1. Base frequencies, showing nearly equal overall distribution of
bases, with a slight underrepresentation of Cs. Stems have high GC/CG
base pair frequencies, while loops have low content of Cs and Gs. The
lowest row shows the distribution of bases between loops and stems

Stem Loop Overall

AU/UA 35.6% A 36.4% A 26.8%

GC/CG 53.4% C 15.1% C 21.4%

UG/GU 9.8% G 21.2% G 26.7%

Other 1.2% U 27.3% U 25.1%

Total: 52.6% Total: 47.4%

Mutation rates

For estimating mutation rates, a number of sequences from
the above-described database were paired. All possible or-
dered pairs were made of sequences having at least 85%
identical base sequences. The 85% limit makes it reasonable
to assume that only single mutations, in the sense of the
mutation mechanisms described above, have occurred be-
tween the sequences. The single base positions in these se-
quence pairs were examined and all differences between the
sequences counted. Thus, if a given position had base X in
one sequence and base Y in the other, the counters cXY and cYX
were incremented. Columns, in the pairs, having a gap, were
not used. For a given pair, P, define tP as the time between
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sequences, NP as the number of columns in the two-sequence
alignment and Ps as the probability of a base being in a single
base position. Because of the single mutation assumption, we
have for X ≠ Y:

E(cXY) ��
P

PsNp(pxtprXY � PYtprYX)

� E(cXY) � 2�
P

PsNPtPpxrXY

� rXY �
cXY

2pXPs�
P
tPNP

� K
cXY

pXPs

where the sums over P are over all pairs. K is a constant that
is independent of X and Y, implying that rXY ∝  cXY/(pX Ps) for
all bases X and Y with X ≠ Y. To ensure equal weighting of
information from different sequences, the count from pairs
having the same first sequence was divided by the number of
pairs having this first sequence. This should decrease the
variance of the estimates and only affect the constant K, en-
suring that we still have rXY ∝  cXY/(pX Ps). The rates were
normalized so that the total rate of mutations in single base
positions was one, making the rate matrix uniquely deter-
mined. In the article by Goldman et al. (1996), the rates were
found in a similar way, except that the constant K was divided
out. This meant that they had to estimate amino acid fre-
quencies from the rate matrix. In this work, it is viewed as
essential to have the best possible estimates of base fre-
quencies, thus the rate matrix is estimated using these.

Pairs were counted using symmetry, both in position and
time. The counts were dealt with in a similar fashion as the
single-base counters. The normalization was performed rela-
tive to the single base rates, which shows that the mutation
rate, considered on a single base level, for stem regions is
0.90 times the rate for single bases.

The mutation rates for single bases are shown in Table 2.
Variations between mutation rates are observed. It is obvious
that transitions (A–G and T–C mutations in DNA) are more
frequent than transversions (the rest), which agrees with es-
tablished knowledge (e.g. Gojobori et al., 1982).

Table 2. The entries, rXY, for the loop rate matrix. Transitions are more
frequent than transversions

X�Y A C G U

A –0.75 0.16 0.32 0.26

C 0.40 –1.57 0.24 0.93

G 0.55 0.17 –0.96 0.24

U 0.35 0.51 0.19 –1.05

Mutation rates for the most frequent base pairs are shown
in Table 3. This table shows that the pair mutations requiring

only a single base change are the most frequent, while muta-
tions requiring two transversions are very rare. This is what
should be expected. Table 4 shows the mutation rates for
single bases in stem regions. This table shows that the transi-
tion/transversion ratio is higher in stem regions than in loop
regions. This is because single transversions disrupt pairing,
while transitions may conserve pairing (e.g. both A and G
can pair with U).

Table 3. Some of the entries for the stem rate matrix. Only rates between
the six most frequent base pairs are included

X�Y AU UA GC CG UG GU

AU –1.16 0.18 0.50 0.12 0.02 0.27

UA 0.18 –1.16 0.12 0.50 0.27 0.02

GC 0.33 0.08 –0.82 0.13 0.02 0.23

CG 0.08 0.33 0.13 –0.82 0.23 0.02

UG 0.08 1.00 0.10 1.26 –2.56 0.04

GU 1.00 0.08 1.26 0.10 0.04 –2.56

Table 4. Marginal rate matrix for stems. This matrix is similar to the above
matrix for loops, except that this one was estimated from stem regions.
Notice the high transition/transversion ratio relative to loops

X�Y A C G U

A –1.15 0.13 0.79 0.23

C 0.09 –0.84 0.16 0.59

G 0.45 0.13 –0.70 0.11

U 0.18 0.70 0.16 –1.03

Grammar parameters

The production probabilities of the grammar reflect the way
secondary structures behave: loop lengths, stem lengths, bi-
furcations, etc. For estimating these probabilities, secondary
structures from the database were used. This estimation can
be done using the inside–outside algorithm (an expectation
maximization procedure) on this training set of secondary
structures (Baker, 1979; Lari and Young, 1990). In the case
of the simple grammar described here, the number of times
each rule is used is uniquely determined by the training set,
meaning that only one iteration had to be performed. Further-
more, the counting was performed in a simple way, which
made it possible to analyse the long LSU rRNA sequences.
The production probabilities obtained were the following:

S → LS (86.9%) | L (13.1%)
F → dFd (78.8%) | LS (21.2%)
L → s (89.5%) | dFd (10.5%)

Probabilities are written in parentheses.
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Fig. 2. The phylogenetic tree relating the four analysed sequences,
as calculated using the ML estimation described above. The length
units correspond to the rate matrices of the model.

Results

The test sequences

To test the method described here, four representative bacter-
ial RNase P RNA sequences were chosen from the database
by Brown (1998) and analysed:

Sequence 1 Klebsiella pneumoniae
Sequence 2 Serratia marcescens
Sequence 3 Pseudomonas fluorescens
Sequence 4 Thiobacillus ferrooxidans

The structures and alignment of the sequences are known. The
sequences have lengths ranging from 344–383 bases, while
their structural alignment has a total of 385 columns. The pair-
wise sequence identities range from 65–92%. The relationships
between the sequences are shown in Figure 2, while the align-
ment is shown in Figure 3. The pseudoknot denoted by square
brackets from positions 68–76 and 368–361 could be written
using parentheses in these positions and square brackets in posi-
tion 18–12 and 370–364. This is a stem of seven positions,
while the other pseudoknot has four pairs. This means that a
structure prediction of this type will have at least 22 positions
wrongly predicted in each sequence.

Using related sequences

A number of predictions were made from the four RNase P
RNA sequences by the method described above. The accuracy
of a prediction is here defined as the total number of non-gap
positions in each sequence having the correct assignment, di-
vided by the total number of non-gap positions. A base pair is
only considered correct if both base positions are correct. The
alignments used were the structural alignments from the data-
base by Brown (1998). Firstly, all sequences were analysed one
by one, then all six pairs of sequences were used, then all four
triples, and finally all the sequences were used. The results in the
top of Table 5 show very significant improvement of prediction

accuracy when sequences are added, especially going from one
to two sequences. This exemplifies the large potential of
methods using several sequences and their phylogeny, in mak-
ing RNA secondary structure predictions. The pseudoknot
stems, denoted by brackets in Figure 3, are invariant throughout
these four sequences, which makes them hard to predict when
using mutational patterns.

Table 5. Structural alignment, no phylogeny

Structural alignment

No. of sequences 1 2 3 4

Min result 41.2% 65.2% 73.9% 79.2%

Max result 57.7% 82.1% 79.6% 79.2%

Average 48.3% 73.6% 77.8% 79.2%

CLUSTAL W alignment

No. of sequences 1 2 3 4

Min result 41.2% 54.9% 60.1% 73.8%

Max result 57.7% 69.1% 76.9% 73.8%

Average 48.3% 64.4% 68.5% 73.8%

Structural alignment, no phylogeny

No. of sequences 1 2 3 4

Min result 41.2% 59.9% 67.7% 76.2%

Max result 57.7% 76.6% 76.6% 76.2%

Average 48.3% 68.9% 72.2% 76.2%

Table 6. What happens when a limit of certainty is imposed on the results.
Each row shows how many positions have a certainty above a given limit
and how many of these are correctly predicted. There is a high correlation
between the accuracy of prediction and the certainty that the model predicts

Limit No. of positions Correct positions Accuracy

0% 1459 1156 79.2%

50% 1314 1146 87.2%

70% 1150 1064 92.5%

80% 1068 1014 94.9%

90% 932 890 95.5%

95% 825 799 96.8%

In many situations, the structural alignment is not available.
Therefore, it is necessary to assess the results using an alignment
algorithm. For this, the same analyses as above were made, but
each subset of the four sequences was aligned using CLUSTAL
W (Thompson et al., 1994). The results of this are shown in the
middle of Table 5 with the column of one sequence identical to
the earlier analysis. This gave lower accuracies than using struc-
tural alignments, which is not surprising. The rise in accuracy,
when using more sequences, now arises both from better align-
ments and more data. Good results are still obtained using four
sequences.
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Neglecting phylogeny

If the phylogeny of the sequences is not taken into account,
some information is lost and poorer prediction results. Such
results are shown at the bottom of Table 5. This table was
made like the top of Table 5, but using long branch lengths
to simulate independent sequences. For two and three se-
quences, the phylogenetic information improves the result
by ∼5%. This shows that the tree conveys information about
the structure. Results are compared in Figure 4.

Weight of results

The algorithm allows for a calculation of the probability that
each position is correctly predicted. This is done using the
inside and outside variables. It can give the user of the
method an impression of how certain the predictions are, as-
suming that the model is correct. This can be considered as
an equivalent to the partition function for energy calculations
(McCaskill, 1990).

Taking the analysis of the structural alignment of all four
sequences with a phylogenetic tree as an example, results
from choosing only to believe regions of high certainty are
shown in Table 6. This shows that discarding, for example,
positions having a certainty of <70% means that 309 posi-
tions are discarded, of which only 92 were correctly pre-
dicted. This results in an accuracy of prediction for the re-
maining positions of 92.5%. This, of course, does not im-

prove overall accuracy, but shows that badly predicted areas
can be pointed out. Other methods, perhaps experimental,
can then be used for these areas.

Comparison with other methods

To give an impression of the performance of this method rela-
tive to other methods, some comparisons have been made.
The folding program, MFOLD Version 3.0 (Web server URL:
http://www.ibc.wustl.edu/∼zuker/rna/form1.cgi), by Zuker
(1989) and Walter et al. (1994), using energy minimization
was used for folding the four sequences one by one. Standard
parameters were used, resulting in predictions ranging from
36 to 68%, with an average of 51% (see Table 7). This is com-
parable to the above-described method applied to single se-
quences, but does not suggest that this method is always as
good as Zuker’s for single sequences. The energy minimiz-
ation method has more parameters than the above-described
model, in the case of one sequence, where evolution does not
come into consideration. This gives Zuker’s method a poten-
tial for better results. Varying the parameters for the method
might improve results; furthermore, results will be different
for different families of RNA.

The method of maximum weighted matching was used on
the four sequences, with the structural alignment. The scor-
ing schemes used here are the ones described by Tabaska et
al. (1998). Both helix-plot and mutual information were in-

Fig. 3. The alignment of the four RNase P RNA sequences. The predicted structure, using all four sequences, is denoted p. The structur e from
the database is denoted s, with square brackets denoting parts of pseudoknots. The square brackets used here match the structure description
in the database. The curly brackets denote positions where the structure differs: the sequences that have a non-standard pair in these positions
have loop regions or bulges, the rest have pairs.
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Fig. 4. A comparison of results with and without phylogeny.
Diamonds (� ) denote the curve for predictions with phylogeny,
while boxes (�) denote the one without. Crosses (�) denote results
using CLUSTAL W alignments and phylogeny estimation. The
dotted line at 94% represents the maximum possible prediction
accuracy with regard to the pseudoknots.

corporated, giving a maximum of 60% accuracy. The cova-
riance method, COVE Version 2.4.4., by Eddy and Durbin
(1994), was also tried on the sequences, with lower accuracy.
These methods were developed for larger numbers of se-
quences, and should not be expected to give optimal results
using only four sequences. This shows the significance of the
method described here in situations where only a few se-
quences are known.

Table 7. Accuracy table, showing comparisons of single sequence
predictions using the method described in this paper and MFOLD Version
3.0, by Zuker (1989) and Walter et al. (1994). Predictions of secondary
structures were made on single sequences, which is the only possibility
using MFOLD. The average results are comparable

Sequence SCFG method MFOLD

Seq 1 57.7% 67.1%

Seq 2 48.2% 54.0%

Seq 3 41.2% 35.6%

Seq 4 46.2% 50.3%

Average 48.3% 51.7%

Conclusion

The limitations of this method include:

� Inability to predict pseudoknots.

� Loop and stem lengths are assumed to be
geometrically distributed.

� A good alignment is needed.
� The dynamical programming algorithms are

relatively slow. [They have a time complexity of 
O(N3) with respect to the length of the alignment.]

The problem with pseudoknots is shared by many algo-
rithms (e.g. Zuker, 1989; Eddy and Durbin, 1994), although
some algorithms can predict pseudoknots (e.g. Tabaska
et al., 1998).

The problem relating to the length distributions has to do
with the nature of the specific SCFG used here, and can be
solved by making different non-terminals producing stems or
loops of various lengths. Special non-terminals describing
small bulges will probably improve results. This introduces
some extra computation time, but can definitely be carried out.

The problem of the alignment is not easily solved, because
making an alignment without knowing the structure is un-
likely to produce a structural alignment. It might be possible
to realign sequences once a structure prediction has been
made. This approach would probably be prone to local
maxima in the likelihood function for alignments. One poss-
ible way of avoiding this would be to use Gibbs sampling in
a Markov chain Monte Carlo method, sampling from align-
ments and summing over structures (Gilks et al., 1996).

An alignment method which simultaneously folds and
aligns a set of RNA sequences to find common structural
elements locally has been implemented by Gorodkin et al.
(1997). The algorithm has a computational complexity of
O(N4), relative to the sequence length. The method has
proven useful for relatively short sequences, and an align-
ment produced by such a method would be a good starting
point for SCFG methods (Gorodkin et al., 1997), including
the one described here.

Profile SCFGs and covariance models predict secondary
structure at the same time as making alignments, but seem to
need a large number of sequences (Eddy and Durbin, 1994;
Sakakibara et al., 1994). Further work in making algorithms
for simultaneous RNA folding and alignment will probably
show up in the future because of the importance of solving
this problem.

Further improvements to the method introduced here in-
clude modelling base stacking, which is not very difficult. It
consists of conditioning the probability of two pairing col-
umns on the neighbouring columns. Thus, in estimating the
model, neighbour base pairs should be counted to indicate
the conditional distributions of base pairs. This information
could then be used in the calculations to give improved re-
sults.

Finally, it would be interesting to look into the evolution-
ary model proposed here. Statistical tests of its ability to de-
scribe RNA evolution would be enlightening. It would also
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be useful to reduce the number of parameters for the rate
matrices, especially the base pair rate matrix, e.g. as done by
Muse (1994).

It is the hope of the authors that this method can be made
available to the public via the World Wide Web.
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The model of insertions and deletions in biological sequences, ®rst formu-
lated by Thorne, Kishino, and Felsenstein in 1991 (the TKF91 model),
provides a basis for performing alignment within a statistical framework.
Here we investigate this model.

Firstly, we show how to accelerate the statistical alignment algorithms
several orders of magnitude. The main innovations are to con®ne likeli-
hood calculations to a band close to the similarity based alignment, to
get good initial guesses of the evolutionary parameters and to apply an
ef®cient numerical optimisation algorithm for ®nding the maximum like-
lihood estimate. In addition, the recursions originally presented by
Thorne, Kishino and Felsenstein can be simpli®ed. Two proteins, about
1500 amino acids long, can be analysed with this method in less than
®ve seconds on a fast desktop computer, which makes this method prac-
tical for actual data analysis.

Secondly, we propose a new homology test based on this model,
where homology means that an ancestor to a sequence pair can be found
®nitely far back in time. This test has statistical advantages relative to the
traditional shuf¯e test for proteins.

Finally, we describe a goodness-of-®t test, that allows testing the pro-
posed insertion-deletion (indel) process inherent to this model and ®nd
that real sequences (here globins) probably experience indels longer than
one, contrary to what is assumed by the model.
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Introduction

Statistically well founded methods have become
increasingly used over the last decade in the anal-
ysis of biological sequences. This has not been the
case in the alignment of sequences, partly because
of the general conception that the statistical
approach to alignment is computationally too slow
and partly due to the lack of user-friendly pro-
grams. Often, the sequences are aligned using par-
simony or similarity based methods (optimisation
alignments). The alignment is subsequently treated
as a series of columns that are independent realiz-
ations of a substitution process on a phylogeny
that is to be estimated. It is an inconsistent
approach to ®rst use parsimony/similarity and
then halfway in the analysis switch to a statistical
approach. In addition, the alignment created by
parsimony/similarity can create unknown biases
in the estimation of substitutional parameters, as

these procedures will align to create as much iden-
tity within each column as possible.

The ®rst attempt to do statistical alignment was
done by Bishop & Thompson (1986), with approxi-
mate likelihood calculations. Thorne et al. (1991)
introduced an exact method (TKF91). In this frame-
work, there will not be one alignment, but all poss-
ible alignments will contribute to the likelihood of
the two observed sequences. Should one alignment
be highlighted, it could be the alignment that con-
tributed the most to the likelihood. Alignments can
have runs of gap signs, which in a parsimony/
similarity setting would be interpreted as a longer
insertion/deletion (indel), but here it would be the
consequence of several neighbouring indels of
single nucleotides. Most optimisation alignment
methods interpret runs of gap signs as a single
event, even when they may be the result of mul-
tiple independent insertions and deletions. Never-
theless, indels longer than one nucleotide or amino
acid must occur biologically and the TKF91 model
does not allow for that. Thorne et al. (1992) tried to
incorporate this in the model by letting insertions
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and deletions involve fragments that each had a
geometrical distribution. For computational
reasons each fragment would have to be treated as
an unbreakable unit, which is not a biologically
well founded assumption.

An alternative approach to statistical alignment
has been taken by Allison & Wallace (1994), Zhu
et al. (1998), and Mitchison (1999). These are Baye-
sian approaches and also differ from the TKF91
model in not being based on an evolutionary pro-
cess, but on a probability measure on alignments
directly.

Pairwise sequence alignment, homology testing
and multiple alignment has great importance in
sequence analysis and there is an increasing aware-
ness of the advantages of statistical approaches
within the bioinformatics community. Therefore,
statistical alignment and its rami®cations deserve
to be pursued with much greater intensity.

Theory

The TKF91 statistical model of DNA evolution is
a continuous time model with a state space consist-
ing of all sequences over an alphabet of nucleotides
(yielding DNA sequences) or amino acids (yielding
proteins) that includes the empty sequence. If we,
for any possible sequence, can de®ne the waiting
time to the ®rst event (insertion, deletion or change
of single element) to occur and the probability of
all the possible events, the model has been charac-
terised.

Modelling substitutions

Since the novelty of the TKF91 model is in the
modelling of the indel process, the substitution
process will receive little attention here. Almost all
substitution models are continuous time Markov
models on the state space of nucleotides or amino
acids. To de®ne such a model, the rate matrix, Q,
must be speci®ed. This matrix is 4 by 4 for nucleo-
tides and 20 by 20 for amino acids. Off diagonal
elements are non-negative and the sum of each
row is zero. This matrix describes the intensity of
different substitution events over an in®nitesimal
time period. The transition probabilities over a
longer time interval, t, can be obtained by:

P�t� � etQ �
X

k50

�tQ�k

k!
�

Pi,j(t) refers to the probability that i has changed to
j after a time t. Normally, it is also assumed that
the process is time reversible, i.e. that
piPi,j(t) � pjPj,i(t), where the pi terms are the equili-
brium frequencies of the nucleotides/amino acids
in the process. In this case, the evolutionary pro-
cess can be viewed from any time perspective, the
total probabilities involved will be the same. This
has computational advantages, since the evolution-
ary history can be rooted anywhere.

Since the time, t, and the rate matrix, Q, always
appear together as a product in these calculations,
it is not possible to estimate them individually. It is
often convenient to scale them, so one event is
expected per unit time per position in the equili-
brium process. This is equivalent to placing the
restriction �ipiQii � ÿ 1 on the rate matrix.

The main difference between substitution pro-
cesses on nucleotides and on amino acids, stems
from the larger set of amino acids. In principle a 20
by 20 rate matrix with many parameters could be
inferred, but there are not such clear distinctions as
the transversion/transition bias in the case of
nucleotides. This means that more crude ways of
choosing a Q matrix, than maximum likelihood
estimates of individual entries are used, since there
are too many parameters to be estimated. Dayhoff
et al. (1978) pioneered the use of Q-matrices
obtained from counting mutations in comparisons
of similar protein sequences. Due to the inability to
distinguish where A has mutated to B or vice versa,
such matrices will be symmetric and give rise to
equilibrium distributions where all the amino acids
are equally likely. This is in con¯ict with the fre-
quencies that can be observed in real sequences.
Fortunately, it is possible to modify a symmetric
matrix, so it will give rise to the observed frequen-
cies of the 20 amino acids. In addition, the result-
ing matrix will yield a mutation process that is
time reversible. The rate matrix used here was
obtained from Ziheng Yang (personal communi-
cation).

The TKF91 model of the indel process

The basic model

The statistical model of sequence evolution
incorporating insertions and deletions can be
viewed as a Markov model with all sequences as
possible states. The indel part of this model can be
illustrated by the use of links connecting the letters
(nucleotides or amino acids) of the sequences. Each
letter has a mortal link associated to it, on its right.
The left end of the sequence has an immortal link.
Consider an example, the DNA sequence AGG:

� A ? G ? G ?

Mortal links are symbolised by $, while immortal
links are symbolised by .. Links can give birth to
new links to their right. Along with the birth of
such a link, comes a letter drawn from the equili-
brium distribution. The mortal links can, as the
name suggests, also die. When a link dies, it takes
its letter (to the left) with it. The transition in the
Markov model, when the mortal link between the
two G residues gives birth to a new link and a C,
is shown here:

� A ? G ? G ? ! � A ? G ? C ? G ?

The new link is the one to the right of the C. If the
®rst mortal link dies, it looks like this:
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� A ? G ? G ? ! � G ? G ?

This process can be visualised in the following
way:

� A ? G ? G ?

I0 S1 I1=D1 S2 I2=D2 S3 I3=D3

I, D and S terms are all independent processes that
describe insertions, deletions and substitutions,
respectively. For each of these, there will be an
exponential waiting time for an event to occur.
Whichever ®res ®rst, determines the next event.

Ii has intensity parameter l. When I ®res ®rst, a
nucleotide will be inserted, according to the equili-
brium frequency of the substitutional process, with
a mortal link on its left side. The newborn nucleo-
tide and associated mortal link will be inserted to
the right of the I, that ®red.

Di has intensity parameter m. When a D ®res
®rst, the link and its nucleotide (to the left) will be
removed. The immortal link will never be deleted,
since it is not associated with a deletion process.
The deletion rate has to be bigger than the inser-
tion rate (m > l), otherwise the sequence length
would grow towards in®nity. This process will
have a stationary distribution on sequences:

P�s� � glp
#A
A p#C

C p#G
G p#T

T ;

where, for l5 0:

gl � 1 ÿ
l

m

� �

l

m

� �l

:

l is the length of the sequence and #A (#C, #G, #T)
indicates the number of A residues (C, G, T resi-
dues) in the sequence. This indel process is time
reversible, thus, if the substitution process is also
time reversible, the process on full length
sequences is reversible. This is not a pure birth-
death process because of the immortal link,
but can be viewed as a birth-death process with
immigration.

Evolution over a time period

Above, it was described how a sequence would
evolve in an in®nitesimal time interval. Thorne et al.
(1991) also described the transition probabilities for
a ®xed time interval (Figure 1). Due to the inde-
pendence between links, it is suf®cient to describe
what happens to a single link. There is an insertion
process associated with the immortal link, with the
transition probability pn

00(t), the probability that the
immortal link has left itself and n ÿ 1 mortal des-
cendants after time t. There is an indel process
associated with the mortal links, with two sets of
transition probabilities, depending on whether the
link has survived or not. The probability is pn(t) if
the link has survived and left n (mortal) descen-
dants, including itself. If the link has not survived,
the probability is pn

0(t), again with n being equal to
the number if descendants. This last distinction
between survival and non-survival is necessary,
since only in the ®rst case will a nucleotide exist
both at time zero and time t and the probability of
going from one nucleotide to n nucleotides will
involve a substitutional probability. The surviving
children of a nucleotide will be to the right of the
parent nucleotide. In the following, the evolution-
ary process parameters, including t, will often be
suppressed.

The functions pk, pk
0 and pk

00 are modi®ed geo-
metric distributions. The function describing
immortal link (pk

00) is the geometric function shifted
so that it starts in one instead of zero. The function
describing the case where a mortal link survives
(pk) is again shifted to start in one and every pos-
ition has been multiplied with the probability of
survival (eÿmt). The probability of the nucleotide
not surviving is 1 ÿ eÿmt. In this case, there will be
a probability for having zero surviving offspring
(mb(t)), with:

b�t� �
1 ÿ e�lÿm�t

mÿ le�lÿm�t

and the remaining distribution (no survival but
surviving descendants) has again the same geo-

Figure 1. The probability distri-
butions of different link con®gur-
ations after a period t. The fate of a
mortal link has to be split into two
cases to accommodate the possi-
bility of substitutional evolution.
Since l < m, b(t) is always smaller
than one.
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metric tail, but with total mass adjusted to give
total probability of one to all possible fates of a
mortal link.

These transition probabilities of substitutions
and of the fates of mortal and immortal links,
allow a dynamic programming algorithm calculat-
ing P(s(1), s(2)) to be formulated, where s(1) and s(2)

are the two complete sequences.
The probability of the sequences and one speci®c

alignment is easily described in terms of the substi-
tution probabilities and p functions. Regard the fol-
lowing example:

� A ? T ? ÿ

� C ? T ? G ?

Here, P(s(1), s(2), alignment) � (p00
1)(pAp1PAC)

(pTPTTp2pG). Each parenthesis describes the prob-
ability of a link, the associated nucleotide (in the
case of mortal links) and their fates. The ®rst par-
enthesis is the probability that the immortal link
survives with one descendant Ð itself. The last
parenthesis says that a T was chosen, the T
evolved into a T, the link associated to the T had
two descendants including itself and the extra des-
cendant is G. To calculate the probability of two
sequences without conditioning on the alignment,
it is necessary to sum over all alignments weighted
with their probabilities according to the TKF91
process.

A simpler recursion

In the following, s(1)
i is the pre®x of length i in

s(1) and s(2)
j is the pre®x of length j in s(2). s(k) [i]

refers to the ith nucleotide in the kth sequence.
ps(k)[i:j] is the probability of the elements from i to j
in sequence k in the equilibrium distribution of the
substitution process. The probability of the com-
plete sequences, P(s(1), s(2)), can be written as
P(s(1))P(s(2)js(1)). The ®rst factor is straightforward
to calculate and we will focus on calculating the
second only. The reformulation of the algorithm
below represents a simpli®cation and acceleration
relative to the original TKF91 formulation. Firstly,
we only make a recursion for P(s(2)js(1)), while they
incorporated the probability P(s(1)). Secondly, we
only need one or two quantities per entry (i,j)
while they needed three quantities. The resulting
recursion (5) is as simple as the most basic optimis-
ation alignment algorithm. The basic recursions are
summarised in Table 1.

It is possible to decompose the probability
P(s(2)

j js(1)
i ) by partitioning the conversion of s(1)

i to
s(2)

j , into the fate of s(1)
i ÿ 1 and the fate of s(1)[i], since

these fates are independent (Figure 2).
This example illustrates why it is necessary to

distinguish whether a nucleotide survives or not.
Only in the former case has substitutional evol-
ution been observed. If the ®rst sequence is empty,
i is zero and the immortal link must have evolved
into s(2)

j , which has probability p00
jps(2)[1:j].

The above illustration can be summarised in fol-
lowing recursion:

P�s�2�j js�1�i � � p0
0P�s�2�j js�1�iÿ1� �

X

14k4j

P�s�2�jÿkjs
�1�
iÿ1�

� �pkPs�2��i�;s�2��jÿk�1�ps�2��jÿk�2:j�

� p0
kps�2��jÿk�1:j�� �1�

P�s�2�j js�1�0 � � p00
j ps�2��1:j� �2�

This recursion allows an O(l3) (l denoting average
sequence length) algorithm to be formulated for
calculating P(s(1), s(2)).

Due to the geometric tails of the p functions, this
formulation can be changed, resulting in an O(l2)
algorithm. The trick applied here is highly remin-
iscent of the method used by Gotoh (1982) in
reducing the computational complexity of
an optimisation alignment algorithm from O(l3)
to O(l2).

De®ne Ri,j � P(s(2)
j , s(2)[j] is a descendant of

s(1)[i]js(1)
i ). This will be the sum on the right side of

(1). The ®rst recursion above can now be written
as:

Ri;j ��p1Ps�1��i�;s�2��j� � p0
1ps�2��j��P�s

�2�
jÿ1js

�1�
iÿ1�

� lbps�2��j�Ri;jÿ1 �3�

P�s�2�j js�2�i � � Ri;j � p0
0P�s�2�j js�1�iÿ1� �4�

The functions p1Ps(1)[i],s
(2)
[j] � p1

0ps(2)[j] and lbps(2)[j] are
functions in two sequence elements that can be
tabulated. Equation (4) asserts that either s(2)[j] is a
descendant of s(1)[i] or it is not. Recursion (3) can
be veri®ed using the recursive relationships
p0 1 � lbp0

k, pk � 1 � lbpk, for k5 1, and
ps(n)[i:j] � ps(n)[i:j ÿ 1]ps(n)[j]. Ri,j is subject to the initial
condition Ri,j � 0 if i or j is zero.

Insertion of (4) into (3) and simpli®cation yields:

P�s�2�j js�1�i � �P0
0P�s�2�j js�1�iÿ1� � lbps�2��j�P�s

�2�
jÿ1js

�2�
i �

� �p1Ps�1��i�;s�2��j� � p0
1ps�2��j�

ÿ lbps�2��j�p
0
0�P�s

�2�
jÿ1js

�1�
iÿ1� �5�

Again p1Ps(1)[i],s
(2)
[j] � p1

0ps(2)[j] ÿ lbps(2)[j] p0
0 and lbps(2)[j]

can be tabulated, simplifying and accelerating the
recursion.

Recursion (5) allows an ef®cient summation over
all alignments of s(1) with s(2). In this context there
are two additional quantities of interest, as follows
below. To cope with these, it is advantageous to
continue with recursions (3) and (4).

First, it is of interest to ®nd the alignment that
contributes the most to P(s(2)js(1)), and which, given
a set of parameters, will be the most probable.
Secondly, it is of interest to generate alignments in
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proportion to their probability. Methods for this
are shown in an Appendix I.

Results

The method is illustrated on human a globin
and b globin, that are 141 and 146 amino acids
long, respectively (Figure 3). The expected length
of a sequence in the equilibrium process is
143.5024, very close to the average length of the
two proteins. The asymptotic variances and covari-
ances of the parameters can be obtained from the
inverse of the matrix of second derivatives of the
likelihood with respect to the parameters (not
shown) (Edwards, 1972).

The expected number of events in the evolution
from a globin to b globin is dif®cult to compute, as
computation of the expected number of events for
any small alignment block is dif®cult. Take for
example an amino acid aligned with another. The
expected number of events would involve sum-
ming over cases where amino acids were inserted,
experienced mutations and were then deleted.

However, the analogous quantity for a randomly
chosen sequence in the equilibrium distribution for
the estimated parameters can be calculated. Let pi

and Qij have the same meanings as in the section
on substitutional models, except that the i and j
terms refer to entire sequences instead of nucleo-
tides and amino acids. For estimated time and
rates, the expected number of events is ÿt �i 2 S

piQii. The summation is here over the complete
sequence space, and pi is the probability of i in the
stationary distribution on the complete sequences,
not single elements. ÿQii is the rate of events leav-
ing i. The sum is equal to:

m

mÿ l
l� �m� s�

l

mÿ l
� �2m� s�

l

mÿ l
:

This is identi®ed as the expected number of I terms
times their intensity parameters, plus the expected
number of D terms times their intensity par-
ameters, plus the expected number of S terms
times their intensity parameters. It is intuitively
reasonable that the expected number of insertions
must equal the expected number of deletions. For
the maximum likelihood parameters of this
example, the expected number of insertions and
deletions in the equilibrium process is 10.74. The
expected number of substitution events (in the
equilibrium process) is 131.59, slightly less than
one event per position. The maximally contributing

Figure 2. The independence of
the indel process and the substi-
tution process allows the two to be
combined easily. (a) The possible
fates of s(1)[i] in s(2)

j , given that it
survives. (b) The possible fates of
s(1)[i] in s(2)

j , given that it dies.
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alignment has nine gap signs, 104 mismatches and
37 matches. Just inspecting this alignment for
events would probably underestimate the number
of these events in the true history of the sequences.
Obviously, indels are much rarer than substi-
tutions.

It is now possible to evaluate whether the length
of sequence s(2), has evolved more or less than
expected. The TKF91 model assumes that insertion
and deletion rates are independent of sequence
length. Figure 4 illustrates this distribution and b
globin, for instance, is not extreme. If t goes toward

Table 1. Summary of recursions

Elementary parsimony algorithm:

Di;j � min
Diÿ1;j � g

Diÿ1;jÿ1 � d�s�1��i�; s�2��j��

Di;jÿ1 � g

8

<

:

Original TKF91 recursion:

L0�s
�1�
i ; s

�2�
j � �

l

m
ps�1� �i�p

0
0

X

2

k�0

Lk�s
�1�
iÿ1

; s
�2�
j �

L1�s
�1�
i ; s

�2�
j � �

l

m
ps�1� �i��Ps�1� �i�;s�2� �j�p1 � ps�2� �j�p

0
1
�
X

2

k�0

Lk�s
�1�
iÿ1

; s
�2�
jÿ1

�

L2�s
�1�
i ; s

�2�
j � � ps�2� �j�lb

X

2

k�0

Lk�s
�1�
i ; s

�2�
jÿ1

�

Simpler recursion:

P�s
�2�
j js

�1�
i � � p0

0
P�s

�2�
j js

�1�
iÿ1

� � lbps�2� �j�P�s
�2�
jÿ1

js
�1�
i � � g�s�1��i�; s�j��P�s

�2�
jÿ1

js
�1�
iÿ1

�

with

g�i; j� � p1Ps�1� �i�;s�2� �j���p0
1
ÿlb�p

s�2� �j�

The ®rst recursion is the simplest parsimony algorithm. Di,j is the distance between s(1)
i and s(2)

j , d( , ) is a distance function on
single elements and g is the gap penalty for a single element. All the involved quantities are integers. The second set of recursions
are from the original TKF91 paper. The last recursions are from the present paper.

Figure 3. a Globin and b globin
analysis using the TKF91 model.
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in®nity, this distribution will go towards the equili-
brium length distribution for this process, but very
slowly. Speci®cally, the mortals and their descen-
dants will go extinct, while the descendants of the
immortal link will be dominating the complete
sequence. This means that pk

00(t) is a geometric dis-
tribution with parameter bl, when t !1. As
shown in Figure 4, even if the most recent common
ancestor were 2000 million years back in time, the
length is still distributed as a bell around the initial
length. If a sequence is chosen from the equili-
brium distribution and observed for a period of
time, the descendants of the immortal links will be
expected to constitute mb(t) of the complete
sequence. mb(t) is plotted in Figure 5 and it is clear
that it converges very, very slowly to one.

Computational results

Computationally, maximum likelihood align-
ment is inherently more expensive than parsi-
mony/similarity. There are three areas of
importance to the time of performing a likelihood
alignment: the number of entries in the matrix
needing to be calculated, the number of evalu-
ations needed to ®nd the maximum likelihood esti-
mate and the time used in calculating the basic
recursion

Matrix entries necessary

Figure 6 illustrates the alignment path of a glo-
bin and b globin including boundaries de®ned by

suboptimal alignments. (In these investigations
PAM250 was used for similarity alignments and a
gap penalty cost of 4.5 was used per amino acid.)
For a given e, a boundary corresponding to the
suboptimal paths with a score of 1 ÿ e of the opti-
mal score can be found. This de®nes an area of the
matrix. If e is less than zero, the area is empty, if it
is zero, it will be the entries that are on optimal
alignments of the sequences. As e increases, the
de®ned area will converge toward the complete
matrix. Figure 7 shows how much of the likelihood
function is found within the area as a function of e.
The sequences involved were derived from a
sequence of length 1500 amino acids, that experi-
enced evolution corresponding to the difference
between a globin and myoglobin. It can be
observed that the relative underestimation of the
likelihood is less than eÿ13 � 2.3 � 10ÿ6 if an e of
0.01 is used. An e value of 0.01 corresponds to
1.8 � 10ÿ3 of the area of the complete matrix. This
gives rise to a very signi®cant acceleration. This is
a favourable case, but in general the acceleration is
considerable and the area containing all signi®-
cantly contributing paths is very narrow. The
closer related the sequences are, the narrower
the band will typically be.

If e is too small, alignments that contribute sig-
ni®cantly to the alignment will be discarded,
resulting in a bias in the estimated parameter
values. Since a low e value will discard alignments
with many indels, this is expected to create a bias
towards smaller values of m and l, which was also
observed (results not shown).

Figure 4. The length distribution of a protein that
evolves from a globin with the estimated parameters of
globin evolution (for 20, 200, and 2000 million years).
For derivations see Appendeses. For instance, the length
of the b globin (146) is not very extreme in the distri-
bution of distance lengths, if starting with 141 amino
acids and evolving for 800 million years. This is twice a
resonable guess of the time to the most recent common
ancestor of a and b globin.

Figure 5. The b function plotted with parametersesti-
mated from the a, b globin analysis. At the time when m
b is 0.5, the descendants of the immortal link are
expected to contribute half of the complete sequence.
This time is seen to bearound 20 billion years. The time
taken for it to contribute 5 % is around one billion years.
The effect of the immortal link on realsequences is van-
ishing over realistic time periods.
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The number of evaluations

This will consist of three parts: an initial guess of
parameters, an algorithm searching for the mini-
mum, and a stopping criteria determining whether
the current parameter estimates are suf®ciently
close to the maximum likelihood values. The pro-
blem is illustrated in Figure 8, where the L(m,s)/
Lmax is plotted in an area close to the maximum
likelihood estimate for a globin and myoglobin.
The method used is to make a good guess that is
within the through containing the maximum likeli-
hood point, crawl in few steps to the bottom of the
basin and stop, when iterations does not improve
the estimates signi®cantly.

Initial guess. We only consider the protein model
and the strategy will be to assume that the parsi-
mony/similarity alignment is the correct align-
ment. We calculate how many gap signs, matches,
and mismatches would be expected and choose the
parameters that give these expectations. In the pro-
tein substitution model, the expected number of
mismatches, (1 ÿ �i piPii)nalign, were calculated and
equated to the observed number, giving a guess
for s (nalign is the number of columns without gap
signs in the alignment). l and m was guessed by
®rst observing that the expected length of a
sequence is l/(m ÿ l). This would ®x the ratio of
l/m to:

l

m
�

lave

lave � 1

where lave is the average sequence length. In
addition, it is possible, when knowing the length
of one sequence and the p functions, to calculate
the expected number of gap signs in an alignment
to (see Appendices):

#gap �
lb

1 ÿ lb
� s

�

eÿmt lb

�1 ÿ lb�

� mb� �1 ÿ eÿmt ÿ mb�2
2 ÿ lb

1 ÿ lb

�

Using this, a guess of m � 0.0316 and s � 0.9500 is
obtained from the a globin versus b globin simi-
larity alignment. A slightly inferior guess of m can
be obtained by assuming that the observed gap
signs are the events that actually have happened in
the evolutionary history. This gives 2mL � #gap
and will give a lower estimate than using the p
functions. Using this method m is estimated to
0.0311. This difference is probably larger for more
distantly related sequences. The maximum likeli-
hood results are shown in Figure 3.

Optimisation. Several numerical optimisation
methods were tried (e.g. simplex and Powell), but
given a good initial guess, the best was BFGS
(Broyden-Fletcher-Goldfarb-Shanno) (Press et al.,
1992). An example of the search for the maximum
likelihood estimate is illustrated in Figure 8, for
simulated sequences approximately of length 1500,

Figure 6. Illustration of the similarity alignment as a
path in the matrix. The maximally contributing statisti-
cal alignment and the similarity alignment is identical in
this simple case. The area containing nodes that could
be on a suboptimal solution, better than (1 ÿ e) of the
optimal similarity score, is also illustrated for e equal to
0.2 and 0.5. For practical purposes a band much nar-
rower can be used, typically less than 0.005.

Figure 7. A plot of log(1 ÿ Le/L) as a function of e for
simulated globins of length 1500, with evolutionary dis-
tance like myoglobin (153 amino acids) and a globin
(141 amino acids). This maps [0, 1] into [0, ÿ 1], and
illustrates how much of the contributions to the likeli-
hood function is within e of the similarity optimum
alignment solution. It is obvious that most contributing
paths to the likelihood functions are within a very
narrow band. This points to an obvious speedup of the
likelihood method.
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with an evolutionary distance like a globin and
myoglobin. In this case, four iterations and 28 like-
lihood evaluations were needed. Each iteration
needs a series of likelihood evaluations to deter-
mine ®rst and second derivatives of the likelihood
function. The total number of likelihood evalu-
ations is typically less than 50.

Stopping condition. When an iteration produced
changes in the likelihood estimates, that was less
than 10ÿ3, the iterations stopped. Figure 9 shows
Ltot(k) as function of iteration number, k. It can be
seen that major improvements are obtained in the
®rst few jumps. After three to four iterations Ltot(k)
is very close to the likelihood function taken in the
maximum likelihood estimate.

The basic recursion

The likelihood recursions (three to four) of
TKF91 are a bit more complicated than the recur-
sion in the optimisation alignment algorithm (par-
simony/similarity). Comparison between the two
indicated that the likelihood recursion was 50-70
times slower than the optimisation recursion. The
main reason for this large difference is that multi-
plication of reals is slower than addition of integers
on most computers.

Summary

The above improvements yield a method that is
signi®cantly faster than the one described by
Thorne et al. (1991). It seems probable that a
further increase in speed can be obtained from
focusing on the last two factors. In absolute terms,

two proteins of length 1500, can be analysed in less
than ®ve seconds on a fast desktop computer
(Silicon Graphics Octane with a 300 MHz R12000
processor), which makes statistical alignment a
fully practical method for two sequences.

Homology test

Consider the a globin and myoglobin. Are they
homologous? Homology must here be the answer
to the question, whether the value of t is ®nite or
in®nite. A value of in®nity implies that they could
both have been drawn independently from the
stationary distribution of the evolutionary process.
Statistical alignment can contribute considerably to
this question.

Parsimony/similarity alignment based test

Most tests in a parsimony/similarity alignment
setting presuppose an alignment and regard the
matched positions as independent realizations of
the same distribution.

Most homology tests are based on a similarity
scoring function, for each position in the align-
ment, of the form: Wi,j � ln(piP

2.5
i,j /(pipj)) (Altschul,

1993). In this expression, P2.5
i,j is the transition prob-

abilities, when 2.5 units of time has passed. This
amounts to choosing among the competing
hypothesis that two sequences are 2.5 events apart
versus in®nitely far apart. It only handles substi-
tutions ``correctly''. The rationale for indel cost is
more arbitrary.

In a frequently used test, the shuf¯e test, the two
sequences are aligned and a score is obtained
(Doolittle, 1986). The signi®cance of this score is

Figure 8. Likelihood surface for
human a globin aligned with
human myoglobin. Only two par-
ameters are allowed to vary, since
the ratio of l/m has been ®xed to
lave/(lave � 1). lave is the average
length of the two proteins. The
numerical optimisation part of the
statistical alignment problems is to
®nd an initial point within this val-
ley, as close as possible to the bot-
tom, and then through a series of
iterations get close to the mini-
mum. In the ¯oor of the diagram
the search for the minimum is
shown. (s, m)0 is the initial guess
obtained from analysing the simi-
larity alignment. After three iter-
ations the improvements in the
likelihood was negligible. BFGS
(see the text) had then used 28
evaluations of the likelihood func-
tion. Each iteration needs several

evaluations to determine ®rst and second derivatives of the likelihood function (in our implementation derivatives
were found numerically, but could in principle be found by dynamical programming).
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evaluated by permuting the order of the amino
acids and aligning the permuted proteins:

Real Random

s
(1) � ATWYFCAK-AC s

(1) � ATWYFC-AKAC

s
(2) � ETWYKCALLAD s

(2) � LTAYKADCWLE

*** ** * **

This is done many times and the real score is
compared to the score of the permuted proteins.
This amounts to sampling in the observed amino
acid distributions without replacement. If the score
for the real sequences are much better (high for
similarity alignment or low for parsimony align-
ment), the proteins are assumed homologous. An
illustration of this test for a globin and myoglobin
is shown in Figure 10 (top).

This approach has several drawbacks. Firstly, it
is dependent on having the correct alignment,
which is unlikely for distant sequences. Secondly,
it must ®x a time back to a common ancestor that
is unknown, since any substitution matrix assumes
a distance between sequences. Thirdly, it is hard to
introduce more realistic models of sequence evol-
ution in this test. Statistical alignment has the
potential of solving these problems.

Statistical alignment based test

In testing homology we are asking if two
sequences have a common ancestor ®nitely far
back in time. Here we try to distinguish two
competing hypotheses. Are they independent
sequences from the equilibrium distribution on the
set of sequences? Or are they related by a tree with
a root ®nitely far back in time? The test will be
parametric bootstrap as described by Cox (1962).

(1) All parameters, (lreal, mreal, sreal), are estimated
by maximum likelihood for the given sequences.

(2) Pairs of independent sequences, (s(1), s(2))i, are
simulated using these parameters.

(3) These simulated sequences are analysed
using statistical alignment and parameters are
reestimated, (li, mi, si).

The following statistic, U, is calculated for the
real sequences and for the simulated sequences:

U � ÿ2 ln
P�s�1�; s�2��

P�s�1��P�s�2��

Now, the value for the real sequences can be com-
pared to the distribution of the values for the simu-
lated sequences. If the value for the real sequences
is extreme for the distribution, the sequences are
homologous.

An illustration of this test for a globin and myo-
globin is shown in Figure 10 (bottom). This
approach has solid potential, but at present it has a
number of drawbacks that prevent it from broad
use. Firstly, it is much slower than database scan-

Figure 9. This Figure shows the likelihood values in
different iterations. After three to four steps, a guess
very close to the maximum likelihood has been
achieved.

Figure 10. Top: shuf¯e testing of the homology
between myoglobin and a globin. The arrow to the right
is the score of the real sequences. Bottom: testing the
homology between myoglobin and a globin, using stat-
istical alignment. The arrow to the right is the score of
the real sequences.
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ning programs. Secondly, the TKF91 process is not
a realistic model for sequence evolution. Especially,
the geometric equilibrium distribution of sequence
lengths is not believable and should be improved.

A method for homology testing, that also sums
over all alignments, but without an evolutionary
model has been made by Bucher & Hofmann
(1996).

Goodness of fit-testing the TKF process

It is obviously of importance to test the proposed
model when using it to analyse real data. Tests
have been developed (especially due to Goldman
(1993)) for testing substitution models, when an
alignment is given. Since the new aspect of the
TKF91 process is the indel process, we will focus
on testing whether this aspect of sequence evol-
ution is well modelled. The TKF91 model assumes
that insertions and deletions occur in steps of one.

Many optimisation alignment methods put
much emphasis on having the correct gap penalty
function and assume that indels can involve longer
segments. The alignments obtained by the TKF91
method can also have consecutive runs of gaps
signs, but they would all have been inserted or
deleted individually. If longer indels occur, it
should nonetheless be re¯ected in longer runs of
gap signs in the alignments proposed by the
TKF91 method. It is therefore very natural to com-
pare the p functions with the corresponding con-
®gurations of survival and number of descendant
obtained from the TKF91 method.

Again, consider human a globin and b globin. If
their true alignment could be observed, the fate of
141 amino acids and one immortal link had been

observed. Table 2B shows which numbers would
be obtained if the alignment in Figure 3 were used.
Given the maximum likelihood parameters and the
two sequences, Table 2C can be ®lled by a
dynamic programming algorithm, using recursion
(1-2) to assign probabilities of the fate of s(1)[i] in
s(2) given that {s(1)

i ! s(2)
j }. We chose to sample

alignments (100) according to their probability,
using the stochastic backtracking procedure, since
this was easier to program. This is not an align-
ment chosen uniformly among all possible align-
ments, but chosen randomly in proportion to how
much they contribute to the likelihood function in
the maximum likelihood point.

The difference between Table 2A and C is
measured by the X2 � (obs ÿ exp)2/exp statistic.
This is 532.17 in this case. The cells contributing to
this are shown in Table 2D. It is obvious from
alignments of real sequences, that longer runs of
gap signs occur, that are not in accordance with
the model.

It is possible to get longer series of gap signs in
alignments of real sequences, that contribute mas-
sively to the X2

real statistic. If this contribution is
statistically signi®cant, a natural interpretation
would be that longer indels had occurred. None-
theless, alternative explanation cannot be ruled
out. For instance, the indel rate could be unevenly
distributed along the sequence, so many single
indels occurring next to each other were actually
quite probable.

To assess signi®cance between Table 2A and C,
100 sequences (si terms) were simulated starting
from a globin and evolving according to the esti-
mated evolutionary parameters. The X2 statistics
were calculated from these by making analogues

Table 2. Results from the goodness of ®t test for the indel model in the evolution of a globin to b globin

A. Expected according to model and length of a globin
No. of descendants 0 1 2 3 4 5 6
Immortal link - 0.9642 0.0346 0.0012 0.0000 0.0000 0.0000
Mortal links - survived - 130.95 4.6937 0.1682 0.0060 0.0002 0.0000
Mortal links - died 5.0891 0.0890 0.0032 0.0004 0.0000 0.0000 0.0000

B. Observed in optimal alignment
No. of descendants 0 1 2 3 4 5 6
Immortal link - 1 0 0 0 0 0
Mortal links - survived - 135 2 1 1 0 0
Mortal links - died 2 0 0 0 0 0 0

C. Expected according to model and sequences
No. of descendants 0 1 2 3 4 5 6
Immortal Link - 0.95 0.05 0.00 0.00 0.00 0.00
Mortal links - survived - 132.77 4.14 0.67 0.35 0.21 0.05
Mortal links - died 2.68 0.12 0.01 0.00 0.00 0.00 0.00

D. X2 difference between A and C
No. of descendants 0 1 2 3 4 5 6
Immortal Link - 0.0004 0.0069 0.0012 0.0000 0.0000 0.0000
Mortal links - survived - 0.0253 0.0653 1.496 19.62 203.62 311.04
Mortal links - died 1.1404 0.0108 0.0145 0.0001 0.0000 0.0000 0.0000

Maximum likelihood parameter estimates were obtained from analysis of a globin and b globin and then regarded as ®xed. Each
section (A to D) tabulates the quantities relating to the three p functions. A. The expectation from the different p functions. For the
mortal links, these expectations are 141pk (survived) and 141pk

0 (died). For the immortal link it is simply pk
00, since there is only one.

B. The result, if the optimal alignment (Figure 3) were used in ®lling out the Table. C. Sampling 100 random alignments in propor-
tion to their probability using equation (11). D. Contributions to the X2 statistic form the difference between A and C.
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to Table 2A and C. If X2
real is extreme in this distri-

bution, the indel process does not ®t well with the
real sequences. The distribution of X2 is shown in
Figure 11 together with X2

real. Obviously, the
TKF91 needs modi®cation to be a satisfactory
model.

Discussion

This article has highlighted some of the advan-
tages of a more statistical approach to alignment,
the main ones being:

(1) It is explicitly founded on a description of
molecular evolution.

(2) Parameters are estimated and biologically
meaningful.

(3) Different evolutionary events can be assigned
probabilities.

However, the present model is unrealistic, thus,
many generalisations and improvements are of
immediate practical interest.

Since it is clear that indels longer than one
nucleotide or amino acid do occur, incorporating
this into a model would be a signi®cant step
towards biological realism. However, it is not
straightforward to do this. Allowing for longer
insertions is simple and such a longer insertion
could be associated to a single link, as in the
TKF91 process. Longer deletions remove intervals
of sequences, and should be modelled so that the
whole process is time reversible, since this has
computational advantages. There is no biological
reason for believing that the insertion process
should be the time-reversed image of the deletion
process. It remains to be explored how seriously
this assumption is violated in real data.

A second extension would be to generalise the
TKF91 dynamic programming algorithm, calculat-
ing the likelihood for a set of homologous
sequences. Steel & Hein (2000) have done this for k
sequences, related by a star-shaped tree. J.H.
(unpublished results), has generalised this further
to k sequences, related by a binary tree, in an algor-
ithm that has O(lk) running time in the sequence
length. This is analogous to the parsimony algor-
ithm relating k sequences devised by Sankoff
(1975). However, an implementation of the likeli-
hood method would be much slower than the par-
simony/similarity method, due to its more
complicated algorithm, parameter optimisation,
etc. To yield a practical statistical multiple align-
ment method, other methods than the dynamic
programming algorithm would have to be used,
e.g. Markov chain Monte Carlo methods.

Modelling substitutions and indels that are
unevenly distributed along the sequences could
also be improved. Real sequences will have differ-
ent probabilities of insertion/deletion for different
regions. For proteins, it is well known that inser-
tion/deletions are more frequent in loop regions
than in sheets and helices, and it would give a

more realistic model to take advantage of this
knowledge. Incorporating the hidden Markov
model for different structural categories as done by
Goldman et al. (1996) seems especially relevant.
Using hidden Markov models will pose a problem,
since the indel process would make the Markov
model longer and shorter at stochastic times.

The TKF91 model is simple and tractable, but it
would be of interest to explore alternatives. The
view of a sequence being tagged by an immortal
link does not conform to biological intuition. A
possibility would be to let a sequence be born from
a given equilibrium distribution and to be killed
according to some process. Whether this could
lead to a tractable process remains to be explored,
but it would conform better to biological intuition
and could give a better equilibrium distribution of
sequence lengths than the geometric distribution of
the TKF91 model. In this context, it would also be
of interest to formulate how subsequences can be
homologous to subsequences. The tests described
here were solely addressed in terms of global com-
parisons and to devise a practical competitive test,
it would be necessary to formulate an analogue of
local alignment for statistical alignment.

More realistic models of sequence evolution and
methods for aligning more sequences would auto-
matically lead to better homology tests. In this con-
text, it should be noted that when molecular
biologists perform homology tests (or database
searches), their prime objective is not homology,
but rather inferences about function. It might be
advantageous to model this explicitly, i.e. to model
not only the sequence but also the probability that
a sequence with one function obtains another func-
tion. The approach taken here might also unify the
contending approaches of Dayhoff et al. (1978)
versus Henikoff & Henikoff (1992), in making score
matrices. Dayhoff constructs matrices from closely

Figure 11. Goodness of ®t testing indel lengths in the
TKF model. The X2 value of the real data (marked by
an arrow) is very extreme in the distribution of the
simulated X2 values.
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related sequences that will de®ne log-odd scores
for distantly related sequences. Henikoff & Henik-
off use conserved blocks in distantly related
sequences to de®ne log-odd scores directly. These
two approaches seem to focus on quickly and
slowly evolving positions, respectively. A statistical
alignment model directly incorporating quickly
and slowly evolving positions would unify the two
approaches.

The concept of homology in sequence compari-
son is not crystal clear. Since the earliest organism
probably contained very few sequences (possibly
only one), maybe all sequences are homologous in
the strict sense. There have been assertions about
the number of different protein families appearing
in life on earth (Chothia, 1992).

Statistical approaches to alignment have many
advantages relative to parsimony/similarity
approaches, but the latter methods have a large
lead in software developments. Even if statistical
approaches were developed to a stage where it
was better at the conceptual and good at the algo-
rithmic level, there would still be a huge software
gap for many years to come.

Comment

The programs and tests developed in this
paper can all be accessed at the web-site:
www.brics.dk/ � compbio. The program contains
the following parameters to be set of the user: the
narrowness of the band where dynamical pro-
gramming is performed and the level of precision
in parameters, when iterations are to be stopped.
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Appendix I: Finding Alignments

The most probable alignment for a given set of
parameters, can be found. Since the number of
alignments is large, this probability will be small
relative to P(s(2)js(1)). The reasoning behind
equations (3)-(4) can be applied again. Let
s(1) ! s(2) denote all evolutionary paths from s(1) to
s(2). Instead of keeping track of the set
{x 2 s(1)

i ! s(2)
j } and {x 2 s(1)

i ! s(2)
j js(2)[j] is a descen-

dant of s(1)[i] in x} with many alignments in them,
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only keep the most probable alignment in these
sets (indicated with a { }max):

Rmax
i;j �maxfp1Ps�1��i�;s�2��j�P�fs

�1�
iÿ1 ! s�2�jÿ1gmax�;

p0
1ps�2��j�P�fs

�1�
iÿ1 ! s�2�jÿ1gmax�; lbps�2��j�R

max
i;jÿ1g �6�

P�fs�1�i ! s�2�j gmax�

� maxfRmax
i;j ; p0

0P�fs�1�iÿ1 ! s�2�j gmax�g �7�

Using backtracking, the most probable alignment
can be found. This alignment is of little interest
and is mainly calculated to be able to generate one
alignment for illustration. As shown by Thorne
et al. (1991), this alignment is not representative of
the actual history of s(1) and s(2), but without it, this
method would be an alignment method that did
not produce any alignment.

Alignments can be generated in proportion to
their probability. This can be done by the following
procedure starting in (l1, l2) (the lengths of the two
sequences) and going down to (0, 0):

Step Probability Alignment block

Ri;j ! P�s�2�jÿ1js
�1�
iÿ1� p1Ps�1��i�;s�2��j�P�s

�2�
jÿ1js

�1�
i �=Ri;j

s�1��i�

s�2��j�

Ri;j ! P�s�2�jÿ1js
�1�
iÿ1� p0

1ps�2��j�P�s
�2�
jÿ1js

�1�
i �=Ri;j

s�1��i�

ÿ

ÿ

s�2��j�

Ri;j ! Ri;jÿ1 lbps�2��j�P�s
�2�
jÿ1js

�1�
i �=Ri;j

ÿ

s�2��j�

P�s�2�j js�1�i � ! Ri;j Ri;j=P�s�2�j js�1�i � Nothing

P�s�2�j js�1�i � ! P�s�2�j js�1�iÿ1� p0
0=P�s�2�j js�1�iÿ1�=P�s�2�j js�1�i �

s�1��i�

ÿ

It is also possible to sample random align-
ments, using an analogue to equation (5), but it
seems dif®cult to formulate a maximum ana-
logue to equation (5) in the style of equations
(6) and (7).
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Appendix II: Calculating Length
Distributions

Take a sequence of length n. Letting this
sequence evolve over time, makes the length

change according to the l and m parameters of the
model. It is possible to calculate the distribution of
lengths for any given time t that passes.

For low values of t, the length distribution will
be very narrow around n. For larger values of t,
the distribution becomes a skewed bell shape
around n. With very large t values the distribution
will become geometric as dictated by the l and m
parameters.

The generating functions (GFs) can be found for
the number of children of mortal and immortal
links. Multiplying an appropriate number of these
can give the GF for the entire length of a sequence.
Thus, given an initial length and an amount of
time, the length distribution can be calculated as
(Pm being the probability of having length m at
time t, starting at length n):

Pm �
X

min�m:n�

i�0

n � m ÿ i

m ÿ i n ÿ i i

� �

�ÿa�nÿidnÿicibÿnÿm�iÿ1

with:

a � a�t� � ÿ
l

mÿ l
g�t�

b � b�t� � 1 ÿ a�t� � 1 �
l

mÿ l
g�t�

c � c�t� � 1 ÿ
l

mÿ l
g�t�

d � d�t� � 1 ÿ c�t� �
l

mÿ l
g�t�

g�t� � 1 ÿ e�lÿm�t

The average and variance of the length distribution
is:
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E�St� � n �
l

mÿ l
ÿ n

� �

g�t�

Var�St� � nc�1 ÿ c� ÿ �n � 1�a�1 ÿ a�

Appendix III: Expected Number of
Gaps

The expected number of gaps produced by a
mortal link in time t, times its probability of survi-
val is:

g�t� �
X

1

n�1

pn�t��n ÿ 1�

since n ÿ 1 gaps are produced when a mortal link
has n children and it survives. This can be written
as:

g�t� � eÿmt�1 ÿ lb�
X

1

n�0

n�lb�n � eÿmt lb

�1 ÿ lb�
:

The same calculations can be done for mortal links
that die and for immortal links. The total expected
number of gaps is the sum of an appropriate num-
ber of each of these g functions:

#gap �
lb

1 ÿ lb
� s e0mt lb

�1 ÿ lb�

�

� mb� �1 ÿ eÿmt ÿ mb�
2 ÿ lb

1 ÿ lb

�

b �
1 ÿ e�lÿm�t

mÿ le�lÿm�t

mt

lt
�

s � 1

s
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Changes in protein function can lead to changes in the selection

acting on specific residues. This can often be detected as evolu-

tionary rate changes at the sites in question. A maximum-likeli-

hood method for detecting evolutionary rate shifts at specific

protein positions is presented. The method determines significance

values of the rate differences to give a sound statistical foundation

for the conclusions drawn from the analyses. A statistical test for

detecting slowly evolving sites is also described. The methods are

applied to a set of Myc proteins for the identification of both

conserved sites and those with changing evolutionary rates. Those

positions with conserved and changing rates are related to the

structures and functions of their proteins. The results are compared

with an earlier Bayesian method, thereby highlighting the advan-

tages of the new likelihood ratio tests.

The explosive growth of available sequence data has necessi-
tated the development of new computerized methods for the

functional analysis of proteins. A number of methods have been
developed for studying the functions of proteins from their
sequences and protein-coding DNAs (1–3). Some of these
methods estimate the ratio between nonsynonymous and syn-
onymous rates within protein-coding genes, with ratios �1 and
�1 indicating positive versus negative selection, respectively (4).
Methods for performing these analyses on a site-specific level
also have been developed (5). Along these lines, other methods
have focused on amino acid conservation as an indication of
protein function (6, 7). This approach is founded on the assump-
tion of functional constraint (i.e., that functionally important
residues and sequences are under stronger selective constraints
that lower their evolutionary rates).

The concept of amino acid conservation can be taken one step
further to yield insights about changes in function over time. This
divergence of protein function often is revealed by a rate change
in those amino acid residues of the protein that are most directly
responsible for its new function (8, 9). To investigate this change
in evolution, a likelihood ratio test (LRT) is developed for
detecting significant rate shifts at specific sites in proteins.

Such rate changes at a site over evolutionary time trace back
to the covarion model of Fitch and Markowitz (10). In this
model, the state of a site can change between variable and
invariable. Such changes can also occur anywhere in the evolu-
tionary tree relating the sequences under analysis. Furthermore,
as the acronym implies (concomitantly variable codons), these
rate shifts are tied to sites whose evolution is correlated and is
not independent (11). The LRT method assumes that changes
occur at a specific point in evolution and that these changes are
independent. Here, change is not limited to variable versus
invariable, but involves shifts between any two rates. For this
reason, we are not dealing with a true covarion model (12, 13).
Thus, a site showing a significant rate change will from here on
be called a rate shift site, rather than a covarion site.

The reason for focusing on a specific evolutionary point is that
gene duplications can create opportunities for functional diver-
gence as one copy of the gene can divergently evolve, whereas the
other fulfills the original function (2, 7). Other points in gene
evolution where functional change is most likely reflect specia-

tion events that lead to the origins of new major groups [e.g.,
ciliates versus other eukaryotes in the divergence of their
elongation factors (14)].

A slow evolutionary rate at a given site would indicate that this
position is functionally important for the protein. Conversely, a high
evolutionary rate would indicate that the position is not involved in
an important protein function. A significant rate difference be-
tween two subfamilies at a given site would thereby mean that the
function of this position is probably different in the two groups.

Some work has been done in this area before (2, 8, 15). The
approach developed here is unique in that it uses an LRT to
determine the significance of the rate differences at specific
positions. A test is also developed for deciding whether a given
site is evolving slower than the average for the entire protein
being analyzed.

Tests for detecting whether two subfamilies have undergone
functional divergence have been developed before (15) and will
not be the focus of this work. Instead, it is assumed that the
subfamilies are known to be functionally divergent, either from
biochemical knowledge or previous statistical tests. This work
aims to pinpoint the protein positions responsible for this
divergence.

The methods are illustrated with a set of Myc proteins and the
biochemical significance of these results is discussed. The results are
compared with those using the Bayesian method of Gu (15), which
calculates the posterior probability of a rate shift. The reasons for
the differences between the two approaches are explained.

The Model

The LRT is used as the basis for detecting rate shift sites. The
basic idea behind this test, as used in an evolutionary context, was
reviewed by Huelsenbeck and Rannala (16).

Position-Specific Rate Shift Test. To test whether a site from two
related groups of sequences is evolving differently, the positions
are analyzed individually. An outline of the method is shown in
Fig. 1 Left and Center.

The test used is as follows. The null hypothesis, H0, states that
a given position evolves with different rates in the two sequence
subfamilies. The likelihood under this model is calculated by
using the method of Felsenstein (17). The rate matrix used is the
JTT matrix of Jones et al. (18). The two rates of evolution are
varied to obtain the maximum-likelihood (ML) value under this
model, L0.

In contrast, hypothesis one (H1) states that the position
evolves at the same rate in the two subfamilies. Again, calcula-
tions are done according to Felsenstein (17) and with the JTT
matrix, but with a single rate used for the two subfamilies. The
optimal rate is found, giving the ML value under this model, L1.

Abbreviations: LRT, likelihood ratio test; ML, maximum likelihood; bHLHZip, basic helix–
loop–helix leucine zipper.
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Using an LRT statistic, we can evaluate H1. The test statistic
can be written as:

U � �2log
L1

L0

.

Because H1 is a special case of H0 (the hypotheses are nested),
the likelihoods will always obey the relationship that L1 � L0.
This means that U will never be negative.

There are two degrees of freedom under H0, whereas there is
only one under H1. This could indicate that under H1, the
distribution of U is approximately �2 with one degree of freedom,
here denoted �2(1). To investigate how close the distribution of
U is to �2(1), a number of simulations were conducted (Fig. 2).
The simulated distributions were quite close to the �2(1) distri-
bution, so a �2(1) test can be used with some caution.

Unknown and partially known amino acids are treated as
described by Felsenstein (17). This means that unknown amino
acids have the effect of pruning the tree to remove the sequences
containing them. Gaps are treated like unknown amino acids.
This means that all columns in the alignment can be used in the

analysis, even though some sequences are unknown or gapped in
that region. For moderate numbers of sequences with a gap at
a specific position, the test statistic is not influenced much,
because this corresponds to using a smaller tree (which would
ideally have the same distribution of U).

Advantages and Disadvantages of the Method. The LRT method
has the advantage that it is simple and direct. It answers exactly
the question of interest: Does a given position evolve at different
rates in different protein subfamilies? The Bayesian method is
indirect, because it only uses the JTT matrix to count the
expected number of replacements within each subfamily, before
comparing these counts (15). The problem is that some replace-
ments are rare (e.g., lysine to cysteine), whereas others are more
common (e.g., valine to isoleucine). The JTT rate matrix is fully
incorporated in the likelihood calculations presented here to
accommodate this fact.

Another advantage of this method, compared with some
earlier ones (e.g., ref. 8), is that it acknowledges that the
subfamilies are related to each other and are not independent.
To illustrate this, consider a given position in the sequences of
Fig. 1. Assume that Seq1a and Seq1b have an isoleucine and a
leucine, respectively, at this position, whereas Seq2a, Seq2b, and
Seq2c have alanines at this site. We know that at least two
replacements have occurred. The ML estimations of the indi-
vidual rates for the two subfamilies give a slow rate to subfamily
2, because there is no direct evidence of a replacement there.
Subfamily 1, on the other hand, requires one replacement, and
its rate of evolution is estimated to be fast. This means that the
model will tend to assume that both of the replacements
occurred in subfamily 1. This gives a more significant difference
than methods that do not take the relationship between the two
subfamilies into account, because they only use the single
replacement. Here, then, this hypothetical site would be signif-
icant according to our test with the two subfamilies considered
together (U � 4.07, P � 0.044), but barely insignificant if the two
were analyzed separately (U � 3.17, P � 0.075).

The obvious next question is: Which significance value should
be used in these tests? Often a value of P � 0.05 is chosen. The
problem here is that multiple tests are being performed. For an
alignment of length l, this means that �0.05l sites will be
significant just by chance when P � 0.05 is used. To correct for
this multiple testing, a stricter P value should be chosen, de-
pending on the number of sequences under analysis. For small
data sets with relatively few sequences, power is low, so a very
strict significance level will yield few results.

Taking all of this into account, we recommend that 0.05l be
used to estimate the expected number of sites with P � 0.05 by
chance alone. This expectation can then be compared with the

Fig. 1. Assume that a gene duplication has resulted in two protein subfamilies. The first consists of sequences Seq1a and Seq1b, whereas the second includes
sequences Seq2a, Seq2b, and Seq2c. (Left) H0, where the rates for a site may differ from one protein subfamily to the other. This rate divergence occurs at the
root of the tree, where the duplication event occurred. (Center) The situation under H1. The evolutionary rate for a site remains the same throughout the entire
tree. If H1 is rejected, rate shift behavior is present at the position under inspection. If H1 is retained, then one can test whether the rate for this site is equal to
the average for both proteins. (Right) The testing of this hypothesis (H2). If H2 is rejected, the evolutionary rate for the site is significantly different from the
average for all positions.

Fig. 2. The �2 distribution with one degree of freedom (smooth curve)
compared with a simulation study of U (ragged curve). The simulations
consisted of 1,000 samples generated under H1, with rates drawn from a
gamma distribution. The calculations are based on the phylogeny and ML
conditions used in the Myc protein example. The distribution of U approxi-
mately follows that of the �2(1) statistic, especially in the upper part. Other
follow-up simulations indicate that this distribution generally conforms more
closely to the �2(1) curve as the two subfamilies increase, both in terms of their
branch lengths and numbers of sequences (Figs. 4–7, which are published as
supporting information on the PNAS web site).
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observed number of such sites to assess the number of positions
with significantly different rates. Those sites with very significant
rate changes may stand out among the others. In turn, the entire
set of potentially significant sites can be further evaluated for
their importance against independent structural and functional
data for their proteins (8, 19). A combined approach that uses
both perspectives is illustrated below for Myc proteins.

LRT for Conserved Sites. As outlined in Fig. 1, one can also test
whether the rate for a site is different from the average for all
protein positions. Such a test is done if H1 is accepted (i.e., both
subfamilies have the same rate). The test is done exactly like the
rate shift test described above. The test statistic, U, again
approximates a �2(1) distribution according to simulations under
this hypothesis (H2) (Fig. 8, which is published as supporting
information on the PNAS web site, www.pnas.org). In many
cases, the most interesting sites will be those that have a
significantly slower rate than the average, because these posi-
tions are most likely to be those under the strongest selective
constraints and of greatest functional importance.

Analysis of a Set of Myc Sequences

To illustrate the utility of these methods, a set of 38 proteins for
c-Myc, N-Myc, and L-Myc (27, seven, and four sequences,
respectively) was analyzed for sites with rate shifts and slower
rates. These protein sequences included all of those used by
Miyamoto and Freire (20), except for those of the intron-less
retrogenes, viruses, and nonvertebrates. In addition, these 38
Myc sequences included the five new ones for eutherian mam-
mals reported by Miyamoto et al. (21).

The alignment of the 38 Myc proteins was based on the conserved
regions used by Miyamoto and Freire (20). The areas between their
conserved regions (including the common boundary between exons
2 and 3) were aligned by using CLUSTAL W (22). The final length of
the alignment was 583 positions, of which 285 had no gaps. In turn,
440 aligned positions did not have a gap in at least one sequence in
both the c-Myc and N-Myc subfamilies. Thus, 440 positions were
considered in our analysis of rate changes among sites (see below).
All of the position numbers discussed in the following are relative
to human c-Myc (23).

The phylogenetic tree used was that of Miyamoto and Freire
(20), except that the interordinal relationships of eutherian
mammals were fixed according to recent phylogenetic syntheses
of both their molecular and morphological data (24–26). The
branch lengths of this final phylogeny were optimized by ML
using the JTT matrix and gamma distribution for rate hetero-
geneity among sites (27). The two protein subfamilies compared
in our example were c-Myc and N-Myc, whereas L-Myc was used
as their outgroup.

The final set of Myc sequences (with accession numbers),
multiple sequence alignment, and phylogenetic tree are shown in
Table 3, Fig. 9, and Fig. 10, respectively, which are published as
supporting information on the PNAS web site.

Results and Interpretation. The c-myc, N-myc, and L-myc genes
encode transcription factors that are important in the regulation
of cell proliferation and differentiation (23, 28, 29). The c-myc
gene is expressed in many tissues and developmental stages,
whereas the expression of both N-myc and L-myc is reduced
spatially and temporally. Mutations in these genes have been
implicated in many human cancers (30). The proteins of all three
genes can be divided into three primary regions: (i) the N-
terminal domain (positions 1–144 of human c-Myc); (ii) the
central region (positions 145–354); and (iii) the basic helix–loop–
helix leucine zipper (bHLHZip) (positions 355–439) (Fig. 3).
The N-terminal domain is essential for transcriptional regulation
through both transactivation and repression, whereas the
bHLHZip is critical for specific DNA binding. The central region

includes sites for nonspecific DNA binding, nuclear localization,
and additional phosphorylation.

Ninety one sites in our evolutionary analyses were defined by
rates that were the same in c-Myc and N-Myc, but that were
slower than the average for both proteins (Fig. 3). These
positions map to different boxes and regions that are of known
functional importance to Myc proteins (e.g., Myc boxes 1 and 2
that are critical for the modulation and integration of transcrip-
tional regulation and for transcriptional repression, respectively)
(28, 29). Furthermore, these 91 sites with slower rates are not
randomly distributed across the three primary regions of Myc
proteins (Table 1). This nonrandom pattern identifies the N-
terminal domain and bHLHZip as conserved relative to the
more variable central region. This greater conservation for the
N-terminal domain and bHLHZip is not surprising, given that
the primary functions of Myc proteins (transcriptional regulation
and specific DNA binding) depend on these two regions.

Our LRTs identify 49 sites with significant rate differences at the
level of 5% (Table 2). Because the alignment has 440 positions that
could show rate shifts, �22 such sites are expected by chance alone
(440 � 0.05). This indicates that there are �27 more sites with
significant rate differences than expected. At the 1% level, there are
16 sites with significant rate changes, which again is more than
expected by chance (4 or 440 � 0.01). This illustrates the value of
using significance levels that are easy to interpret.

These 49 sites are not randomly distributed across the three
primary regions of c-Myc and N-Myc (Table 1). Rather, there are
relatively too many and too few sites with significant rate changes
in the N-terminal domain versus bHLHZip, respectively (Fig. 3).
These results agree with those of Dermitzakis and Clark (31),
who showed that the transactivation domains (but not the DNA
binding regions) of different transcription factors from the
MyoD and Mef2 gene families were characterized by variable
rates between duplicate genes. Thus, these results are consistent
with their hypothesis that the domains for transcriptional regu-
lation may be more important for the functional differences
among transcription factors than their DNA binding regions.

Furthermore, these 49 sites pinpoint more specific boxes and
other regions, as of greatest potential importance for the known
functional differences between c-Myc and N-Myc. For example,
Prendergast (28) hypothesized that positions 107–130 may un-
derlie the functional differences in transactivation and transfor-
mation that distinguish c-Myc from N-Myc. Our results identify
nine sites with significant rate differences that map to this region
(Fig. 3). These nine sites can now serve as specific targets in
experiments with site directed mutagenesis for their effects on
transactivation and transformation (32).

Comparison to Earlier Work. The ranking of sites by their signifi-
cance values differs from that derived from the Bayesian method
(15) (Table 2). This is primarily because all replacements are
effectively equally weighted in this method. Even though the JTT
matrix is used to infer expected numbers of replacements, all
replacements are treated equally thereafter. Any method based
on comparisons of replacement counts will suffer from this
problem. It is not only the number of replacements, but also the
nature of those replacements that is important in estimating the
significance of an observation.

To illustrate this point, consider position 414 (Fig. 3). It has
leucine in all N-Myc sequences, whereas the c-Myc sequences
have isoleucine, leucine, threonine, and valine. The latter four
amino acids can quickly change between each other, as indicated
in the JTT matrix. This means that a relatively slow evolutionary
rate can explain the variation at this position in c-Myc. This
reason is why this site has a low rank (47 overall and 25 among
ungapped sites), compared with the Bayesian method (five
among ungapped positions) (Table 2). The latter considers the
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high number of replacements, but fails to acknowledge that these
changes are all very common ones.

Another distinction between our LRT and the Bayesian
method (15) is that ours does not assume anything about the
distribution of rates across sites. Our distribution-free approach
stands in contrast to the latter’s reliance on the gamma distri-
bution for the accommodation of rate heterogeneity among sites.
Our approach also addresses a different question than the one

asked by the Bayesian method. In our approach, the question is:
Are the rates for a site the same in two subfamilies (Fig. 1)? In
the alternative method, the question is instead: Are the rates for
a site independent between two subfamilies? This latter distinc-
tion becomes particularly important, when the rates for a site are
both fast but different in two subfamilies. Here, our approach is
more likely to identify this site as significant, because it tests for
rate differences, rather than rate correlations.

Fig. 3. Summary of results for the 38 Myc proteins, as represented by the c-Myc and N-Myc sequences for human (Homo sapiens), chicken (Gallus gallus), and frog
(Xenopus laevis). The full alignment for all 38 Myc sequences is provided in Fig. 9, which is published as supporting information on the PNAS web site. Sites with both
blue and red highlighting correspond to those with significant rate differences between the two subfamilies. In these cases, the blue and red distinguish the subfamily
with the slower rate from the one with the faster rate, respectively. In turn, sites that are entirely blue or red highlight those with the same rate in the two subfamilies,
but with significantly slower or faster rates than the average for all positions, respectively. In all cases, significance refers to the 5% level. Key structural and functional
regions of the Myc proteins are labeled above and below the multiple sequence alignment (23, 28, 29). NLS, nuclear localization signal.

Table 1. Distributions of sites with significant rate shifts and equal, but significantly slower rates among the

three primary regions of Myc proteins (Fig. 3)

Myc region

Rate shift sites Equal, but slow rates

Significant sites Other sites Totals Significant sites Other sites Totals

N-terminal domain 22 (15.0) 113 (120.0) 135 36 (26.3) 77 (86.7) 113
Central region 24 (24.7) 198 (197.3) 222 30 (46.1) 168 (151.9) 198
bHLHZip 3 (9.2) 80 (73.8) 83 25 (18.6) 55 (61.4) 80

Totals 49 391 440 91 300 391

These summaries are for the 440 positions that could show rate changes between c-Myc and N-Myc. The chi-square test for rate shift
sites is significant at the level of 1.5% (X2 � 8.4). The chi-square test for equal, but slow, rates is also significant (X2 � 14.8, P � 0.001%).
Expected counts are given in parentheses.
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The above analysis of rate shift sites by the Bayesian method
is based on the fast approximate procedure that is now available
in the DIVERGE (version 1.04) computer program (ref. 15;
http:��xgu1.zool.iastate.edu�doc.html). Recently, Gu (2) pre-
sented a full Bayesian alternative for such analyses under the
JTT model, thereby correcting for the differences in replace-
ment rates among amino acids. Currently, a finished computer
program for general distribution is not available for this alter-
native, although one is expected soon (X. Gu, personal commu-
nication). Furthermore, this alternative still differs from our
LRT in its dependence on the gamma distribution to model rate
heterogeneity among sites and in its testing of rate correlations,
rather than rate differences. It also relies on an indirect proce-
dure for its likelihood calculations of the whole tree, whereby
these determinations are made for two extreme lengths of the
internal branch that connect its two subtrees. These separate
calculations are then linearly combined to obtain the final
likelihood of the whole tree. In the Appendix, we present a direct
procedure for the calculation of this likelihood.

Power Analysis. The power of the LRT for rate shift sites was
examined with evolutionary simulations using the Myc phylogenetic
tree (Fig. 10, which is published as supporting information on the
PNAS web site). When the same rates were used at each site
between the c-Myc and N-Myc subfamilies, 3.9% of the positions
(of 1,000) were significant at the level of 5%. This number should
ideally be 5%, but the �2 distribution of the test statistic is not exact
as shown in Fig. 2. When the N-Myc rate at each position was
doubled, but halved in c-Myc, for 500 sites, then vice versa for 500
additional sites, the percentage of significant positions of 1,000
increased to 10.4% for this rate ratio of four. When the rate ratio
was then increased in this fashion to 16, 34% of the 1,000 sites were
now significant. These power analyses indicate that quite high rate
ratios are needed to detect rate shift sites between c-Myc and
N-Myc. Because of the limited power of the test, it is particularly
important to use as many sequences as possible for each subfamily.
Furthermore, when using few sequences, evolutionary simulations

are recommended, instead of the �2 approximation, for determin-
ing significance levels.

Phylogenetic Errors. To examine the effects of phylogenetic error
on the detection of rate shift sites, the LRTs for the Myc
sequences were repeated by using five additional phylogenies.
The first two phylogenies were obtained from the neighbor-
joining and protein parsimony analyses of the Myc sequences
(33), whereas the next two were produced by rerooting the
accepted tree at the basal nodes of the c-Myc and N-Myc
subfamilies, respectively (20, 24–26). The fifth tree was gener-
ated by randomly rearranging the sequences within each sub-
family of the accepted phylogeny.

The first two trees were relatively similar topologically to the
accepted phylogeny, as they differed from the latter by symmet-
ric differences of 20 and 21, respectively (33). In turn, the two
rerooted trees varied from the accepted phylogeny only by their
minimized versus maximized basal branches for the c-Myc versus
N-Myc subfamilies (and vice versa), respectively. Forty one to 57
sites were significant according to these four alternatives, with 38
to 46 of these positions overlapping with the 49 for the accepted
phylogeny (Tables 4 and 5, which are published as supporting
information on the PNAS web site). These results indicate that
the LRT for rate shift sites is relatively insensitive to rearrange-
ments within the gene tree.

In contrast, the ‘‘random’’ alternative was quite different from
the accepted phylogeny, as it varied from the latter by a symmetric
difference of 60. One hundred and sixteen sites were significant
according to this random alternative, with 41 of these positions
overlapping with the 49 for the accepted phylogeny (Tables 4 and
5). These 116 sites document an increase in the frequency of false
positives as valid groups are fragmented and additional parallel and
back replacements are introduced into one subfamily versus an-
other. This situation becomes most acute when one subfamily is
varied for a site, but another is not. In this case, the addition of
parallel and back replacements in the first subfamily exaggerates its
rate for the site relative to that of the second. Correspondingly, the

Table 2. The 49 positions with significant rate shifts between the c-Myc and N-Myc subfamilies
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1 94 c-Myc 0.000040 — 18 284 N-Myc 0.010 4 35 146 c-Myc 0.027 11
2 221 c-Myc 0.00054 — 19 230 c-Myc 0.012 12 36 285 N-Myc 0.028 16
3 96 c-Myc 0.00062 — 20 157 c-Myc 0.012 — 37 153 c-Myc 0.031 —
4 272 N-Myc 0.00081 — 21 117 c-Myc 0.013 — 38 408 N-Myc 0.031 15
5 113 c-Myc 0.00085 2 22 283 N-Myc 0.014 6 39 121 c-Myc 0.035 13
6 68 c-Myc 0.0020 — 23 111 c-Myc 0.014 39 40 150 c-Myc 0.035 41
7 99 c-Myc 0.0025 1 24 277 N-Myc 0.015 3 41 83 c-Myc 0.036 —
8 114 c-Myc 0.0030 — 25 154 c-Myc 0.015 80 42 73 c-Myc 0.037 —
9 286 N-Myc 0.0040 — 26 293 c-Myc 0.017 10 43 282 N-Myc 0.037 24

10 66 c-Myc 0.0044 — 27 222 c-Myc 0.017 — 44 340 c-Myc 0.040 17
11 178 c-Myc 0.0071 — 28 301 c-Myc 0.017 9 45 404 N-Myc 0.041 21
12 273 N-Myc 0.0072 — 29 100 c-Myc 0.018 19 46 281 N-Myc 0.043 8
13 75 c-Myc 0.0077 — 30 122 c-Myc 0.022 14 47 414 N-Myc 0.048 5
14 69 c-Myc 0.0082 — 31 214 N-Myc 0.023 — 48 67 c-Myc 0.049 —
15 274 N-Myc 0.0084 30 32 109 c-Myc 0.024 18 49 93 c-Myc 0.050 —
16 116 c-Myc 0.0091 — 33 314 c-Myc 0.026 47
17 70 c-Myc 0.0099 — 34 115 c-Myc 0.027 —

These 49 positions are ranked according to their P values. At a significance level of 0.05, approximately 22 significant sites are expected by chance. Thus,
approximately 22 of these sites may be random occurrences. Bayesian rank refers to the results from the Bayesian analysis of these Myc sequences (15). As this
method cannot accommodate sites with any gaps or unknown positions, several sites in our analysis (marked by dashes) were excluded by the former.
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chance of a significant rate difference between them (i.e., a false
positive) becomes exaggerated, too.

Future Directions

A direct statistical test for rate shift sites is presented. It takes the
known replacement pattern of amino acids into account through
a suitable rate matrix and provides significance values that are
easy to interpret. The method is shown to perform well on a
protein family that has been studied before for its rate shift
positions (15). These comparisons now await further analyses of
this protein family with a new ML method (2).

One interesting area of future research is to study the heter-
ogeneity of amino acid frequencies between subfamilies, in
addition to their rate shift sites (15). This can be done both on
a position-specific level and the whole sequence level. Such
investigations would complement the use of rate changes to
identify sites of potential functional significance (2).

To compensate for the limited power of the LRT, one can
analyze groups of sites rather than individual positions. These
groups should be defined a priori according to the structural and
functional properties of the protein (e.g., the bHLHZip of Myc).
By analyzing positions together, one can increase the power of
the test, but at the cost of site specificity. Furthermore, the �2

method for testing significance becomes questionable in this
case, as the small deviations at each site of the group will lead
to a large overall departure from this idealized distribution.
Thus, when sites are grouped, evolutionary simulations will
provide a superior test of significance. Finally, by considering the
entire protein as the group, one can test for rate shifts at the
whole sequence level in a manner that is analogous to the �
coefficient in the Bayesian method (2, 15).

Availability of Computer Programs

The programs of this study are available at www.daimi.au.dk�
�compbio�rateshift. These programs can analyze both protein and
nucleic acid sequences for rate shift sites and conserved positions.

Appendix: A Bayesian Approach for the Identification of Rate
Shift Sites

If the rates among sites are assumed or known to follow some
distribution, e.g., a gamma distribution, this information can be
used as a prior in a Bayesian analysis of rate shift positions.

The whole tree is designated T, whereas the subtrees for the
two subfamilies under investigation are denoted T1 and T2,
respectively. Note that T1 and T2 include the branches that
connect their most recent common ancestors to the root of the
whole tree. Thus, T can be formed directly by joining T1 and T2.
The inclusion of these basal branches with their subtrees elim-
inates the need for separate likelihood calculations, as in the
whole tree procedure of the new Bayesian method (2). For a
given site, let X then denote the amino acid configuration for all

sequences, whereas X1 and X2 represent the configurations in the
two respective subfamilies.

We can calculate the probability of the data, P0(X), given that
the rates for a site are independent between the two subfamilies.
Here, �1 � �2 is used to symbolize that the two rates are
independent, with � referring to their prior distributions. In the
equations below, x represents the amino acids at the root of the
whole tree:

P0�X	 � P�X�T, �1 � �2	

� �
�1 � 0


 �
�2 � 0




P�X��1, �2, T	���1	���2	d�1d�2

� �
�1 � 0


 �
�2 � 0


 �
x

�P�X1�x, �1, T1	P�X2�x, �2, T2	P�x	�

� ���1	���2	d�1d�2

� �
x

P�X1�T1, x	P�X2�T2, x	P�x	.

Notice that no two-dimensional integration is necessary. The
integrals can be computed numerically.

We can also calculate the probability of the data, P1(X), given
that the two rates are equal.

P1�X	 � P�X�T, �1 � �2	 � �
� � 0




P�X��1 � �2 � �, T	���	ḋ�.

The two hypotheses can now be compared by comparing their two
probabilities. This can be expressed as the posterior probability that
the rates are independent at the site under investigation.

P��1 � �2�T, X	 �
P�X�T, �1 � �2	P��1 � �2�T	

P�X�T	

�
P0�X	P��1 � �2	

P1�X	�1 � P��1 � �2		 � P0�X	P��1 � �2	
.

A prior probability for the rates being independent, P(�1 � �2),
is needed. This probability can be estimated as by Gu (15), who
uses � (the coefficient of functional divergence) as the prior.
Using this, we can obtain the probability that the rates at a given
site are independent between the two subfamilies.

We thank X. Gu, M. R. Tennant, and an anonymous reviewer for their
comments about our research and X. Gu for the use of his program. This
research was supported by funds from the Hede Nielsen Family Foun-
dation to B.K. and by the assistance of the Department of Zoology,
University of Florida.

1. Bork, P. & Koonin, E. V. (1998) Nat. Genet. 18, 313–318.
2. Gu, X. (2001) Mol. Biol. Evol. 18, 453–464.
3. Thornton, J. M. (2001) Science 292, 2095–2097.
4. Yang, Z. & Bielawski, J. P. (2000) Trends Ecol. Evol. 15, 496–503.
5. Suzuki, Y., Gojobori, T. & Nei, M. (2001) Bioinformatics 17, 660–661.
6. Kimura, M. (1983) The Neutral Theory of Molecular Evolution (Cambridge Univ. Press,

Cambridge, U.K.).
7. Graur, D. & Li, W.-H. (2000) Fundamentals of Molecular Evolution (Sinauer, Sunderland,

MA), 2nd Ed.
8. Gaucher, E. A., Miyamoto, M. M. & Benner, S. A. (2001) Proc. Natl. Acad. Sci. USA 98, 548–552.
9. Wang, Y. & Gu, X. (2001) Genetics 158, 1311–1320.

10. Fitch, W. M. & Markowitz, E. (1970) Biochem. Genet. 4, 579–593.
11. Pollock, D. D., Taylor, W. R. & Goldman, N. (1999) J. Mol. Biol. 287, 187–198.
12. Tuffley, C. & Steel, M. (1998) Math. Biosci. 147, 63–91.
13. Galtier, N. (2001) Mol. Biol. Evol. 18, 866–873.
14. Moreira, D., Le Guyader, H. & Philippe, H. (1999) Mol. Biol. Evol. 16, 234–245.
15. Gu, X. (1999) Mol. Biol. Evol. 16, 1664–1674.
16. Huelsenbeck, J. P. & Rannala, B. (1997) Science 276, 227–232.
17. Felsenstein, J. (1981) J. Mol. Evol. 17, 368–376.
18. Jones, D. T., Taylor, W. R. & Thornton, J. M. (1992) Comput. Appl. Biosci. 8, 275–282.
19. Landgraf, R., Xenarios, I. & Eisenberg, D. (2001) J. Mol. Biol. 307, 1487–1502.

20. Miyamoto, M. M. & Freire, N. P. (2000) Mol. Phylogenet. Evol. 16, 475–481.
21. Miyamoto, M. M., Porter, C. A. & Goodman, M. (2000) Syst. Biol. 49, 501–514.
22. Thompson, J. D., Higgins, D. G. & Gibson, T. J. (1994) Nucleic Acids Res. 22, 4673–4680.
23. Hesketh, R. (1997) The Oncogene and Tumor Supressor Gene Factsbook (Academic, San

Diego), 2nd Ed.
24. Liu, F.-G. R., Miyamoto, M. M., Freire, N. P., Ong, P. Q., Tennant, M. R., Young, T. S. &

Gugel, K. F. (2001) Science 291, 1786–1789.
25. Madsen, O., Scally, M., Douady, C. J., Kao, D. J., DeBry, R. W., Adkins, R., Amrine, H. M.,

Stanhope, M. J., de Jong, W. W. & Springer, M. S. (2001) Nature (London) 409, 610–614.
26. Murphy, W. J., Eizirik, E., Johnson, W. E., Zhang, Y. P., Ryder, O. A. & O’Brien, S. J. (2001)

Nature (London) 409, 614–618.
27. Yang, Z. (1997) Comput. Appl. Biosci. 13, 555–556.
28. Prendergast, G. C. (1997) in Oncogenes as Transcriptional Regulators: Volume 1, Retroviral

Oncogenes, eds. Yaniv, M. & Ghysdael, J. (Birkhäuser, Basel), pp. 1–28.
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H1a: A single rate shift has occurred
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�.��� � � � �!�.�6' � � ����5���	(����$,8)#+,.-�/F' ����� �A� $
<?��*-.����������� � �"�����������4���� �����B C,< - �- � � � ����- 	�� � ��(� -.��� ��� -�� �&�
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1 70
CA I - Human ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSETKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVNF
CA I - Horse AHSDWGYDSP  BGPZEWVKLY  P I ABGBBQSP  I D I KTSETKH  DTSLKPFSVS  YDPATAKE I V  NVGHSFQVKF
CA I - Terrapin ?????RYQGN  NGPDQWHKLY  P I ADGNYQSP  I D I K? ?DVKK  DPALGHLH I S  YN?STSKE I V  NVGHSFHVNF
CA II - Human - SHHWGYGKH  NGPEHWHKDF  P I AKGERQSP  VD I DTHTAKY  DPSLKPLSVS  YDQATSLR I L  NNGHAFNVEF
CA II - Horse - SHHWGYGEH  DGPKHWHKDF  P I AKGERQSP  VD I DTKAAVH  DAALKPLAVH  YQEATSRR I V  NNGHSFNVEF
CA II - Chicken - SHHWGYDSH  NGPAHWHEHF  P I ANGERQSP  I A I STKAARY  DPALKPLSFS  YDAGTAKA I V  NNGHSFNVEF
CA III - Human - AKEWGYASH  NGPDHWHELF  PNAKGENQSP  I ELHTKD I RH  DPSLQPWSVS  YDGGSAKT I L  NNGKTCRVVF
CA III - Mouse - AKEWGYARH  NGPDHWHELY  P I AKGDNQSP  I ELHTKD I KH  DPSLQPWSAS  YDPGSAKT I L  NNGKTCRVVF
CA III - Horse - AKEWGYADH  NGPDHWHEFY  P I AKGDNQSP  I ELHTKD I NH  DPSLKAWTAS  YDPGSAKT I L  NNGRTCRVVF

  * *   *  * *      *  *             *                                    * *  * * * *  *  
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CA I - Human EDNDNRSVLK  GGPFSDSYRL  FQFHFHWGST  NEHGSEHTVD  GVKYSAELHV  AHWNSAKYSS  LAEAASKADG
CA I - Horse EDSDNRSVLK  DGPLPGSYRL  VQFHFHWGST  DDYGSEHTVD  GVKYSAELHL  VHWNSSKYSS  FDEASSQADG
CA I - Terrapin ED I DNRSVVT  GGPLTGNYRL  HQFHFHWGQA  DDHGSEHTVD  GAKYASELHL  VHWNT LKY?S  FAEASDKPDG
CA II - Human DDSQDKAVLK  GGPLDGTYRL  I QFHFHWGSL  DGQGSEHTVD  KKKYAAELHL  VHWNT - KYGD  FGKAVQQPDG
CA II - Horse DDSEDKAVLE  GGPLTGTYRL  I QFHFHWGSS  NGQGSEHTVD  KKKYAAELHL  VHWNT - KYGD  FGKAVQEPDG
CA II - Chicken DDSSDKSVLQ  GGALDGVYRL  VQFH I HWGSC  EGQGSEHTVD  GVKYDAELH I  VHWNV - KYGK  FAEALKHPDG
CA III - Human DDTYDRSMLR  GGPLPGPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - KYNT  FKEALKQRDG
CA III - Mouse DDTYDRSMLR  GGPLSRPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - RYNT  FGEALKQPDG
CA III - Horse DDTYDRSMLR  GGPLTAPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - KYNT  YGGALKQPDG

                      * *  *  *           * *           *  *   *           *          
141 210

CA I - Human LAV I GVLMKV  GEANPKLQKV  LDALQA I KTK  GKRAPF TNFD  PST L LPSSLD  FWTYPGSL TH  PPLYESVTW I
CA I - Horse LA I LGVLMKV  GEANPKLQKV  LDALNEVKTK  GKKAPFKNFD  PSSL LPSSPD  YWTYSGSL TH  PPLYESVTW I
CA I - Terrapin L??????LKV  GPPNEHVQD I  VKALGS I KTK  GKKAPF TNFD  PST L LPG I LD  YGTYPGSL TH  PPL FESVV? I
CA II - Human LAVLG I FLKV  GSAKPGLQKV  VDVLDS I KTK  GKSADF TNFD  PRGL LPESLD  YWTYPGSL T T  PPL LECVTW I
CA II - Horse LAVVGVFLKV  GGAKPGLQKV  LDVLDS I KTK  GKSADF TNFD  PRGL LPESLD  YWTYPGSL T T  PPL LECVTW I
CA II - Chicken LAVVG I FMKV  GNAKPE I QKV  VDALNS I QTK  GKQASF TNFD  PTGL LPPCRD  YWTYPGSL T T  PPLHECV IWH
CA III - Human I AV I G I FLK I  GHENGEFQ I F  LDALDK I KTK  GKEAPF TKFD  PSCL FPACRD  YWTYQGSF T T  PPCEEC I VWL
CA III - Mouse I AVVG I LLK I  GREKGEFQ I L  LDALDK I KTK  GKEAPF THFD  PSCL FPACRD  YWTYHGSF T T  PPCEEC I VWL
CA III - Horse I AVVGVFLK I  GREKGEFQLF  LDALDK I KTK  GKEAPF TNFD  PSCL FPTCRD  YWTYRGSF T T  PPCEEC I VWL

*  *  *                                                    *  *    * * *  * *  *  * *  *  
211 260

CA I - Human I CKES I SVSS  EQLAQFRSLL  SNVEGDNAVP  MQHNNRPTQP  LKGRTVRASF
CA I - Horse VCKEN I S I SS  QQLSQFRSLL  SNVEGGKAVP  I QHNNRPPQP  LKGRTVRAF F
CA I - Terrapin I YKEPTT I SS  EQLAQFR???  ???????KSL  I L TNHRLPQP  LKGRQVRT ? ?
CA II - Human VLKEP I SVSS  EQVLKFRKLN  FNGEGEPEEL  MVDNWRPAQP  LKNRQ I KASF
CA II - Horse VLREP I SVSS  EQLLKFRSLN  FNAEGKPEDP  MVDNWRPAQP  LNNRQ I RASF
CA II - Chicken VLKEP I TVSS  EQMCKLRGLC  FSAENEPVCR  MVDNWRPCQP  LKSREVRASF
CA III - Human LLKEPMTVSS  DQMAKLRSLL  SSAENEPPVP  LVSNWRPPQP  I NNRVVRASF
CA III - Mouse LLKEPMTVSS  DQMAKLRSLF  SSAENEPPVP  LVGNWRPPQP  VKGRVVRASF
CA III - Horse LLKEP I TVSS  DQVAKLRSLF  SSAENEPPVP  LVRNWRPPQP  LKGRVVRASF

*                                    *  *               
    Type I [fast subfamily(ies)]        Type I & II [fast subfamily(ies)]        Type II [distinct subfamily] * Functional site

    Type I [slow subfamily(ies)]        Type I & II [slow subfamily(ies)]        Type II
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1 70
CA I - Human ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSETKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVNF
CA I - Chimp. ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSETKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVNF
CA I - Gorilla ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSETKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVTF
CA I - R. mac. ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSEAKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVNF
CA I - P. mac. ASPDWGYDDK  NGPEQWSKLY  P I ANGNNQSP  VD I KTSEAKH  DTSLKP I SVS  YNPATAKE I I  NVGHSFHVNF
CA I - Mouse ASADWGYGSE  NGPDQWSKLY  P I ANGNNQSP  I D I KTSEANH  DSSLKPLS I S  YNPATAKE I V  NVGHSFHV I F
CA I - Rabbit ??????????  ??????????  ????GNKQSP  VD I KSSEVKH  DTSLKPFSVS  YNPASAKE I I  NVGHSFHVNF
CA I - Horse AHSDWGYDSP  BGPZEWVKLY  P I ABGBBQSP  I D I KTSETKH  DTSLKPFSVS  YDPATAKE I V  NVGHSFQVKF
CA I - Cow ASPDWGYDGE  NGPEHWGKLY  P I ANGNNQSP  I D I KTSETKY  DPSLKPRSVS  YNPATAKE I V  NVGHSFHVNF
CA I - Sheep ASPDWGYDGE  NGPEHWCKLH  P I ANGNNQSP  I D I KTSETKR  DPSLKPLS I S  YNPATAKE I V  NVGHSFHVNF
CA I - Terrapin ?????RYQGN  NGPDQWHKLY  P I ADGNYQSP  I D I K??DVKK  DPALGHLH I S  YN?STSKE I V  NVGHSFHVNF
CA II - Human - SHHWGYGKH  NGPEHWHKDF  P I AKGERQSP  VD I DTHTAKY  DPSLKPLSVS  YDQATSLR I L  NNGHAFNVEF
CA II - Mouse - SHHWGYSKH  NGPENWHKDF  P I ANGDRQSP  VD I DTATAHH  DPALQPLL I S  YDKAASKS I V  NNGHSFNVEF
CA II - Rat - SHHWGYSKS  NGPENWHKEF  P I ANGDRQSP  VD I DTGTAQH  DPSLQPLL I C  YDKVASKS I V  NNGHSFNVEF
CA II - Rabbit - SHHWGYGKH  NGPEHWHKDF  P I ANGERQSP  I D I DTNAAKH  DPSLKPLRVC  YEHP I SRR I I  NNGHSFNVEF
CA II - Horse - SHHWGYGEH  DGPKHWHKDF  P I AKGERQSP  VD I DTKAAVH  DAALKPLAVH  YQEATSRR I V  NNGHSFNVEF
CA II - Cow - SHHWGYGKH  BGPZHWHKDF  P I ANGERQSP  VN I DTKAVVQ  DPALKPLALV  YGEATSRRMV  NNGHSFNVEY
CA II - Sheep - SHHWGYGEH  NGPEHWHKDF  P I ADGERQSP  VD I DTKAVVP  DPALKPLALL  YEQAASRRMV  NNGHSFNVEF
CA II - Chicken - SHHWGYDSH  NGPAHWHEHF  P I ANGERQSP  I A I STKAARY  DPALKPLSFS  YDAGTAKA I V  NNGHSFNVEF
CA III - Human - AKEWGYASH  NGPDHWHELF  PNAKGENQSP  I ELHTKD I RH  DPSLQPWSVS  YDGGSAKT I L  NNGKTCRVVF
CA III - Mouse - AKEWGYARH  NGPDHWHELY  P I AKGDNQSP  I ELHTKD I KH  DPSLQPWSAS  YDPGSAKT I L  NNGKTCRVVF
CA III - Rat - AKEWGYASH  NGPEHWHELY  P I AKGDNQSP  I ELHTKD I RH  DPSLQPWSVS  YDPGSAKT I L  NNGKTCRVVF
CA III - Horse - AKEWGYADH  NGPDHWHEFY  P I AKGDNQSP  I ELHTKD I NH  DPSLKAWTAS  YDPGSAKT I L  NNGRTCRVVF
CA III - Cow - AKEWGYADH  NGPDHWHELF  PNAKGENQSP  I ELNTKE I NH  DPSLKPWTAS  YDPGSAKT I L  NNGKTCRVVF
CA III - Pig - AKEWGYADH  NGPDHWHELY  P I AKGDNQSP  I ELHTKD I KH  DPSLLPWTAS  YDPGSAKT I L  NNGKTCRVVF
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CA I - Human EDNDNRSVLK  GGPFSDSYRL  FQFHFHWGST  NEHGSEHTVD  GVKYSAELHV  AHWNSAKYSS  LAEAASKADG
CA I - Chimp. EDNDNRSVLK  GGPFSDSYRL  FQFHFHWGST  NEHGSEHTVD  GVKYSAELH I  AHWNSAKYSN  LAEAASKADG
CA I - Gorilla EDNDNRSVLK  GGPLSDSYRL  FQFHFHWGST  NEHGSEHTVD  GVKYSAELHL  THWNSAKYSS  LAEAASKADG
CA I - R. mac. EDNDNRSVLK  GGPFSDSYRL  FQFHFHWGSS  NEYGSEHTVD  GVKYSSELH I  VHWNSAKYSS  LAEAVSKADG
CA I - P. mac. EDNDNRSVLK  GGPFSDSYRL  FQFHFHWGSS  NEYGSEHTVD  GVKYSSELH I  VHWNSAKYSS  LAEAVSKADG
CA I - Mouse DDSSNQSVLK  GGPLADSYRL  TQFHFHWGNS  NDHGSEHTVD  GTRYSGELHL  VHWNSAKYSS  ASEA I SKADG
CA I - Rabbit ED - DSQSVLK  GGPLSDNYRL  SQFHFHWGKT  DDYGSEHTVD  GAKFSAELHL  VHWNSGKYPN  I ADSVSKADG
CA I - Horse EDSDNRSVLK  DGPLPGSYRL  VQFHFHWGST  DDYGSEHTVD  GVKYSAELHL  VHWNSSKYSS  FDEASSQADG
CA I - Cow EDSDNRSVLK  GGPLSESYRL  FQFHFHWG I T  DEDGSEHLVD  GAKFSAELHL  VHWNSAKYPS  FADAASKADG
CA I - Sheep EDSDNRSVLK  GGPLPESYRL  RQFHFHWGST  DDCGSEHLVD  GATFSAELHL  VHWNSAKYPS  FADAASQADG
CA I - Terrapin ED I DNRSVVT  GGPLTGNYRL  HQFHFHWGQA  DDHGSEHTVD  GAKYASELHL  VHWNTLKY?S  FAEASDKPDG
CA II - Human DDSQDKAVLK  GGPLDGTYRL  I QFHFHWGSL  DGQGSEHTVD  KKKYAAELHL  VHWNT - KYGD  FGKAVQQPDG
CA II - Mouse DDSQDNAVLK  GGPLSDSYRL  I QFHFHWGSS  DGQGSEHTVN  KKKYAAELHL  VHWNT - KYGD  FGKAVQQPDG
CA II - Rat DDSQDFAVLK  EGPLSGSYRL  I QFHFHWGSS  DGQGSEHTVN  KKKYAAELHL  VHWNT - KYGD  FGKAVQHPDG
CA II - Rabbit DDSHDKTVLK  EGPLEGTYRL  I QFHFHWGSS  DGQGSEHTVN  KKKYAAELHL  VHWNT - KYGD  FGKAVKHPDG
CA II - Horse DDSEDKAVLE  GGPLTGTYRL  I QFHFHWGSS  NGQGSEHTVD  KKKYAAELHL  VHWNT - KYGD  FGKAVQEPDG
CA II - Cow DDSQDKAVLK  DGPLTGTYRL  VQFHFHWGSS  BBQGSEHTVD  RKKYAAELHL  VHWNT - KYGD  FGTAAQQPDG
CA II - Sheep DDSQDKAVLK  DGPLTGTYRL  VQFHFHWGSS  DDQGSEHTVD  RKKYAAELHL  VHWNT - KYGD  FGTAAQQPDG
CA II - Chicken DDSSDKSVLQ  GGALDGVYRL  VQFH I HWGSC  EGQGSEHTVD  GVKYDAELH I  VHWNV - KYGK  FAEALKHPDG
CA III - Human DDTYDRSMLR  GGPLPGPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - KYNT  FKEALKQRDG
CA III - Mouse DDTYDRSMLR  GGPLSRPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - RYNT  FGEALKQPDG
CA III - Rat DDTFDRSMLR  GGPLSGPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - KYNT  FGEALKQPDG
CA III - Horse DDTYDRSMLR  GGPLTAPYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNP - KYNT  YGGALKQPDG
CA III - Cow DDTYDRSMLR  GGPLAAPYRL  RQFHLHWGSS  DDHGSEHSVD  GVKYAAELHL  VHWNS - KYNS  YATALKQADG
CA III - Pig DDTYDRSMLR  GGPLTAAYRL  RQFHLHWGSS  DDHGSEHTVD  GVKYAAELHL  VHWNS - KYNS  FATALKHPDG

                      * *  *  *           * *           *  *   *           *          
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CA I - Human LAV I GVLMKV  GEANPKLQKV  LDALQA I KTK  GKRAPFTNFD  PSTLLPSSLD  FWTYPGSLTH  PPLYESVTWI
CA I - Chimp. LAV I GVLMKV  GEANPKLQKV  LDALQA I KTK  GKRAPFTNFD  PSTLLPSSLD  FWTYPGSLTH  PPLYESVTWI
CA I - Gorilla LAV I GVLMKV  GEANPKLQK I  LDALQA I KTK  GKRAPFTNFD  PSTLLPSSLD  FWTYPGSLTH  PPLYESVTWI
CA I - R. mac. LAV I GVLMKV  GEANPKLQKV  LDALHA I KTK  GKRAPFTNFD  PSTLLPSSLD  FWTYSGSLTH  PPLYESVTWI
CA I - P. mac. LAV I GVLMKV  GEANPKLQKV  LDALHA I KTK  GKRAPFTNFD  PSTLLPSSLD  FWTYSGSLTH  PPLYESVTWI
CA I - Mouse LA I LGVLMKV  GPANPSLQKV  LDALNSVKTK  GKRAPFTNFD  PSSLLPSSLD  YWTYFGSLTH  PPLHESVTWV
CA I - Rabbit LA I VAVFLKV  GQANPKLQKV  LDALSAVKTK  GKKASFTNFD  PSTLLPPSLD  YWTYSGSLTH  PPLHESVTWL
CA I - Horse LA I LGVLMKV  GEANPKLQKV  LDALNEVKTK  GKKAPFKNFD  PSSLLPSSPD  YWTYSGSLTH  PPLYESVTWI
CA I - Cow LAL I GLLVKV  GQANPNLQKV  LDALKAVKNK  NKKAPFTNFD  PSTLLPSSLD  FWTYSGSLTH  PPLLESVTWI
CA I - Sheep LVVVGVLMKV  GQANPNLQKV  LDALKTVKTK  NKKAPFTNFD  PSVLLPSCPD  YWAYFGSLTH  PPLHESVTWI
CA I - Terrapin L??????LKV  GPPNEHVQD I  VKALGS I KTK  GKKAPFTNFD  PSTLLPG I LD  YGTYPGSLTH  PPLFESVV? I
CA II - Human LAVLG I FLKV  GSAKPGLQKV  VDVLDS I KTK  GKSADFTNFD  PRGLLPESLD  YWTYPGSLTT  PPLLECVTWI
CA II - Mouse LAVLGYFLK I  GPASQGLQKV  LEALHS I KTK  GKRAAFANFD  PCSLLPGNLD  YWTYPGSLTT  PPLLECVTWI
CA II - Rat LAVLG I FLK I  GPASQGLQK I  TEALHS I KTK  GKRAAFANFD  PCSLLPGNLD  YWTYPGSLTT  PPLLECVTWI
CA II - Rabbit LAVLG I FLK I  GSATPGLQKV  VDTLSS I KTK  GKSVDFTDFD  PRGLLPESLD  YWTYPGSLTT  PPLLECVTWI
CA II - Horse LAVVGVFLKV  GGAKPGLQKV  LDVLDS I KTK  GKSADFTNFD  PRGLLPESLD  YWTYPGSLTT  PPLLECVTWI
CA II - Cow LAVVGVFLKV  GDANPALQKV  LDALDS I KTK  GKSTDFPNFD  PGSLLPNVLD  YWTYPGSLTT  PPLLESVTWI
CA II - Sheep LAVVGVFLKV  GDANPALQKV  LDVLDS I KTK  GKSADFPNFD  PSSLLKRALN  YWTYPGSLTN  PPLLESVTWV
CA II - Chicken LAVVG I FMKV  GNAKPE I QKV  VDALNS I QTK  GKQASFTNFD  PTGLLPPCRD  YWTYPGSLTT  PPLHECV IWH
CA III - Human I AV I G I FLK I  GHENGEFQ I F  LDALDK I KTK  GKEAPFTKFD  PSCLFPACRD  YWTYQGSFTT  PPCEEC I VWL
CA III - Mouse I AVVG I LLK I  GREKGEFQ I L  LDALDK I KTK  GKEAPFTHFD  PSCLFPACRD  YWTYHGSFTT  PPCEEC I VWL
CA III - Rat I AVVG I FLK I  GREKGEFQ I L  LDALDK I KTK  GKEAPFNHFD  PSCLFPACRD  YWTYHGSFTT  PPCEEC I VWL
CA III - Horse I AVVGVFLK I  GREKGEFQLF  LDALDK I KTK  GKEAPFTNFD  PSCLFPTCRD  YWTYRGSFTT  PPCEEC I VWL
CA III - Cow I AVVGVFLK I  GREKGEFQLL  LDALDK I KTK  GKEAPFNNFN  PSCLFPACRD  YWTYHGSFTT  PPCEEC I VWL
CA III - Pig VAVVG I FLK I  GREKGEFQLV  LDALDK I KTK  GKEAPFTNFN  PSCLFPACRD  YWTYHGSFTT  PPCEEC I VWL

*  *  *                                                    *  *    * * *  * *  *  * *  *  
    Type I [fast subfamily(ies)]        Type I & II [fast subfamily(ies)]        Type II [distinct subfamily] * Functional site

    Type I [slow subfamily(ies)]        Type I & II [slow subfamily(ies)]        Type II
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CA I - Human I CKES I SVSS  EQLAQFRSLL  SNVEGDNAVP  MQHNNRPTQP  LKGRTVRASF
CA I - Chimp. I CKES I SVSS  EQLAQFRSLL  SNVEGDNAVP  MQHNNRPTQP  LKGRTVRASF
CA I - Gorilla I CKES I SVSS  EQLAQFRSLL  SNVEGDNAVP  MQHNNRPTQP  LKGRTVRASF
CA I - R. mac. I CKES I SVSS  EQLAQFRSLL  SNVEGSNPVP  I QRNNRPTQP  LKGRTVRASF
CA I - P. mac. I CKES I SVSS  EQLAQFRSLL  SNVEGDNPVP  SQRNNRPTQP  LKGRTVRASF
CA I - Mouse I CKDS I SLSP  EQLAQLRGLL  SSAEGESAVP  VLSNHRPPQP  LKGRTVRASF
CA I - Rabbit I CKDS I S I SS  EQLAQFRSLL  SNAEGEAAVP  I LHNNRPPQP  LKGRTVKASF
CA I - Horse VCKEN I S I SS  QQLSQFRSLL  SNVEGGKAVP  I QHNNRPPQP  LKGRTVRAFF
CA I - Cow I FKET I SASS  EQLAQFRCLL  ANAEGDGELL  I KQNHRPPQP  LKGRTVKASF
CA I - Sheep I FKET I SVSA  EQLAQFRSLL  ANAEGDKEVC  I KQNYRPPQP  LKGRTVKASF
CA I - Terrapin I YKEPTT I SS  EQLAQFR???  ???????KSL  I LTNHRLPQP  LKGRQVRT??
CA II - Human VLKEP I SVSS  EQVLKFRKLN  FNGEGEPEEL  MVDNWRPAQP  LKNRQ I KASF
CA II - Mouse VLREP I TVSS  EQMSHFRTLN  FNEEGDAEEA  MVDNWRPAQP  LKNRK I KASF
CA II - Rat VLKEP I TVSS  EQMSHFRKLN  FNSEGEAEEL  MVDNWRPAQP  LKNRK I KASF
CA II - Rabbit VLKEP I TVSS  EQMLKFRNLN  FNKEAEPEEP  MVDNWRPTQP  LKGRQVKASF
CA II - Horse VLREP I SVSS  EQLLKFRSLN  FNAEGKPEDP  MVDNWRPAQP  LNNRQ I RASF
CA II - Cow VLKEP I SVSS  QQMLKFRTLN  FNAEGEPELL  MLANWRPAQP  LKNRQVRGFP
CA II - Sheep VLKEPTSVSS  QQMLKFRSLN  FNAEGEPELL  MLANWRPAQP  LKNRQVRVFP
CA II - Chicken VLKEP I TVSS  EQMCKLRGLC  FSAENEPVCR  MVDNWRPCQP  LKSREVRASF
CA III - Human LLKEPMTVSS  DQMAKLRSLL  SSAENEPPVP  LVSNWRPPQP  I NNRVVRASF
CA III - Mouse LLKEPMTVSS  DQMAKLRSLF  SSAENEPPVP  LVGNWRPPQP  VKGRVVRASF
CA III - Rat LLKEPMTVSS  DQMAKLRSLF  ASAENEPPVP  LVGNWRPPQP  I KGRVVRASF
CA III - Horse LLKEP I TVSS  DQVAKLRSLF  SSAENEPPVP  LVRNWRPPQP  LKGRVVRASF
CA III - Cow LLKEP I TVSS  DQ I AKLRTLY  SSAENEPPVP  LVRNWRPPQP  I KGR I VKASF
CA III - Pig LLKEP I TVSS  DQMAKLRSLY  SSAENEPPVP  LVRNWRPPQP  I KGR I VKASF

*                                    *  *               
    Type I [fast subfamily(ies)]        Type I & II [fast subfamily(ies)]        Type II [distinct subfamily] * Functional site

    Type I [slow subfamily(ies)]        Type I & II [slow subfamily(ies)]        Type II
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CA I - Human
CA I - Chimpanzee
CA I - Gorilla

CA I - Rhesus macaque
CA I - Pig-tailed macaque

CA I - Mouse
CA I - Rabbit

CA I - Horse
CA I - Cow
CA I - Sheep

CA I - Diamondback terrapin

CA II - Human
CA II - Mouse

CA II - Rat
CA II - Rabbit

CA II - Horse
CA II - Cow
CA II - Sheep

CA II - Chicken

CA III - Human
CA III - Mouse

CA III - Rat
CA III - Horse

CA III - Cow
CA III - Pig

CA Va - Human
CA Va - Mouse

CA Va - Rat
CA Vb - Human
CA Vb - Mouse

0.40 replacements per site
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