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Covariation analysis of sets of aligned sequences for RNA molecules is rela-
tively successful in elucidating RNA secondary structure, as well as some aspects
of tertiary structure [Gutell et al. (1992)]. Covariation analysis of sets of aligned
sequences for protein molecules is successful in certain instances in elucidating
certain structural and functional links [Korber et al. (1993)], but in general, pairs
of sites displaying highly covarying mutations in protein sequences do not neces-
sarily correspond to sites that are spatially close in the protein structure [Gobel
et al. (1994), Clarke (1995), Shindyalov et al. (1994), Thomas et al. (1996), Tay-
lor &; Hatrick (1994), Neher (1994)]. In this paper we identify two reasons why
naive use of covariation analysis for protein sequences fails to reliably indicate
sequence positions that are spatially proximate. The first reason involves the bias
introduced in calculation of covariation measures due to the fact that biological
sequences are generally related by a non-trivial phylogenetic tree. We present
a null-model approach to solve this problem. The second reason involves linked
chains of covariation which can result in pairs of sites displaying significant co-
variation even though they are not spatially proximate. We present a maximum
entropy solution to this classic problem of "causation versus correlation". The
methodologies are validated in simulation.

1. Introduction. Analysis of sets of aligned sequences, such as RNA or
protein sequences, is a common procedure in bioinformatic analysis. Various
methods have been developed to describe aligned sequences: "consensus" se-
quences which are determined by the most conserved symbol in each sequence
position; "profiles" [Gribskov et al. (1987)] which represent the probability dis-
tribution of symbols in each position, and can also include inserts and deletes
with fixed position independent penalties; and "hidden Markov models" [Krogh
et al. (1994)], which represent single site probability distributions as well as
position dependent probability distributions for insertions and deletions. Cor-
relation analysis extends such methods to consideration of the probability dis-
tribution for pairs of symbols in all possible pairs of positions in the sequence.
"Mutual information", a measure of correlation for discrete symbols [Cover &
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