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Complex systems of interactions govern the structure and function of biomolecules. Mutations that
substantially disrupt these interactions are deleterious and should not persist under selection. Yet,
several instances have been reported where a variant confirmed as pathogenic in one species is fixed
in the orthologs of other species. Here we introduce a novel method for detecting compensatory
substitutions for these so-called compensated pathogenic deviations (CPDs), incorporating knowledge
of pathogenic variants into a probabilistic method for detecting correlated evolution. The success
of this approach is demonstrated for 26 of 31 CPDs observed in mitochondrial transfer RNAs and for
one in beta hemoglobin. The detection of multiple compensatory sites is demonstrated for two of these
CPDs. The methodology is applicable to comparative sequence data for biomolecules expressed in any
alphabet, real or abstract. It provides a widely applicable approach to the prediction of compensatory
substitutions for CPDs, avoiding any reliance on rigid non-probabilistic criteria or structural data. The
detection of compensatory substitutions that facilitate the substitution of otherwise pathogenic variants
offers valuable insight into the molecular constraints imposed on adaptive evolution.

1. Introduction

Recent studies on the adaptive evolution of pathogens with resistance to chemical agents
have reported striking examples of correlated mutation. In the absence of the chemical
agent, resistance persists in some populations despite evidence that the resistance con-
ferring mutation comes at a fithess cost in such an environment. These studies point to
the rapid succession of secondary mutations at other loci to, at least partially, ameliorate
this reduction in fitness-7 A similar compensatory process has been observed in the Aus-
tralian sheep blowflyl(ucilia cupring), with the fitness cost of resistance to an organophos-
phate insecticide reduced by mutation at a second [b&usther evidence of such depen-
dence has been given by the observation of several biomolecules containing compensated
pathogenic deviations (CPDs) — mutations known to be pathogenic in one species (typi-
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cally humans), but occurring naturally in the orthologs of other spéci€sSuch variants
necessitate the presence of additional compensatory mutations in either the same, or else
functionally-related, biomolecules.

These results allude to a key role for compensatory mutations in molecular adapta-
tion. Several methods for detecting these and other instances of correlated evolution have
been suggested;2* many introducing novel models of multi-site evolution. With ever
increasing efforts made to understand the genetic components of disease, knowledge on
pathogenic variants of human sequences has uncovered a new resource of information to
such studie8. This information was used to develop a list of criteria to identify compen-
satory sites for several CPDs observed in mammalian protein seqti¢siteitar criteria
also suggested by Ref. 10). Another approach specific to RNA molecules validates predic-
tions based on secondary structure, with the associated variations in free €nergy.

The success of these approaches confirms the value of information on pathogenic vari-
ants, but their reliance on rigid criteria and structural data limit their wider utility. We
conjectured that prediction could be achieved solely from models of correlated substitution
that incorporate knowledge of pathogenic variants. In this paper, we confirm this hypothe-
sis with the identification of compensatory sites for several CPDs observed in mammalian
mitochondrial transfer RNAs (mt tRNAs) and for one CPD observed in beta hemoglobin
(HBB), through a method supported by a novel model for dependent evolution.

2. Materials and Methods

Calculations were implemented in PyEvolve version 0.86 &hhdhe sequence align-
ments and phylogenies are available from

http://jcsmr.anu.edu.au/org/dmb/compgen/publications.php.

2.1. Data

For each mt tRNA we used publishédalignments for 106 mammalian species, along

with secondary structure annotatifénWe eliminated gaps by removing a combination of
columns and sequences. Mitomajprovides a list of point mutations that are pathogenic

in the human mitochondrial genome. From this we selected 31 mutations — each found to
disrupt a Watson-Crick pair in a stem of a mt tRNA, and observed in at least two species
(using the above alignments, with gaps removed). Amino acid sequences for mammalian
HBB were obtained from Swiss-Pfdt These were aligned with Clustalw version .8

and partial sequences were deleted, leaving 123 sequences. Columns containing gaps were
removed. In the human sequence the substitution V20E is documented as patAbgenic.

2.2. Reducing and recoding the data

We applied the same procedure to each of the 32 CPDs mentioned above, but for explana-
tory purposes we describe the method for V20E in HBB. Among the 123 full sequences, we
observe the pathogenic variant E in six speci€amcus murinyCeratotherium simum
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Rhinoceros unicornigEquus hemionus kulaikquus caballugndEquus zebraFor these

species we conjecture that some form of compensation has occurred and that the relevant
substitutions are expressed in the alignment. By contrast, in the 104 sequences with a V
at the site of the CPD we expect such compensatory variants to be less common. For the
other species with neither V nor E at the site of the CPD, we have no expectation on the
frequency of these variants and therefore removed the sequences from the alignment, leav-
ing 110 sequences. Each site was then recoded according to an abstract two-state alphabet,
with variants designated as either potentially compensajgrgr(non-compensatoryy.

This recoding highlights those transitions that may be important, and ensures the method
is applicable to sequence data expressed in any alphabet, real or abstract.

At each site a variant is deemed potentially compensatory if it accompanies the CPD
in one or more species, and is not foundHnsapiens(since the CPD is pathogenic in
this species). For example, at site 50 we see the varfagthl, S, T}, with T found in
humans andN, S, T} observed in species with the CPD. Therefore at site{B0S} are
recoded as potentially compensatory 4Ad T} are recoded as non-compensatoryOhis
aries musimorand Dasypus novemcinctus) IUPAC ambiguity was found at some sites.
Ambiguities in the raw alignment were left as ambiguities when recoded, unless all of
the variants they represented were recoded to a single state (in which case this state was
used). The maximum likelihood procedure sums over all possibilities when dealing with
ambiguities. For branch length estimation, at site 20 we recoded)\aad E a%.

We constructed a rooted phylogeny for the species represented in the alignment by
following a selection of the current literatidte ! and the Tree of Life Web Project
(http://tolweb.org/tree). We sampled all lineages descended from the most recent com-
mon ancestor of humans and of those species with the CPD. Further to this, we removed
one species from each pair of identical (in the recoded alignment) sequences with the same
immediate ancestor. These steps were taken to reduce the computational burden.

Since we measure dependence for pairs of sites, and because estimates of branch
lengths would be unreliable for such pairs, we obtained the branch lengths from the en-
tire alignment. For this we assumed that sites were independent and identically distributed,
with evolution at each site (in the recoded alphabet) occurring under Felsenstein’d$model
(F81). We set the stationary motif probabilities from their relative frequencies in the align-
ment (but note that we do not use these values later, to measure dependence). Since the
dynamics of rate heterogeneity have not been investigated in the abstract alphabet we sup-
posed, for simplicity, that sites evolved under the same constant rate (fixed to unity). The
branch lengths were deduced as the set of maximum likelihood parameter estimates. Since
F81 is a reversible Markov model, this method does not resolve the position of the root
between its two immediate descendants (which is needed for the dependent thath).
was input as a free parameter to the dependent model.

2.3. Identifying compensatory sites

For each site with a variant recoded as potentially compensatory, we coupled this site to the
site of the CPD and measured the level of dependence shown in their evolution. This was
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done by scaling a likelihood ratid (R) statistic, calculated as the ratio of the maximum
likelihood of the data under a dependent mablgD) with that under a nested independent
model L(I), i.e. LR = %. The highest ranked site was predicted as the most likely
location of compensatory substitution. Combining the approach to recoding (and possibly
the novel scaling described below) with any procedure capable of detecting dependent evo-
lution in a two-site alignment (with each site expressed in an abstract two-state alphabet)
produces a similar methodology. We defer an analysis of such hybrid methods to future
studies.

2.3.1. A model for dependent evolution

Let P(t) denote the matrix of transition probabilities for a single independently evolving
site. For this we use the analogue of F81 applied to our abstract alphabet. That is,

Pjit)y=e " 8 +(1—e ") 7, 1)

wherer; is the stationary motif probability of, « is the rate of substitution per unit time
(which we henceforth assumelis andd;; is the Kronecker delta function = 1if ¢ = j,
and 0 otherwise). Denote hythe site of the CPD and hy the potentially compensatory
site. We will use superscriptsand to indicate site-specific values.

To specify evolution atv and 3 along a tree, we require the joint motif probabilities
(that is, the probability of each pair of motifs at the ancestral root) and the subsequent
transition probabilities. We denote the formerbyg (A ata, B at 5) and the latter by
Parq,B—b(t) (AB to ab on a branch of length > 0). If o andj evolve independently,
then their evolution is given by

ro = 1578 o
PA»—>a,B|—>b(t) = Pza(t) : Pgb(t)’

with the motif probabilities atv andg provided as free parameters, subject to the constraint
that they each partitioh. To account for dependence at the ancestral root we instead allow
the joint motif probabilities as free parameters, and deduce the motif probabilitiesrat

B by

TR =Tap + Tay and ﬂ'g:w,,Ber,B. 3)

Similarly, we account for dependence in the transition probabilities by allowing each as a
free parameter. This may be formulated equivalently by scaling the transition probabilities
of the independent model with free non-negative paramétgrs, (¢), so that

Parea,pb(t) = P§,(t) - Ppy(t) - Caaps(t). (4)

However, with this high degree of freedom the application of the model to any data will
result in severe over-fitting. Accordingly we assume that egdghg,(t) may be decom-
posed into the product of two parameters: the fitsk (¢), to encapsulate the effect of any
interaction between the initial states on the subsequent transitions; and the ﬁggre;nd

provided as a measure of the impact of dependence on the frequency of the destination



September 26, 2006 14:59 Proceedings Trim Size: 9.75in x 6.5in apbcl4la

motifs ab. It then follows from the constraint that the transition probabilities partitipn

that
Fap(t) ! 5)
AB = - .
Za,be{p,n} Pga(t) ’ Pgb(t) ’ 7‘-3@;—5
By Eqgns. (3) and (5) the free parameters in the dependent model are just the joint motif
probabilities, substantially reducing the possibility of over-fitting. This model of dependent
evolution avoids a number of biologically unjustified assumptions that are commonly im-
posed for computational convenience. It does not assume that the distribution of joint motif
probabilities is stationary and as such is non-reversible. The model is also non-Markovian
in the sense that we do not impose the constraint®at+ t) = P(s) - P(t).

2.3.2. Scaling theL R statistic

The rawL R statistic for a two-site alignment provides some measure of the extent of de-
pendence governing the evolution of the two sites. It is however sensitive to site-specific
factors such as the frequency of motifs at each site. We used instead a scaled statistic,
defined as the probability of a lowdrR value if we replace the motif at one site in one
species with the alternative in the recoded alphabet. As a simple example to illustrate the
benefit of scaling, consider the alignments summarized in Table 1 for species related by a
tree with infinite branch lengths (this is a theoretical approximation to long branches). An
alignment comprised exclusively of the motif pajrs andnn shows perfect dependence.
This is observed using scaled dependence values for alignments 1 to 8. If we vary the fre-
guencies opp andnn it seems reasonable to suggest that those in which both are common
provide better support for the prediction of dependence. However, all of the values taken
by these alignments should exceed the values of alignments in whiahd/orpn are also

seen (alignments 9 to 13). With scaling this condition is satisfied, but without scaling high
frequencies opp andnn obscure the impact of introducing a mismatch pair — alignments

9 to 13 do not consistently rank lower than 1 to 8 when the raw statistic is used.

3. Results and Discussion
3.1. CPDs in mt tRNAs

The pathology of any point mutation which disrupts a Watson-Crick pair in a stem can
be attributed to the destabilization of this stem. Any compensatory substitution should
stabilize the corresponding stem and the success of our method can be measured by its
recognition of such substitutions. With the exception of G7497A the method provided
sufficient resolution to predict a single site as the most probable location of a compensatory
substitution. This highest ranking site (i.e., the predicted compensatory site) for each CPD
is shown in Table 2. For 26 of the CPDs the predicted compensatory site (one such site
for G7497A) was located in the same stem. In 25 instances this site was found to be
complementary to the CPD and among the most frequent substitutions accompanying the
CPD at this site, we find a substitution which provides a Watson-Crick interaction in place
of the disturbed pair.
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Table 1. The impact of scaling.

Alignment Motif pairs Scaled
pp__pn__nmp mn | Yes No
1 8 0 0 8| 1.0000 11.0904
2 9 0 0 7| 10000 10.9650
3 10 0 0 6 | 1.0000 10.5850
4 11 0 0 5| 1.0000 99374
5 12 0 0 4| 10000 89974
6 13 0 0 3| 10000 7.7212
7 14 0 0 2| 10000 6.0283
8 15 0 0 1| 1.0000 3.7407
9 8 0 1 709375 7.9509
10 8 0 2 608750 6.0863
11 8 0 3 508125 4.6449
12 8 0 4 407500 3.4522
13 8 1 1 608750 4.9547

Note Above are the dependence values of selected 2-site
alignments of 16 taxa related by a star topology with infi-
nite branch lengths; counts of motif pairs are provided in
lieu of alignments.

An advantage of our probabilistic approach over criteria-based methods is that we avoid
the binary classification of sites as compensatory or otherwise. Instead we have a measure
of the likelihood that each site contains a compensatory substitution. As an example we
look to G5540A which disrupts a GC pair on the fourth rung of the anticodon stem of mt
tRNA Trp. The secondary structdfeof mt tRNA Trp is given in Figure 1 along with the
anticodon stems of the three species in which the mutation is observed. Odtgus
americanuss there compensation at the complementary site 5550. Therefore the CPD
must be accompanied by another compensati@eiratotherium simurandBalaenoptera
acutorostrata In these species the sequences of the anticodon stem are equivalent and differ
from that ofH. sapiensonly by the substitutions A5539G and G5540A, corresponding to
the gain and loss of Watson-Crick interactions on rungs three and four respectively. It has
been suggested therefore that the presence of a G at 5539 compensates for G5B40A.
two highest ranking potential compensatory sites for G5540A were 5550 and 5539 (results
not shown), indicating that both compensatory mechanisms were detected.

Figure 1. Mitochondrial tRNA Trp. (a) Secondary structureHnsapiens (b) Anticodon stem in selected
species.
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CPD Frequency mttRNA Potential Predicted
X site y X y compensatory sites  compensatory site(s)
T582C 92 8 F 25 641**
AB06G 25 76 F 34 618**
AB08G 99 2 F 13 627
T618C 24 77 F 33 606**
G1606A 61 42 \ 39 1665**
C1624T 100 2 \ 22 1625
G1642A 19 84 \Y 37 1604
C3256T 98 4 L1 21 3239**
T3258C 100 2 L1 15 3274*
T3271C 95 7 L1 25 3261*
A3280G 100 2 L1 15 3245
C3303T 82 19 L1 29 3230**
G4298A 90 7 | 14 4297*
G4309A 18 79 | 23 4321*
G5540A 100 3 w 15 5550**
T5628C 86 8 A 29 5620**
G5703A 11 86 N 43 5687**
T5814C 72 3 C 14 5810**
G7497A 4 95 S1 46 7471 & 7503**
T7510C 85 15 S1 34 7451**
T7512C 12 88 S1 44 T7449**
A7543G 97 7 D 34 7555**
G8342A 68 17 K 27 8352*
T8355C 67 31 K 35 8339**
T8356C 11 87 K 41 8338**
G8361A 26 70 K 40 8297**
T9997C 87 13 G 30 10051**
G10014A 35 61 G 42 10030**
G12147A 95 2 H 16 12159**
G12183A 83 12 H 36 12197*
A15924G 77 23 T 37 15899

Note The columns from left to right are: the CPD; the frequency of the motif found

in humans and the motif pathogenic to humans, in the alignment with gaps removed
(prior to the subsequent recoding and reduction); the mt tRNA containing the CPD;
the number of sites identified as potentially compensatory by recoding; and, the high-

est ranking site(s). Sites are numbered according to Mit8fmap
* contained in the same stem as the CPD.

** complementary to the CPD.

Multiple compensatory mechanisms were detected also for G4309A. This mutation dis-
rupts a GC pair on the third rung of th&/T stem in mt tRNA Ile, the secondary structtire
of which is given in Figure 2. The motif U at the complementary site 4321 restores this
rung and 4321 is the highest ranking potential compensatory site. For 11 species containing
the CPD however, no such compensation is observed. In these species the sequences for the
TWC stem differ from that oH. sapiensonly by the substitutions G4309A and A4310G,
resulting in the loss and gain of GC pairs on rungs three and four respectively. This sug-
gests that the absence of a GC interaction on the third rung is compensated for in these
species by the presence of a GC pair on the fourth rung. Site 4310 is ranked second among
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the potential compensatory sites (results not shown), with G the single motif identified by
recoding as potentially compensatory at this site.

Figure 2. Mitochondrial tRNA lle. Secondary structureHnsapiens

3.2. V20E in HBB

The method predicted 69 as the most likely location of a compensatory substitution for
V20E in HBB. In the alignment with gaps removed the motifs observed at the site-pair
(20,69) are{(A,D) : 2,(AH) : 3,(A,T) : 1,(EH): 6,(1,T) : 1,(LLV) : 3,(L,T) : 1,(P,N):
L,(Q,N) : 1,(VA) : 5,(V,B) : 1,(V,D) : 16,(V,G) : 25,(V,H) : 1,(V,N) : 37,(V.Q) :
2,(V,S): 7,(V,T) : 10}. Removing those species with neither V nor E at 20, this reduces
to {(E,H) : 6,(V,A) : 5,(V,B) : 1,(V,D) : 16,(V,G) : 25,(V,H) : 1,(V\N) : 37,(V,Q) :
2,(V,S) : 7,(V,T) : 10} and on recoding 69 it reduces further {fv,n) : 103, (V,p) :
1,(E,p) : 6}. This aptly illustrates the benefit of recoding, eliminating the impact on our
analysis of any transitions between the eight motifs classifiegl aGiven this recoded
dataset the prediction of 69 as the location of a compensatory substitution for V20E is not
surprising. In recoding the only motif identified at 69 as potentially compensatory was H,
hence the substitution G69H is the expected compensatory substitution (noting that G is
found at 69 inH. sapien$. This is consistent with the results of Ref. 9, who confirmed
predictions based on non-probabilistic criteria with structural data.

4. Conclusions

A complex system of interactions gives rise to the structure and function of most
biomolecules. Variants that disrupt such interactions putatively become fixed in species
only where a compensatory mutation occurs. Most methods introduced to detect these com-
pensatory substitutions are limited by their reliance on structural data and/or use of rigid
non-probabilistic criteria. The approach presented herein avoids these restrictions and is
applicable to comparative sequence data on any single biomolecule, or functionally-related
system of biomolecules. That the method is applicable to both nucleotide and amino acid
sequences was demonstrated with the detection of compensatory sites for 26 of 31 CPDs
contained in mammalian orthologs of mt tRNAs and for V20E in HBB. The detection of
secondary compensatory sites was demonstrated for two of these CPDs. To our knowledge,
the method is the first of its kind for which success has been verified in applications to both
nucleotide and amino acid data.
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