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Abstract

Pathogenic deviations (PDs) in humans are disease-caugisgnse mutations. However, in some cases, these disesseiated
residues occur as the wild-type residues in functionallyheent proteins in other species and these cases aredé@nepensated
Pathogenic Deviations' (CPDs). The lack of pathogeniaitainon-human protein is presumed to be explained in moss ¢ase
the presence of compensatory mutations, most commonlynatitle same protein. Identifying structural features of GPBnd
detecting speci c compensatory events, will help us to ustdmd traversal along tness landscape valleys in praggoiution.

We divided mutations listed in the OMIM database into PD afidDGlatasets and performed two independent analyses: (i) we
searched for potential compensatory mutations spatidsecto the CPDs and (i) using our SAAPdb database, we exahtikely
structural e ects to try to explain why mutations are pathogenic, conmgaPDs and CPDs. Our datasets were obtained from a set
of 245 human proteins of known structure and contained & ¢62328 mutations of which 453 (from 85 structures) werensee
be compensated in at least one functionally equivalengprat another (non-human) species.

Structural analysis results con rm previous ndings thaPDBs are, on average, milder' in their likely structuralests than
uncompensated PDs and tend to be on the protein surface. sé/stedwed that the residues surrounding the CPD residuein th
folded protein are more often mutated than the residuessnding an uncompensated mutation, supporting the hypisttieat
compensation is largely a result of structurally local ntiotas.
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1. Introduction !, Data on tness landscapes are limited to the genetic se-
. o guences that are available: normally only wild-type segesn
1.1. Compensated pathogenic deviations and disease-associated mutations, a representative sfitise

Recent work on protein evolution and protein structure hasatter being available from Online Mendelian Inheritance i
focused on the phenomenon of Compensated Pathogenic Dewtan (OMIM) "8 and other, locus-speci ¢ mutation databases.
ations (CPDs)?345i.e. disease-associated mutations in a pro-One of the ways to traverse between adjacent peaks in the t-
tein of one species (usually human), which occur as the wildness landscape is through CPDs: individually pathogentamu
type in a “functionally equivalent protein' (FEP) of anothe tions become xed in the population through epistatic stec
species — we de ne FEPs, and their potentialatences from  with compensatory mutations. (Epistasis is the dependehcy
orthologues, in our recent pagerThe pathogenic eect of a  the e ect of a mutation on the genetic background in which it
CPD is assumed to be neutralized in the FEP by a compensatosgcurs.) Hence, sequence data on disease-causing mutations,
mutation, usually within the same protein sequénce and on CPDs, allow us to study valleys in the tness landscape

From an evolutionary point of view, CPDs allow the crossingseparating peaks of t genotypes.
ofun .t valleys between t.wo.known tsequences by introdugin Previous studies by Kondrashetzal.® in the human genome
protein sequence substitutions. Hence, the study of CPBso . P ;

.and Kulathinalet al.© in the Drosophilagenome have shown

a unique and invaluable tool to access information on pmotei that 10% of deviations from a humébrosophilawild-type se-
evolution and epistatic selectibn . . .
quence to a dierent residue in an orthologous sequence are
. of a residue type which causes disease in huitansophila
1.2. Evolution of CPDs o . .
i . In other words, 10% of substitutions are CPDs. This ratio of
Almost all possible genetic sequences are unt, so for 8cppg per total residue substitutions, is approximatelplsta
protein to evolve over time, only a discrete series of rate, ,ar a wide range of human and somesophilaFEPs, and
sequences may be used as steps in the evolutionary joumMQYi,qenendent of phylogenetic distance and populatice? &iz
Hence, the stability of this ratio suggests frequent andleeg
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scenario, a compensatory mutatiGnis phenotypically neu- 2. Results and Discussion
tral and stable, thus xing itself quickly in the populatior\

pgthogenlc mutatio® is unstable, and can become_ xeq only 51 The CPD dataset

if it occurs after the compensatory mutatidd, resulting in a
CPD (theP—C pair) which has higher tness owing to epistasis.
In the second model, bothandC are individually deleterious,
but together have a neutral ect, giving rise to a tness valley.
Itis known that small frequencies of low- tness mutationssg

in large populations, so it is possible for tReC genotype to

2328 disease-causing mutations from OMlfbccurring in
245 human proteins were successfully mapped both to a eesidu
in a UniProtKBSwissProt® sequence and to a structure in the
Protein Databank (PDB}. Of these, 453 mutations were found
x itself within the population, while neither of the deleteus asa nat_|ve residue n at least one non-human aligned furictio
intermediates is xed on its own. A less likely, but possible ally equivalent protein sequence and annotated as ,CPDS'
scenario is that botf andP occur simultaneously. Addition-  1aPle 1 shows the numbers of CPD? analyzed in our study
ally, Cowperthwaitest al.# propose a mechanism of compensa-COTpared with those of Ferrer—CosIaaI._ _and Kondrashoet
tion occurring after the appearance of the deleterious ianta ~ &-~ These groups use the same de nition of a CPD, but use
Their observations are based on RNA molecules' evoluiion ¢ erent methods and datasets to identify CPDs. An important
silico, and they show that, provided the mutation rate is su di erence in our analysis is the use of functipnally equivalent
ciently high, epistatic selection with compensatory miotis ~ Proteins (FEPs) rather than orthologues derived from Pfam

the most prevalent mechanism of otherwise deleterious-mutd@S used by Ferrer-Costa), or from BLAST (as used by Kon-
tion xation. drashov). Orthologues can diverge in function and, wheeg th

do, key functional residues will, by de nition, be subjectrhu-

tation®. While the broader sets of sequences used in other work

may lead to additional CPDs being identi ed, using our more
1.3. Structural features of CPDs restricted sets of FEPs obtained from our FOSTA database

sures that this situation will not arise.

While Ferrer-Costa and colleagues identi ed a signi cantl
In a recent study, Ferrer-Costt al.> demonstrated that larger set of 811 human proteins containing mutations (com-

both the structural environment and the nature of the substipared with our 245), many of these mapped only to sequence
tution play an important role for the development of compen-Table 1), whereas our dataset includes only mutations edpp
satory mutations facilitating a CPD. Their results shovtistia ~ to structure. 35% of the larger (sequence-based) FerrstaCo
cally signi cant di erences in the solvent accessibility of mu- disease-associated protein dataset contained at leasifDe
tated CPD residues as well as intrinsic properties of theamut location, while 29% of the smaller (structure-based) set in
tion (change in amino acid volume, hydrophobicity and BLO-this study had compensated mutations (Table 1). In addition
SUMG62 score¥’) when compared with “pathogenic deviations' they extracted mutation data from UniProtk®BvissProt anno-
(PDs). They suggested (i) that mutations to residues makingtations, resulting in a dierent set of mutations from those we
large number of contacts are more diult to compensate than identi ed from OMIM. They only used protein structures for
those making few contacts, and (ii) that CPDs are, on averagéheir relative accessibility analysis (24 proteins).
more conservative substitutions than PDs. We have builisnt ~ CPD detection by Kondrashov and colleagues was based on
study to analyze a wide range of structurakets and their fre- a small number of proteins reported to have large numbers of
guency of occurrence among compensated and uncompensajsgthogenic deviations (at least 50 per protein). As a result
disease-associated mutations. We have also extendedahe arthe percentage of human proteins containing a CPD is signif-
ysis of the structural environment of disease-causing timurts.  icantly higher than in the other two methods. Like Ferrer-
by calculating the mutation rates among residues in close-pr Costa, most of their analysis was performed at the sequence
imity to the pathogenic deviation. level, with more detailed structural analysis, looking for-

Our data on the distribution of structural ects of CPDs  tential compensatory mutations, being performed for josge
in comparison with PDs provides an insight into what kindsProteins (-hemoglobin, von Willebrand factor and transthery-
of structural e ects are easy, or more dcu|t, to neutralize tln) where structures are available for the human protehh an
through compensatory mutations. This may, in turn, help tdor mammalian orthologues. Thus, to our knowledge, our re-
shed light on the mechanisms of compensation, which are a&lts using 85 structures represent the largest strucnedysis
yet poorly understoot?3° We analyzed local structural con- of CPDs.
sequences of mutations on a large dataset of OMIM mutations, Table 2 summarizes the general trends observed in the data.
using methods of structural analysis previously develoiped We also evaluated the diversity of the FEP families in which
our group--1213.14.15 PDs and CPDs were obtained as shown in Figure 1. This shows
rst that CPDs are fairly evenly spread across families vdif
ferent levels of diversity. Second, while compensatorynéve
Thus, this paper sets out both to examine the location of comare more common in more diverse familes (i.e. those which, on
pensatory mutations and the nature of pathogenic mutatiorsverage, contain more distantly related members), theyrocc
which can be compensated. even in families which show very low diversity.



Table 1: Analysis of CPDs detected in érent studies.

Present study Ferrer-CoSta Kondrashov

Human proteins searched 245
Human mutations identi ed 2328
Total-observed CPDBs 3218
Distinct CPD$ 453
Human proteins with one 85

or more corresponding CPDs

811 32
9334 4272

140 (30465) 608

52 (1658) NAC
24 (287) d @4)

In the present study, only sequences which could be mappstditture were used. For other studies, where a distincionbe made, the main
number refers to the number of structures, while the numb@arentheses refers to sequence analygigjiven disease-causing mutation in a
human sequence may match the native residue in severetit functionally equivalent proteins from other specisus the number of CPDs
observed is greater than the number of human mutatfifise number of human disease-causing mutations having amerer CPD-containing
functionally equivalent protein§Data not available in the Kondrashov pap#&khile structures may have been available for more humaremst
the authors only analyzed those proteins where structuees also available for multiple mammalian orthologues.

Table 2: Summary data for PDs and CPDs

Characteristic
Accessibilit PDs:x=269; =272 CPDs:x=434; =280
Redundancy X=6:79% = 4:92, min= 0:00, max99.32

aRelative solvent accessibility was calculated using allawgle-
mentation of the Lee and Richards algorittin "Redundancy was
calculated as the mean and standard deviation of the pairdén-
tity of the 85 human sequences used in this analysis; miniranch
maximum identity are also provided — the most elient pair being
PTEN.HUMAN and RTNARHUMAN and the most similar pair be-
ing HBG1L.HUMAN and HBG2HUMAN.

Distribution of mean sequence identities for FEP families

O CPDs
| PDs

Frequency

o ]

25 75 12 18 22 28 32 38 42 48 52 58 62 68 72 78 82 88 92 98

Sequence identity in %

Figure 1: Diversity of FEP families containing PDs (264) &Ds (85). Note
that some families may occur in both datasets. The histogsanormalized
such that the total height of the bars is the same betweemthsdts. Diversity
was calculated as the mean pairwise sequence identityrviftbifamily.

2.2. Potential local compensatory mutations

This analysis calculated and compared the frequencies of
mutations occurring in the residues surrounding a CPD or a PD
in the structure. In common with Kondrasheval.l, we hy-
pothesized that compensatory mutations, neutralizing@'CP
pathogenicity, are likely to be physically close to a CPD and
involved in short-range interactions. Figure 2a shows ibtie
bution of sequence variability in residues surrounding HCP
compared with PDSC=T ratios (whereC was the number of
local (potentially compensatory) mutations ahdvas the to-
tal number of “in range' columns (in the alignment) checked
for that sequence — i.e. the fraction of in-range residuas th
are mutated, see Materials and Methods) of PDs were taken in
order to control for sequence variability. Owing to the drea
number of points on the graph, and in order to see if there is
any major di erence between the two datasets, we averaged
the C=T ratio for every dataset and sequence identity, as shown
in Figure 2b. Restrained linear regression was performed on
the full datasets to obtain lines of best t (the restraininige
the biologically obvious condition that both lines have asp
through 0 mutations when the sequence identity is 100%). The
line equations show a signi cant increase in slope for thé&CP
dataset (Z-statistic7.860, withp < 0:05). This increase in the
average number of diverged residues in the structural reigh
bourhood of CPDs strongly supports the hypothesis that com-
pensation is commonly a local ect, as previously suggested
by Kondrashowt al.!

For the CPDs in Figure 2b, the best-t line has a slope of

1:007 indicating that CPDs re ect a set of random mutational
events occurring during evolution of the environment in ebhi
the CPD occurs. In contrast, PDs occur at sites where conser-
vation is higher (for structural or functional reasons) dhds
compensation by random mutational drift in the surrounding
is less likely to occur.

In addition we separated the data into buriedlQ% relative
accessibility) and exposed mutated residues (PD or CPD) and
repeated the analysis shown in Figure 2 on the two sets sepa-
rately. The lines of best t were almost indistinguishalierh
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Figure 2: Dependency of the local mutation ratio on sequétfetity. a) The

C=T ratio for residues within an 8A sphere of each mutation igtetbagainst
sequence identity for both CPDs and PDs. See Materials & ddisttb) The

line of best t, obtained by linear regression with a (100,constraint for both
complete datasets (i.e. the data shown in a): 3138 datapfuntCPDs and
74429 datapoints for PDs) is shown together with the ave@sge ratio for

each 1% sequence identity bin to illustrate the trends ird#ta.
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Figure 3: Relative frequencie§ ¢, see Materials and Methods) of predicted
structural e ects for CPDs and PDs. (See Table 3 for the meanings of the
e ect categories.) Values are indicated at the top of each ®@ni cantly

di erent bars (Fisher's exact test, see Table 3) after apjglicatf the Bonfer-

roni correction for multiple testing are indicated < 0:05, ** p < 0:01).

The “strucexplained' bar is a summary representing explanation bycdie
other structural tests shown in the gure. In this case noemion was applied
givingp=671 104

the equivalent lines in the full datasets (data not showrg, t
only notable di erence being that CPDs in the core showed a
slightly greater slope of 1:025 suggesting that, when they oc-
cur, they are accompanied by a somewhat higher local matatio
rate. CPDs on the surface showed a slopel001 suggesting
that compensation is indeed the result of random mutations.

2.3. Mutation structural analysis

Fractions of PDs and CPDs for which structurakets have
been identi ed in SAAPdb are shown in Figure 3, divided into
categories of likely structural eects. Analysis of relative fre-
guencies in thirteen categories covered four classes offtis
ing e ects: protein interface, binding properties, protein fold
ing and stability. These categories are summarized in Table
and have been explained in detail by Hwesal.!®> Di erences
between the two datasets give an insight into which types of
structural disruptions are more likely to be compensateows
ing that the compensation of pathogenic mutations is higaly
pendent on the nature of the mutation'seet on the structure.

We will now brie y discuss the results for each of the four gen
eral classes de ned above. The examples shown were selected
at random as examples where a simple 1-amino-acid compen-
satory event appears to be important. In other cases, a mumbe
of compensatory events may have an additived.

2.3.1. Interface disrupting ects

We de ne interface residues as surface residues in the
monomer which undergo a change in relative accessibility of

10% on complex formation. Solvent accessibility is calcu-
lated using a local implementation of the Lee and Richards al
gorithm!®. We nd that 26.5% of CPDs and 26.1% of PDs
occur in interface residues found in PQS f8s This is the
only structural category for which the frequency of CPDsis t
same, or greater than, the frequency of PDs. This con rms re-
cent observations that CPDs are often found in residuesipavi



Table 3: Structural eect categories.

Structural
category E ect of mutation p-value mcvalue
PQs A ecting residues in the interface with a drent protein chain or ligand identi ed from a PQS le (ancetefore more likely to >1 0.81
re ect biologically relevant interactions) by a change oiv&nt accessibility.
binding A ecting residues involved in speci ¢ binding interactiomshydrogen bond, salt bridge, or packing interaction) witth serent 1.5 10 2 0.00
protein chain or ligand.
MMDBP® A ecting residues in contact with a ligand, according to the M/database. >1 0.31
sprotF T Residues annotated in SwissProt Feature records as haftingteonal signi cance. 9:.04 10° 0.00
proline® Mutations to proline where the backbone angles are resgict 220 10° 0.00
glycine® Mutations from glycine where the backbone angles are otisti 987 101 0.07
clasi¥ Causing a clash between atomic radii of the neighbouriniglues. 795 1012  0.00
cisproliné Mutations from a cis-proline. >1 0.36
hbonding Causing the disruption of hydrogen bonds between residues. 279 1072 0.001
voidd Causing an internal void275A2 to open in the protein owing to the substitution with a smatsidue. 7?2 10°% 0.048
corephilid Introducing a hydrophilic residue in the protein core. 185 102 0.083
surfacephobit  Introducing a hydrophobic residue on the protein surface. >1 0.088
buriedcharg® Introducing an unsatis ed charge in the protein core owimghe substitution with, or of, a charged residue. 476 10 ° 0.00
SSgeometry Causing the disruption of a disulphide bridge. 1:.83 102 0.0006

The structural explanation categories are described iaildst Hurstet al.*® 2Interface explanationgFunctional explanationsFolding (fold-
preventing) explanationgnstability (destabilizing) explanationg-values are obtained from a Fisher's exact test:(= 1) and then multiplied
by 14 to apply a Bonferroni Correction to the p-values towaltbem to be compared with conventionalalues of 0.05 and 0.01. Thecvalue
shows the result of a Monte Carlo simulation and is the foactif random divisions of the data which obtain the obseme@lue or better (see
text).

Figure 4: Potential compensation of a mutatioreeting an interface residue. Figure 5: Potential compensation of a mutatioreeting a binding residuea)

a) The position of Arg249Ser is shown on the human GTP cyclablgde pen-  Asn34Ser position is shown on the human UDP-glucose 4-epseestructure,
tamer structure, PDB:1fb1l. This CPD occurs atimterfacein the pentamer  PDB:1ek6. This CPD occurs intandingsite and in @QSinterface and causes
and causes dopa-responsive dystofipDetail of Arg249 and its interaction  epimerase-de ciency galactosemia). Detail of Asn34 and its interaction with
with Ser250 from a neighbouring monomer. Multiple non-bamtdractions be-  NAD™. c) The Asn34Ser mutation causes the loss of hydrogen bond kth t
tween Arg249 and Ser250 contribute to pentamer stabitijyThe Arg249Ser  exogenous NAD, needed for the normal function of the human protein (mod-
mutation causes the loss of function in GCHUMAN by losing multiple elled structure)d) The Streptococcus thermophilasd Streptococcus mutans
non-bonded interactions (modelled structure shown) amtén@lestabilizing  FEPs have compensated for the Ser34 by introducing AsnlBichwvin turn

its structure.d) The Rickettsia belliFEP has compensated for the Ser249 lost stabilizes protein-ligand interaction, shown on the miedestructure.

contacts by introducing Lys250 (modelled structure).

fewer intra-protein interactiofs(and hence have fewer struc- 2-3-3- Folding disruption eects

tural constraints) and may indicate that it is relativelgyeto This class of structural eects describes cases where the mu-
compensate for the deleteriousegts of interface residues. An tation is likely to prevent correct folding of the proteincais
example of a compensated mutation in the protein interface irepresented by (i) mutations from cis-proline, to prolimela

shown in Figure 4. from glycine (where backbone torsion angles are unfavdarab
for the replacement residue), and (ii) introduction of akipen,
2.3.2. Mutations aecting binding clash-causing residue. In our analysis, mutations from cis
A signi cantly greater fraction of PDs than CPDs was as- Proline are very rare and are not considered further.
signed as making speci ¢ binding interactions (hydrogendx Mutations from another amino acid to proline are expected

de ned according to the rules of Baker and Hubb&tar non-  to be damaging to protein structure when the native residue
bonded contacts) to a ligand or another protein chain (Fighas a backbone conformation disallowed by proline's cyclic
ure 3, category “binding'). Using data from the MMDBBIND sidechain. Our results show that such mutations occurfsigni
databas# to identify binding residues rather than the PDB icantly less frequently in the CPD set than the PD set indicat
data, also showed a greater fraction of PDs than CPDs, but theg that compensation is dicult. An unusual example of neu-
di erence was not statistically signi cant. tralization of a mutation to proline is seen in antithromiblin

It is not surprising that, owing to the speci c properties re (ANT3, See Materials and Methods, Figure 10). In this exam-
quired for H-bonds or interactions at interfaces, our rssul ple, compensation appears to be achieved by removing anothe
showed compensating for a mutation at a speci c bindingnearby proline with both the compensated and compensatory
residue is usually dicult. An example of a compensated mu- mutations located in the same loop (PDB:2b5t chain I, struc-
tation at a binding residue is shown in Figure 5. ture not shown). In contrast, mutations from glycine (where



Figure 6: Potential compensation of a mutatioreeting a folding residuea)
The position of Gly122Arg is shown on the human triosephasplisomerase
dimer structure, PDB:1wyi. This CPD causeslashand aburied charge
and increases thermo-sensitivity of the human protbjrDetailed position of

Figure 7: Potential compensation of a stability-reducingtation. a) The
Phel73Leu is shown on the human glucose 6 phosphate deleydisr struc-
ture, PDB:2bh9. This CPD createsvaid and causes neonatal jaundice)
Detail of Phel73 and its relative position to Val1@9 Substitution of aromatic

Gly122 and Trp90.c) The Gly122Arg mutation causes atom clash, indicated Phe173 with a smaller leucine creates an enlarged “void@ierprotein core,

by the arrow, between larger sidechain of Arg122 and natiy®0 (modelled
structure). d) Substituting Trp90 with a smaller Lys compensates for the in
troduction of the Arg122 in several bacterial FERs|(ifex aeolicusCoxiella
burnetii, Mycoplasma gallisepticunilreponema pallidumXylella fastidiosa
Chromohalobacter salexigenshown on the modelled structure.

the glycine has a backbone conformation not accessiblénty ot
amino acids) showed no signi cant dérence between PDs and
CPDs.

indicated by the arrow (modelled structured) Several bacterial FEPs have
compensated for the void creation by substituting Val16@ ailarger residue:
Leu, lle or Met. The compensatory ect of Val169lle inBuchnera aphidicola
subsp. Schizaphis graminuandsubsp. Baizongia pistaciBEPs, shown here
on a modelled structure. Introducing a larger isoleucirduces the “voidl'
size, increases the distance between the two voids, andrirstabilizes the
structure (indicated by an arrow). l)—d), only the two residues of interest
are shown. The small spheres Il buried voids surrounding tesidues and
bounded by the rest of the protein structure.

Substitution to a clash-causing residue was extremely rarprotein be disrupted. It appears that in the CPDs, voids can

among CPDs compared with PDs. This is not surprising ape compensated for by replacing one or more local sidechains
compensating for a clashing residue would probably need sewvith a larger residue. A number of small changes can compen-
eral, chronologically earlier, cascading compensatorjtamu sate as eectively as a single larger change and these may be
tion events to create a void large enough to accommodate trgccommodated more easily if, in evolution, they occur befor

clashing residue; such a void would itself be destabiliziAg

the CPD. Figure 7 shows an example of a compensated void

rare example of a clash compensation is observed in humanutation in glucose-6-phosphate dehydrogenase.

triosephosphate isomerase FEPs, as shown in Figure 6.

2.3.4. Mutations aecting protein stability

Mutations a ecting protein stability introduce no physical
barriers topreventcorrect folding, but reduce the stability of
the correctly folded form below that of unfolded or mis-fettl

stated®. Disruption of hydrogen bonding, creation of voids,

misplaced charges, hydrophilics, or hydrophobics, ancugis
tion of disulphides all fall into this category. Such mudsis
may be temperature-sensitive (such as the Val143Ala nountati

Introducing a hydrophilic residue or an unsatis ed charge
in the protein coré® were signi cantly less likely to be com-
pensated for, again, showing the great complexity of imtera
tions among tightly packed buried residues. Compensating f
a buried hydrophilic or charge would require introductioin o
a compensatory hydrophilic or charged residue (which, by it
self, would be destabilizing) in a precise orientation ie tore.
The observation that such events are rare argues for the rst
DePristo hypothesis described above, in which phenotlipica
neutral compensatory mutations are introduced beforedghe c

in p532%) and are the main category of interest in “rescuing' pro-pensated mutation. Introducing a hydrophobic residue en th
tein functior?*2>2% We observed very few cases of disruption surface seems to be easier to compensate for, although a de-

of disulphides and this was not considered further.
Mutations that aect hydrogen-bonding were identi ed in

SAAPdb according to the method of Ctet al.'* Consider-

ing the fact that hydrogen bonds have a stronga on protein

tailed analysis of multi-chain proteins and complexes Wih
ands would be required in order to explain these mechanisms
fully.

In summary, frequencies of structuralects in both datasets

stability'# and that precise geometries are involved, it is not surpresented here were quite similar to PD frequencies predent

prising that mutations aecting hydrogen-bonding were found

by Hurstet al.!® The di erences in frequencies between our

very commonly in both datasets. The high frequencies in boti@verall counts per category and PD counts in that earliekwor
datasets, 8.17% of CPDs and 13.44% of PDs, indicated a coma¥e a result of that PD dataset including other mutationcsesur
mon occurrence of both mutation types in hydrogen bondingn addition to OMIM. However, some categories typical foopr

residues, although there are signi cantly fewer hydrodpemd
disrupting CPDs than PDs. This suggests that it isatlilt to
make compensatory mutations which counteract the dismpti
of the intricate hydrogen-bonding network in the proteineco
The creation of voids of volume 27542 did not show a sig-

tein core residues (such as introducing a hydrophilic resid
buried charge, clash and SS-geometry) show a strikingrdi
ence between PDs and CPDs, indicating thescts are less
likely to be compensated for.

nicantdi erence between the CPD and PD datasets. Our void-4. Validity of the results
calculation methotf calculates the volume of voids assuming  Assignment of mutations as PDs or CPDs is based on a “neg-

that no movements occur in the protein structure. In redlity

ative' observation (i.e. that this mutation, known to cadse

is likely that several small movements of sidechains and-bac ease in humans, ha®t been observed as the native residue

bone will occur to Il the void (at least partially). Only ifttese
movements are too great will the stability and function o th

6

in a FEP from another species). Consequently, the number of
CPDs may be an under-estimate simply because FEPs have not



yet been observed demonstrating that compensation can takeSecond, CPDs often occur in interfaces. According to the
place. rst evolutionary model proposed by DePrisébal.®, introduc-

In order to test that the signi cance of the results obsezder tion of phenotypically neutral mutations (which are theteab
above was not a result of random patrtitioning of the data, a0 compensate for a CPD) is a necessary rst step before a
10,000-iteration Monte Carlo simulation was run as desctib CPD mutation can occur. Previously we have shown a high
in the Materials and Methods. The results, shown in Table-3,i occurrence of neutral mutations in interface residdesd this
dicate that where the observed (Bonferroni-correcfesiplue  may thus create an amenable environment for CPD occurrence.
was< 0:01, the probability of seeing thjgvalue by chance was Thus it was not surprising to nd the PQS-interface category
zero (i.e.mcvalue= 0.00 whenp < 0:01). Wherep < 0:05, being the only structural category having a slightly higfrer
there was &91.7% chance that the results were not obtainedjuency of assigned CPDs than PDs (Figure 3). In contrast,

by chance (i.emcvalue 0:083 whenp < 0:05). disease-associated mutations were less likely to be compen
We can thus be con dent that the results were not obtainedated for when the residue had more complex intra-protein in
by random chance divisions of the dataset. teractions (i.e. in the protein core), which would oftenuig

multiple compensatory events. Our results show that, based
structural categories as de ned by SAAPdb, CPDs are more
likely to be found among surface residues, with the exceyifo

The results presented here have three main novel aspectpeci c binding residues which make key hydrogen-bonding o
(i) the orthologous proteins have been chosen on the basis wan der Waals interactions across an interface. It is alssipte
functional equivalence rather than sequence identitystiokels,  that other factors may result in compensation such as clsange
(ii) CPDs have been surveyed in a structural context on a mucim expression levels or accumulated biochemicakdénces.
larger scale than previous work and (iii) the range of suedty In conclusion, we have performed a detailed structural com-
e ects of CPDs on protein structure is greater than in previouparison of the occurrence of compensated pathogenic devia-
work. We used our SAAPdb databa3éo analyze the specic tions. Our structure-based results have conrmed an earlie
structural e ects of CPDs in a range of structural categories,proposal by Ferrer-Costat al.> (based on sequence analysis)
comparing them with PDs. The reliability of our analyses wasthat the e ects of CPDs are less drastic than uncompensated
increased by using data on functionally equivalent pratéim  pathogenic deviations. Our larger dataset has also cordrme
the multiple sequence alignments, because even relasirely  their result that CPDs are more likely to occur on the protein
lar sequences can diverge in functfoiwe believe that the large  surface. Through a large-scale structural analysis, we hso
size of the dataset and its wide spread acrosereint protein  con rmed the hypothesis that compensation tends to be a loca
families was su cient for a broad structural analysis of human e ect, since local sequence variation around a CPD is greater
disease-associated single amino acid mutations and chges w than around sites of PDs in functionally equivalent protesfi
these have been compensated in other species. the same sequence identity. Thus we have begun terein-

Our analysis of sequence divergence showed that residugisite compensated and uncompensated mutations on the basis
local to a CPD tend to have random variability re ecting what of their e ects on protein structure. This gives us insights into
would be expected from the overall sequence similarity {Fig evolutionary mechanisms and may shed light on pathoggnicit
ure 2b). In contrast, the local sequence divergence arodsd P in humans.
is signi cantly lower re ecting a requirement for conseii@n
in these regions. Thus it appears that the surroundings sf PD
are less able to undergo compensatory mutational evers th&. Materials & Methods
one would expect by chance. For example, CPDs tend to be
closer to the surface than PDs (as shown previously and con- An extensive set of 2328 missense human disease-causing
rmed in this work, see Table 2). The higher conservationmutations, extracted from OMIKF, was mapped to the se-
around PDs may therefore be re ecting the conservation requence data (Martin, manuscript in preparatiotbp://www.
quired within the core in order to maintain the structureladt  bioinf.org.uk/omim/ ). In brief, the method (which is de-
protein. CPDs are more common near the surface simply bescribed in more detail on the web site) uses cross references
cause these regions can be less conserved. These obsesvativom UniProtKB/SwissProt to OMIM; a partial sequence is
also con rm that compensation tends to be a locat@ in the  then constructed from the “native' residues in OMIM and
majority of compensated mutations and suggests that compematched to the complete sequence in order to identify asgb
sation results from random mutational drift. that needs to be applied to the OMIM numbering to map mu-

Structural analysis by the SAAPdb pipeline, which indisate tations to UniProtKBSwissProt. Subsequently mutations are
the likely local structural eects of a mutation, showed impor- mapped to structural data using PDBS%WS The mutations
tant features of the CPD dataset. First, CPDs in humans wemgere divided into two datasets, each mutation being either a
less often assigned any likely local structuraket, suggest- “PD'or a "CPD', as shown in Figure 8. Two distinct analyses
ing that they cause less signi cant disruption of local sttre.  were performed on the datasets: (i) an analysis of the fregyue
This con rmed results by Ferrer-Cost al.®, suggesting that of mutated residues within 8A of the disease-associate@-mut
CPDs cause "milder' changes than PDs in physico-chemicdlon, by mapping aligned sequence data to structural dateein
properties. Protein DataBank (PDBY as shown in Figure 9, and (ii) an

3. Conclusions



Figure 9: The number of mutated residues within 8A of a GFIDmutation was counted.

Figure 8: Creating CPD and PD datasets from the mutation theastructural
and sequence data and data about functionally equivaleteips (FEPS).

analysis of local structural ects, using 14 structural explana-
tions implemented in SAAPdS.

4.1. CPD dataset creation

We obtained a set of distinct CPDs from the OMIM missense
mutations mapped to a residue in a UniProfR®issProt® se-
quence and at least one PDB structure in SAAPdb, as shown
in Figure 8. Although 2907 OMIM missense mutations were
identi ed (April 2008 version of OMIM), 579 mutations could
not be mapped to a residue in the PDB leaving 2328 mutations
to be sorted in the two datasets. For every human sequence
containing an OMIM mutation, a list of functionally equiva-
lent proteins (FEPs) and their UniProtk®vissProt sequences
were extracted from the FOSTA datab&seé~OSTA initially
identi es a set of homologues from UniProtk®wissProt us-
ing BLAST. It then uses a series of text analyses of the Uni-
ProtKB/SwissProt annotations, initially looking for a match in
the protein name element of the UniProtkvissProt iden-
tier, followed by the EC number and nally by match-
ing synonyms at multiple levels of speci city from the Uni-
ProtKB/SwissProt description eld. The sequences of the FEPs
were then aligned with the human sequence using ClustalW
28 Columns from the multiple sequence alignment containing
disease-associated mutations in the human protein were the
identi ed. If any of the non-human residues aligned to the
human pathogenic mutation matched the amino acid causing
the disease in humans, that mutation was sorted into the CPD
dataset. An example of a CPD de ned in this way is shown at
residue 323 in Figure 10. Ser323Pro in humans causes djsease
yet proline is the wild-type residue in sheep. Where theatise
causing mutation was not observed as the native residueyin an
other species, the mutation was placed in the PD dataset.

4.2. Detection of potential local compensatory mutations

Potential compensatory mutations were identi ed as fopw
using the sequence alignment shown in Figure 11 as an exam-
ple. After identifying the Ala419Val mutation in human se-
quence P01008 as a CPD because P41361 and P32262 (from
cow and sheep respectively) contain a native valine atipasit
419, the best quality PDB structure (PDB:2b5t) mapped to the
human P01008 was checked for all residues having at least one
atom within 8A of the Ala419 (the native CPD residue). These



Figure 10: A CPD example in the human antithrombin-Ill (ANT8otein aligned to its non-human FEPs. A Ser323Pro mutdtiche human protein causes
antithrombin-IIl de ciency, while Pro occurs in the wildqpe sheep protein at the same position. These residuesginigghted in column 323, while a potential
compensatory mutation is highlighted at column 320.

‘in range' residues were then mapped back onto the alignmeffior every likely structural eect (Table 3%°. Note that one mu-

and these positions were checked for sequence divergeamoe fr tation can be assigned multiple likely structurakets.

the human sequence in the P41361 and P32262 sequences (th&he fraction of CPDs (or PDs) whose likely structural ef-

two sequences which showed a native Val419). We made thiect was explained by a given categdfyg;, was calculated as:

approximation that, having identi ed residues within 8Atbe Fcat = Ncai=Tcan, WhereNgg is the number of CPDs (or PDs)

mutation in the human structure, the equivalentresiduasim  predicted to cause that structuralext, andT.4 is the total

human sequences would also be within 8A of the CPD residuaumber of mutations in the CPD (or PD) dataset. Theedi

in their respective structures. Thus all “in range'éiiences in  ence between calculated fractions of the two datasets wesite

both of the FEP sequences compared with the human sequerniog a two-tailed Fisher's exact test for statistical sigrarce in

were considered to be potential local compensatory mutsitio each structural category (Table 3).

A C=T ratio was calculated for each of the CPD-containing FEP

sequences (P41361 and P32262), wi@meas the number of 4. 4. Potential compensatory mutation examples

local (potential compensatory) mutations ahdvas the total . .
. . The four compensation examples presented in the Results

number of “in range' columns checked for that sequence. In

TR . . A and Discussion section were created using RasMolSim-
other words, this ratio is the fraction of spatially neiglbiag le modelled structures were obtained usina mutmbdehich
residues which are mutate=T was recorded together with P 9

the overall pairwise sequence identity. replaces sidechaiqs'using_ a minimum perturbation profcol
. . i L where the sidechain's torsion angles are rotated to nd the o
Figure 11 also contains a pathogenic deviation (PD). At col-timum orientation
umn 416, a mutation to proline causes disease and no proline '
is identi ed at this location in the FEPs from other species.
For PDs, theC=T ratios were calculated for every non-human
sequence aligned to the PD-containing human sequence andBecause of the division of data into PDs and CPDs via a neg-
recorded with the pairwise sequence identity. ative observation (i.e. a mutation is de ned as a PD becaase n
This was repeated for every alignment of sequences, examigompensatory event is observed), we tested whether the same
ing both CPDs and PDs. EveB#T ratio was recorded together Signi cance values could be obtained by chance by a Monte
with the pairwise sequence identity of the FEP compared witfcarlo simulation. Our dataset contained 447 CPDs and 1753
the human sequence. PDs; these data were merged and 447 mutations were chosen
at random to create set A, the remaining 1753 being set B. For
each of the structural explanation categorieg;\walue was cal-
culated (as before using a Fisher's exact test) based oretivs
dom division of the data. The random division and calcutatio

After being divided into the CPD and PD datasets, every MUt p-values was repeated 10000 times and for each structural

tation was mapped to a residue in a PDB structure. The PDB- : : R .

. . . xplanation, the fraction of ‘randopivalues' that were lower
SWS databagé, provides a mapping between PDB chains an han the observeg-value was recorded (Table 3)
UniProtKB/SwissProt or trEMBL entries derived from cross- '
links provided in the source data and enriched by “bruteefor
scanning of unmatched PDB chain sequences against Uré. Acknowledgments
ProtKB/SwissProt and trEMBL using FASTA. PDBSWS
also provides alignments and residue-level equivalenogs. AB was supported by an Overseas Research Scholarship and
given sequence may map to multiple PDB crystal structures, sby the UCL Graduate School. LEMM was supported by an
a single entry was chosen on the basis rst of sequence igenti MRC Capacity Building studentship in Bioinformatics. The a
with the UniProtKBSwissProt sequence, second of resolutionthors thank Miljenko Huzak for help with the Z-statistic fitve
and third of R-factor. The disease-associated mutationlavas comparison of the slopes in linear regression and the retere
beled by the SAAPdb pipeline as “explained' or "unexplainedfor useful suggestions.
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4.5. Monte Carlo simulations

4.3. Structural analysis



Figure 11: A CPD example in the human antithrombin-1ll (ANT8otein aligned to its non-human FEPs. The Ala419Val CPRatmn is assigned twe=T
ratios, one for each CPD-containing sequence (AMBCBVIN and ANT3.SHEEP), while for the Ala416Pro PD mutation, fawT ratios were calculated, one for
every FEP sequence.
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