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Abstract

The constant increaséen the number ofsolved protein structuress of greathelp in
understanding the basigrinciples behind protein folding and evolutior8-D structural
knowledgeis valuablein desigiing and developing methods foomparison, modelling and
prediction of protein structuresTheseapproachedor structure analysis can be directly

implicated in studyingrotein function and for dig design

The backbone of a protein structure favoursate local conformations which include
.- KH O L{strhNds and turns. Libraries of limited number of local conformations (Structural
Alphabets) were developedin the pastto obtain auseful categorizatiorof backbone
conformation Protein Block (PB) is one such Structural Alphabet that gaweasonable
structure approximation of 0.42A. In this study, we use PB description of local structures to
analyse conformations that are preferred sites for structural variations and insertions, among
group of related folds. This knowledge can be utilizadimproving tools for structure

comparison that work by analysing local structure similarities.

Conformationadifferences between homologous proteins en@wn to occur ofteim
the reggions comprisingturns and loops Interestingly, theselifferencesare found to have
specific preferencedepending upon thetructural classes of prats. Such classpecific
preferences are mainly seen in the-alFODVV ZLWK FKDQJHV LQYROYL!
conformations and hairpin turnA.test carried out on benchmarldataset also indicat¢hat
the use of knowledge on the class specific variations can improve the performance of a PB
basedstructure comparison approachhe preference for thendel sites also seem to be
confined to a few backbone conformasanvolving -turns and helix €aps.These are

mainly associated with sholbops joining the regular secondary structutteet mediate a



reversal in the chain directioRare -WXUQV RI W\SH ,1 DQG ,,Y DUH DOVR

sites for insertions.

Introdu ction

The three dimensional sicture of protein provides precise detailsitsriunctionalproperties
like ligand binding or catalysigl,2]. Protein structures caalsoserve aspecific drug targets
andstructure based drug desigasbeen quite successfulrhe functional properties can be
studied by comparing related structurése anaysis of similarities(or variation$ in protein
structuralfeaturesamongrelated proteinsdemands efficient meansf comparing protein
folds. Structural divergence occsitess rapidly than sequence divergerarelstructure based

alignments are quite fiable when the proteins have distant relationsf8p§5,6,7,8,9]

Most of the structure comparison methods consider préwéds as rigid bodies and
guantify thestructuralsimilarity based oran averageof atomic distances calculated using
backbone coordinatesdoweve, certain regions of grotein structure can bprone to
variations which arise due tetructuralflexibility or evolutionaity acquiredchangesThese
variations can be either restricted to local regions in the backbone or inlatye
movements that altethe conformational state of the proteldnlike the conformational
alterationcaused by large flexible awements, the local backbone changes are not likely to
be affected by the nature of the global fold. Hence the prefeseassociated with the

variationsin the backbone conformations can be extracted as a general feature.



The evolutionary information Isabeen used to explore theeferences in amino acid
replacements based on empirical approa¢h@sl1,12] Structural contexts of amino acid
substitutions involving secondary structures and solvent accessibility have also been studied
[13,14,15,16,17,18,19,20Nevertheless, the precisecal structural changes that occur need
to beunderstoodApart from local conformational changes, insertions and deletiodel§
seem toplay a major rolan protein evolution7,21,22,23,24] The studies orndelsin the
context of secondary structures suggested that the loops are more tolerateglgahan
regular secondary structural regions and a significant percent idlels are disordered
[7,25,26,27,28,29,30,31T he insertedegions prefer to be shd&0] and hydrophobic amino
acids were found to be less frequanthe inserted regiof82]. A more detailed analysis of
the effect of insertioson the flanking regions has also been carriechndtinsertios were
found to break regular secondary structures or cansaltarationin the tertiary structure

[33].

To study the preferences in thecal conformational variations among homologous
proteins, a good understanding of the frequent backbone conformations is necelssary.
ORFDO EDFNERQH FRQIRUPDWLRQ RI D SURWHKHQ IHKDQQ LV
strand. More than 50% of the backleas assigned to the coil stathich reflects irregularity
in the backbonelLater, more precise and comprehensive studies led to the identification of
other repeating conformatiefid4d] 7KH PRVW LPSRUWD Quws RhicWdoveP DUH W
about 25%30% of the residu€85,36,37,38,39,40,41Dut of the9 different types of -turns
categorized basedQ WKH 3 % GLKHGUDOV W\SH , DQG W\SH ,, DU
31.6% and 10.82% of all turns(i.e., 10 and 4% of all residugsThe type IV turns are
comprised of thosehich could not be assigned to other types as per standard defiamidons

this has the maximum representation of about #&2#3].



A more preciseanddifferent view of the favorablbackbone conformatiaris provided by
Structural Alphabets (SAs). SAsgpresent a library of limited number of local backbone
conformations thatare used to approximate the fold of aomplete protein chain
[44,45,46,47,48,49,50,51,52,53} SA consisting of 16 prototypes called Protein Blocks
(PBs) was developed in our laboratpy,54] Each PB represents a pentapeptide backbone
FRQIRUPDWLRQ GHVFULWNE KBGEKING ODDVORWUDIQG RIIDFK 3% LV ODE
alphabet ranging froma to p (Figure 1). ThisSA gives a reasonable approximation of local
protein 3D structures with a root mean square deviatimsd) of about 0.42 A54]. PB
description has been used in several bioinforrmajgproaches including modeling and
structure prediction [44,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70, Fijure 2
shows practical examplesnahe association of different PBs with regular secondary
structuresand Table 1 summarizésis relationshipusing PROMOTIH42] based secondary

structureassignment

As in the case of the study of amino acidssiitions that occur during the course of
evolution, the preferred local structural changes could be analysed with the help of PBs. This
idea was extendedto the comparisorof protein structuresApproximation of protein
structures in terms of SA helps to transform 3D information in 1D. Thus the 30pesgjtEn
of praein structures can be carried auth an alignment of sequences encoded in terms of
SAs[67,72] A specialized®B substitution matriXSM) was developed for this purpoBes].

The PB based structure alignment apphoaerformed better than many of the other available

tools for structure comparisg67,74]

In this study we analyse the preferences for the conservation of local backbone
5



conformations with the help d¢frotein Blockabstraction Initially, we analysethe pattern of
PB substitutions and the effect of solvent accessibility on ltese, we restrict our analysis
to the equivalent structural regions found among families of related fbiis.knowledge
can be utilized in the improvement of structure comparison tools thaswaded on the
similarities in the local backbone or fragmerdnformations.As the secondary structure
content and topologyaries betweestructuralclasse®f proteins (as defined by SCQP5)),
we check whether there amtassspecific specificitiesfor changes inlocal pentapeptide
conformationsin that casave alsoverify theuse of class spe@fPB substution matrices in
improving the alignmenbf structures represented in terms of PB sequeides preferred
local backbone conformations assoethtwith the sites of insertionsvere studied.
Throughout the study, we associate the PB descripgfobackboe conformationwith

different secondy structure assignemts to present a different vieof the results.

Methods

Protein Blocks. Protein Blocks (PBs) are a set of JBototypesof main chain
conformationghat are 5 residues long. Thentapeptidéacklmne conformation islescribed
in terms of WK H dhedfal anglesThe 16 prototypes are labeled frarto p (Figure 1)
They were generated using ansupervised classifiaelatedto Kohonen Mapg76] and
hidden Markovmodel. Protein Blocksendersa reasonable approximation of loctuctures
in proteins[44] with an averageroot mean square deviationmsd of 0.42 A [54]. The
assignment oPBs[54] has beencarried out singan inhouse Python softwaemilar to the

one usdin iPBA webserver{77].

Figure 2highlightsthe correspondence between PBs and regular secondary structures



assigned by DSS@ictionary of Secondary Structure of Proteif$}]. The PBsmandd are
SURWRW\SHV IRU WKHKHIOQ WBRQ@, téspadiiRey. PBg throughc
primarily represent @aN- F D S -Rtfand whilee andf correspond to €aps. These N and C
caps could also include regions in the loop leading tarisingfrom a secondary structural
element. The PB9, a, f, h, gandi are often seen in the region of transition between
secadary structural elementsFigure 2AC presents some examples highlighting the
associatiorof the PB structures with respect to the secondary structure defiwitida Table

1 gives a detailed list of this relationshigxtracted from a subset of PA(Phylogeny and
ALIlgnment of homologous protein structuyel¥8] dataset generated using a sequence
identity cutoff of 40%. Figure 2also highlightssome ofthe frequentlyoccurring PB-PB
transitions. PBg throughj are largely associated with coils, PiBandl| are frequent in the N

cap R I-helixandnto p in C-caps.

Dataset The dataset of protein structure alignments used in the study redéet
version of PALI dataset V 2.&8,79,80] It consists of P22 domain familie comprising of
231,000 domainpairsaligned usingMUSTANG [81]. The domains are classified based on
SCOP definitiong75]. SCOP classifies domain structures into four major clagsles. FOD V V
FRQVLVWYVY RI SURWAiHdlicaVconte While RILQQURWHLQV DUH FRPSF
PDLQO\ VWUDQG FRQIRUPDWLRQ . FRQW Bdn® MatEaBRW K KH O

PLIHG LQ WKH VWUXFWXUH ZKLOH WKH\ DUH VHJUHJDWHG |

PB Substitution matrk. Domain pairs in the PALI database thate solved at
resolution better than 2A arshare sequence identitgss than 40%were only used for
obtaining the substitution frequenci€khis corresponds t6,223 domain alignment pairs

from 476 familiesThe pairwise structural alignments were firspresente@sPB sequence
7



alignments. The PB pairs occurring in the structuredigservedegions within 3 A) were
counted for calculating the substitution frequencies. As in our previous[#&itkhe method
presented by Johnsoet al [82] was adopted for calculating log odd scores from raw

frequencies:

o
>
>
>
>

¥ 5 )

>

>

>

>

J

where§; is the substitution weight arid; is the raw substitutiorirequencybetween

PBi and PBj, M is the total number of different PBisg(, 16).

Structural superpositionbased on PBsProtein structures to be alignedkre first
representedis PB sequences. These sequenitage beeraligned usingSmith-Waterman
dynamic programminglgorithm[83], based on the PB substitution sco®ap penalty of
5.0 was used for alignmef[@7]. Profit version 3.184] was used to obtain a least squares fit
of two protein structures based on tAB sequence alignmeni.he amino aid sequence
alignment corresponding to tHiRB alignmentwas given as input for Profit for reading the
aligned pairs of residues. The Witas performed on the aligned residue pairs and the Root

Mean Square deviatiomnisd wascalculated.

Test Datasefor alignments The gain inthe quality of superpositionquantified as
the difference irmsdof superimpositionpbtained using the class specific PB substitution
matrices was checked orsmallerdataset. From each SCOP superfamily in the PALI dataset

(with two or more families), two families were randomly chosen and from each of these
8



families, a domain pair with sequence identity less than 40%, was chosen. It represents 1,050

domaing(comprising of 188,760 residudsdm 263 families

Clustering based onsubstitution data To compare the PB substitution patterns,
pairwise correlation coefficientwere calculatedased orthe substitution scores associated
with each PB. These values weateductedrom 1 to get a distance matrix for hierarchical
clustering. The hclust PRG X OH softwarg thttp://www.rproject.org/) was used for

clustering the PBs based on the distance matrix.

Secondary Structure Assignmenthe secondary structure typassociatedvith the
PBs were identified with the help of assignmemade by DSSR43], SEGNO[85] and

PROMOTIF[42].

PB accessibilly. A PB is considered solvent accessible if at least 3 residues (out of 5)
that it corresponds to, are accessible to the solXCCESS[86] was used for calculating
the accessibility of each residugifferent cutoffs of 7%, 15% and 25% for relative solvent

accessibility, were used to identify buried residues

Locating indels.The structuralalignments of domain pairs sharing lessnti&)%
sequence identity cwdff were extracted fronPALI. If a continuous stretch of gaps of length
n is flanked by aligned regien(eachaligned residuepair within 3 A) that are aleast 3

residues long, then that position is considered as a pointesfiorgdeletion

Z value A likelihood score was computed to identify significant members of a

distribution. This was usedo identify the local conformation prone to insertions. The
9



preferredseriesof two PBs (li-PB9 binding the insert site are extradtfrom theobserved
distribution of diPBs.The background frequency of occurrence eP8is in the dataset was
considered as the expected distributiovalueswere computed based on the deviation from
the expected distributiohe diPBs with Zvaluesgreater than 2 were considered as the

preferred sites for insertions.

Results

The extent of conservation of lodahckbone conformations were identifiedterms ofPBs.

The local structures undergoing subtle conformatiatifferencesand those which ar
preferred as insert sites, were looked irRairwise structuralalignments from the PALI
dataset were used asreference to study such preferences among related structures in a

family.

Local Structure Substitutions

The changes inocal backbone conforation were deduced by lookg at PB
replacements among homologous structuids reliable alignment regions (residue pairs
within 3A) are only considered for calculatitige replacemenfrequenciesThe scores fo
substituting each PB witthe 16 PBswere calculated from the raw substitutifrequencies

(seeMethods.

Figure A shows the substitution preferences associated with eacBuRrprisingly,
the PBs associated with theaxid C caps ohelix and strand doot show highly preferred
substitutions wth the central helix PBn and central strand P& respectively.This reflects
the preference for conservation of the central or most favoured conformation of these regular

structural elementd.he PBp, usually found in the &€ap of heliceandbr at theN-capof E
10



strands, favors substitutions witiPBsg andi. The PB pairqp, g) and (p, i) sharesimilar
(3 PMihedrals along the 5 residue strefsbeFigure 3Bwhich compares the dihedral angles
associated with these PBShe substitutior(p, g) is dominated ¥ changes in conformation
of 3.10 helicesand -turnsanda relatively fewerconversionsto .-helix and coil (Table 1
Suppkmentary data® 2). Theseturns are mainly characterizég -turnsof type | and IV.
On the other handp,i) substitutionnvolves variations in turng -turns type I, Il and IVjand
the substitutions between them aadils. These two substitutions mainly involvéhe region
of helix-helix, strandstrand and helixstrand transitiong§Supplementary dath). PB b which

is largely seenn the N cap ofEstrands, favour replacement with PB/hich is frequently
seen inthe region of strandtrand transitions (FigureC3. This change is associated with
variation in turns and bends, mainly involving transiidretween turns of typs |, & IV

with types |l and IV.

It is expected that the preference for PB substitution is dependent on the extent of
structural similarity between PBBlonethelessoften the structurally closest PBs are not the
ones with the best substitution preference (FBgBD&E). For instance,he substitution of
PBf and PBh is nothigh prefered (Figure 3E) even though they are very close in terms of
the dihedral angle distributioihe preference for replacement can be deg@neh the local
structural environment.hiis is also true in the case of substitutidgd)(and €,d), which are
not highly favoured even though they are structurally clog#§, which isusually seen in
coils, favours replacement with (Figure 3A,Supplementary data).3PB k associatedvith
N-cap of helicesalsoshowpreferred substitutiowith the loop PBh. These two changes are
characteried by variations in -turns and 3;0 helices (Supplementary data .1) The

replacement oh andi which are largely seen in the strastdland transitionsyith central D

11



helix PBm is stronglydisfavoured The more obvious casevolving substitutions between

helix and stranéssociated P&are not preferre@Figure 3A)

Hence many of the preferred variations in the backbone conformation, corresponds to
changes in -turns. The clusteringoased orthe substitution pattern @fach PB(Figure 3B
highlights differences with respt to the association based on PB conformation similarity
(Figure 3D) The PBs associated with the helical conformatioe, | (N-terminus) m
(centra) andn, o andp (C-terminus) have similar preferences for substitutl® k which is
alsofrequentin the N-capof helices haspatterns of substitutiosimilar tothe loop associated
PBs(j,h). On the other handhe PBs mainly occurring at the-tdrminus of strands cluster

separately from the rest sfrand associated PBs

It should be noted that theage significant variations in the substitution preferences,
among the helix associated PBs and those associated with the stfamd2Bs associated
with the central region of helix and its immediatée@minus,i.e.,, PBsmandn are found to

groupclosely Similar relationship is observed in case of strand associated, BBadf.

As mentioned in theMlethodssection, the local conformational changes discussed
above were identified using a dataset of domain pairs sharing less than 40% sequence
identity. To check whether the nature of backbone conformational changes has significant
differences depending on the extent of structure relatedness, we compared the substitution
patterns obtained from datasets filtered at different sequence identaffilike 60%, 80%
and finally a dataset with all domain pairs (no filteriBgpplementary data 4o significant
differences were observed with respect to the original dataset (filtered at 40% sequence

identity), the PB substitutions had correlation scores c¢tnde
12



PB substitution and accessibility

Each PB was first classified into accessible and burgsge (Methods and the
occurrence frequency was calculatdedigure 4A gives theratio of the percentage of
accessiblé’Bs to buriedPB d found at the centratind regions, has the highest tendency to
get buried(Figures 4A&B). The helix associated PBgas a higher preferender solvent
exposure than that of the straassociatedBs The PBs associatealith the Gterminus of
helices(n, 0 andp), have a greatr tendency to get exposedhen compared to the-bhp On
the other hand, both the N and C caps of strands have similar prefei@neesosureThe
loop associated PBs has variable preferences,gnatidi being more accessible tharandj.
The PBg is dominated by short helical conformatioriac{uding 3.;0 heliceg and turns,
while PBi is very frequent in turngTable 1) The relative increase in exposure with irase
in the threshold for buriahlso shows a snilar trend The strand associated PRave a

relatively lower increase in the percentage of exposure.

It is interesting to find out whether the substitution patterns vary with solvent
accessibility of the local structurebo apprehend jta substitution matrix was generated for
the PBs catewized as exposed and buried (Supplementary Bata#part from a few
exceptions, the distribution of scores for substitutions between exposed PBs and between
buried PBs was largely similar to the general distribution (Figure SAbstitution(k, i) is
preferred in the buried regions than exposed. Most of the substitutions involving the
replacement of an exposed PB B buried PB of another kind areot favoured. The
substitutionsg, g) and @, j) are exceptions.

Clustering exposed and buried PBs basedh® substitution patterns suggests that

PBs associatalifferently depading on their accessibilityFigures 4C and D). The exposed
13



PB (Figure 4C) cluster in a way similar to the general preferences (Figure 3A). In the buried
region, the PB® andi cluster with the loop PBs and not with the strand associated PBs. The
substitution patterns associated with the central helix conformiatismot highly similar to

the substitutions in the immediatet€minus (PB1), unlike the exposed regions.

Class pecific PB substitutions

The distrbution of domain structures idifferent SCOP classes is based on the
secondary structure content and topology. As a resdtbackground distribution of PBs
alsovaries between the SCOP clasdas instancethe dl - . classhas very low percentage of
strand associated PBwhile all- has a low percentage of helix associated PBs

(Supplementary dag).

The PB substitution scoresbserved in the different SCOP classese compared to
the score®bserved in the gla distribution.The PB substitution patterns shaariations
across different SCOP class&3lustering PBs based on the substitution patteefiect

different behaviours in each structural class.

For the all. class(Figure PA), the PBs mainly occurringin helix N-terminus, is
associated withoop PBh ZKLFK LV ODUJHO\ IRXQG LQ WxtheVv DQG \
all- F O Fiduwre B), the group ofloop associated PBs clustiercloser to the helix PBs

than those which correspond to the strand.

The 3%V LQ W K Krigure BXpeadsdaiate in a similar fashios #hat of the global

distribution, excepthat the PBsa andc which mark the beginningf strands clusterclosely

14



with the other strand PBadthe helix N cap PB associates with loopB3. The clustering in

WKH . (FiQuee\®y is closest to the general distribution (Figure 3D).

Preferred substitutions in each class
Thus variatios in the substitutiorpreferencesf local structureconformations are
seen across SCOP class€esmparson of these classspecific substitution scoresvith the

global matrix(see Methogdshighlights a few differences (Figure.6)

It was seen that substitutions involving strand associ&Bd and helix associated
PBs have a higher score in the-allD Q G [F@d3 VespectivelyFigures 6A and 6B).
Indeed, they have lower background frequencies or lack sufficient substitution information in
these respective classes. Nevertheless, the observed probabilities of changes between strand
associated PBs with éhcentral conformatiod was low in the al. FODVYVY 6LPLODUO\
al- FODVV WKH VXEVWLWXWLRQV L QnardothérQelixssQriatédD O K H C
PBs have low probabilities of occurrence (Supplementary dataM@je class specific
preferences for the change in local conformatiareseevident in theall-. DQG TFOOVVHV
(Figure6). The substitution patterns associated with each PB was compared with that of the
general preferences (Figure 3A) and the cases where the correlaticgss/éisain 0.95 were

looked into.

Intheall. FODVV WZR ¥ XEMd\GLYwWEre/folm@td be more favourable
when compared to the global preferences (FgidfeB). Both the substitutions are usually
DVVRFLDWHG Z LtWrktypeKID, QB &G QV\SH ,9 FRQIRUPDWLRQV

The substitutions that are preferred the all FODVV RFFXU LQ W-KH UHJL

strand transitions (Figuse7/C&D). These substitutions can be grouped into the following
15



categories(i) Those which involve trasition béween central helix conformation (RB) and
those frequently associated with straf@Bs d ande). This change is usuallgharacterized
by changes in short helical regions found in this cl@gsThose usually associated with beta
turns This includes B changestt,g), (c,i), (I,n) and ©,) in the regionswhich aremainly
charaterized byhairpin beta turns. (iii) Those associated with transitions between central

helix and Gterminal PBs. The substitutions,ifn) and ,m) belong to this category.

Sites ofindels

The sites of insertion/deletion events were analysed usingTPBdrequencies of the
two PBs (diPBs)that bind the site ahdels were calculatedsée Methods Preferred sites of
insertionswere identified using Zralues The local stratural regions wheréndels occur
show some preferencg3able 2& Figure §. The length of the insermlso affects the
preferences for the insert sitdowever, certaimi-PBs O L p-&lf uD Qa3ane the preferred

sitesfor insertions of different lenggh

The preferencedor the site of insertions, has variatioasross different SCOP
classes A few class specific preferences could be found for the.aD QG DF@M@MVVHV
especially for shorinsertsof length less than {Table 2) Perhapsmany of he preferred
sites for insertions/deletions are ckasdependent. -turns and the CFDSSLQJ UHJLRQ RI
helices are largely found @&sdel sites. These preferred sites are associated with loops that
mediate the reversal in the direction of the backbéweoss the different SCOP classes, the
WZR PDMRU 3% ERXQG WilfR D Q&Y Ve di\8 LR @haréxtétize pelix-
helix and helixstrand transitiongFigures 8A andD). This local fold is characteristic of the

C-cap motif of .-helices.Both short and long insertions are found assted with thissite In
16



theal FODVV WKLV VLWH LV SUHIHUUHG | Rdiativhivixld beth UHV LG .
turn of type I(Figure 8). These di3%hif RQ WKH RWKHU KDQ&egBbmof Q O\ FKELC
strandstrand transitions (Figuse8B to 8D). Long insertions are found to occur at this site.
7KH ORFDO VWUXFW XHUPD OVUGIR PR Q DLVQH ® CEX LEDWed 8B/ UQ R1 W
8D).

Single residue insertions are also preferred in theedliate Gterminus of the regular
secondary structural elemenBKRXJK VKRUW LQVHUWLRQV mmJH DQGR 11U}

V W U DI@TGhe ogecurrenes are not significantly highéman the background.

Discussion

The precise descriptioof local structures in terms of PBs presents a better view of
the preferredlocal structura differenceghat occur among homologous proteihle changes
are highly constrainedith preferenceshat are not necessarily correlated with the extent of
structural similarity of PBs Eturns are associated with a significant majority of the
conformational variationsThis involves both variations within a type oEturn and
exchanges with other type& RQIRUPDWLRQDO [-@inS Bds@denEstuuved HoH Q
several years, especialihter-conversions betweenype | and type Il turnand between type
, 1 D Q[B4,87Y Many of these inteconversions are noted to be associated with functional
interaction and dynamid88,89]. Fairly low energy barriers are proposed for these changes
and flipping of the central peptide unit (linking Q\bf residues i+1 and i+2) is suggested as
a mechanism for these chand8%,90]. Preferred changes from type | or Il to type Ik a
also seerbased on the PB substitution preferendegplacements between turns ando3

helices also seem to be favouredfdaot, the conformation d.;o helix has similarities with
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type | -turn[91]. As the substitution frequencies are calculated from the structurally similar

regions the larger variationare less evident.

Variations in the patterns of local structural changes are observed ddfessnt
SCOP classes (FiguB. Specific conformational changes are also preferred in certain SCOP
classeqFigure6). This is most evident in the case of-altlass, where the preferred local
structure substitutions are found associated with shortahelegions and -turns. The
preferred substitutions involving central helix BB is rather unepected. Short helices
dominatethe helical conformations found in the-allclass(Supplementary data).8About
69.2% of the PBm series occurring in this da are of length 3 or less They are often seen
in the region of transition between beta strands. Preferred substitutions with the PBs seen in
the Ncap of strandga & c¢), usually occur in such region€ther structural elements
associated with preferrddcal structuratifferencesn the all class, are the-hairpins. This
local fold has a very high frequency ofcurrencean the all F O I \6Vhteresting to see
that the type IV -turns are the predominant onggh classspecific conformational changes

As they are uncharacterized, yrencompass a wide range of conformations.

Using class specific PB substitution matrices fastructural alignment

The knowledge on the substitution preferences observed in different SCOP classes
could be utilized to improve structural comparisons basedP&n sequence alignment
[67,72,73] PB based structural alignment method, iPBA, was shown to perform better than
other established methods like DA[92], MUSTANG [81], VAST [93], CE [94] and
GANGSTA+[95]. About 82% of the alignments had better quality when compared to DALI
in benchmark test€Comparable performance could be observed with respect to TMALIGN

[96] and FATCATI[97].
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The substitution matrices generated from the etpsgific datasets a@daptedfor
the background®B composition and observed changes. As seen above, specific domain
families were found to contributesignificant portion of PB changes, favoured in a specific
class. To avoid this bias resulting from aamiform distribution of different famyl sizes the
raw frequencies counted from a family was normalized by the family size. As the substitution
matricesare generated using the frequencies from the conserved regsunseopositionit is
logical to compare the local alignments obtained using the class specific matrices with
respect to the global matrix. Tlsgructuralalignment pairs in the test datasetre used for

this assessment.

As seen on Figure, @& gain in the alignment quality is achieved in the.all D ODQ G

classes, with the use of class specific SMs. With the use-of &lO-&p¥cific SM for
aligning domains in this clas§0.1% aud 30.2% of thestructuralalignments had better and
same rmsd values respectively, when comparddase generated using thengralSM. For
theal FODVYV R W Kvere De@drwiild?28.@%\hedpoor rmsd For the .
class 43.3% and 28.8#%ignments gave positive and negative results. Theclass did not
show any improvement with the use of specific SM. This suggests that the class specific
substitution information could be useful in aligning the structurally similar regions. The
negativecases with a lower alignment quality when compared to those generated with the

global SM, need to be analysed in detalil.

Hot-spots for insertions
The relative frequency of occurrence of insertions is similar across different SCOP

classes. The distributioof insertion of different lengths in the classes fod@mmilar pattern
19



(Supplementary da®®). However, single residue insert®havea relatively low frequency in
the all F O OWeVpreferred sites of insertioreme highly specific in terms of local
conformation. Though some clasgecific insert sites are observed, the different SCOP
classes share many insert sitelglix C-caps andhairpin turns mainly constitute the sites

favourable for occurrence ofdels(Table 3.

Helix capping motifs have been widely studied since many years and exploring the
amino acid preferences associated with these motifs, has been a main area df interes
[98,99,100,101,102]The dihedral angle distribution of the-@i%pgff LV FORVH WR W
REVHUYHG LQ WKH 6FKH @@ RapgosP Ridé mdiif§ e Wabilized by a
specific pattern of backbone hydrogen bondgart from the helix capdyeta turns of types
1 ,,19 DQG , DUH ODUJHO\ V H HQelsMiRs RterDsting fometdlthdtkheW KH VL
WXUQV RI W\SHYV itefraie,Qvigh ardcchriénddegquency of only about 3%40].

Hence the preferred insertion sites are largely confined to a few specific conformations.

Both helix caps and beta turns have been implicated in structural stabditgrotein
folding [37,39,103,104,105,108)7]. These -turn typesassociated witindel sites(Table 2
are characterized by short hairpin loops. The conformation of hetiapS pertaining to the
indel sites are also confined to short loops that forms the region of transition with another
helix or strand (lgure 8 [98]. These local folds thus restrict the orientation of the flanking
secondary structural elements to an antiparallel conformatiba.preferred conformation of
insert regiongs alsoreported to beshared among turns and caglsd most of théendelsare

likely to be tolerated as extensions of the local conform&80h
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The use of dataset specific substitution information has been implicated in the
improvementof amino acid sequence alignmé¢h08,109,110,111,112Kimilar strategy can
be adopted in the case of PB based structural alignmen61o62,73] Classspecific PB
substtution matrices have been shown to be useful in improving the quality of alignments
pertaining to the class he nature of specific local structures that as the hot spots of
indels can bealsoused to develop specialized gap penalties focgiral alignment based on
PBs. This strategy has already been reported to improve the quality of alignments generated

[32,113]

Conclusion

Our analysis throws lightnto the local structure variations that are fowdong
homologus proteins Eturns are most prone to minor backbaeiationsand the changes
have specificities in certain structural classe€Common differences involve the
FRQIRUPDWLRQV RI YWAS BN to a lesder@@ent@delices.Indelsalso have
preferences fothe local structural regions andetie preferencegry with the length of the
inserted fragmentShort logs involving hairpin -turns and helix &aps are the primary
targets for insertiong hus the inserted segments are likely to form structural extensions from
these loopsThe knowledge on the preferences for conformational variationsndetlsites
alsoaid in improving the methods for structure comparison and threatinegpresence of
specific substitution preferences in different structural classes can be explored to improve the
PB based structural alignment in the respective cldss. wok also highights the use of a
structural alphabewhich provides an effectivedescription of the local structures proteins

and also gives a different view of the regularities in local conformations
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Figure 1. PBsseries of 3 ¥%backbone dihedradngles. For each PB the series of 8 dihedral anghgs (
2 35 %1, 3, % 31, %1, 3:2), numbered from 1 to 8, are plottédndicates the position of an amino

acid in the protein.
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Figure 2. Associationexamplef PBs with seondary structural element®rotein fragments (£)

were chosen to highlight some frequently occurring PB transitions. These fragments are shown in a
cartoon view distinguishing different secondary structure elements as assignedlddy[Py4]. The

PB series corresponding to the local conformation of the fraganelabelled.
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Figure 3. PB substitutions(A) The variation in substitudn score in the PB substitution matrix is
highlighted usig a coloucode, as shown. {BThe series of dihedral angle$gf, 31, %, 3, %

31, %1, 3i2), associated with the P&ibstitutios (p, g) and ,i) and(C) (b,i). These represent some
of the preferred la conformational changef) Hierarchical clustering of PBs based on the
similarity of dihedral anglesneasured in terms of angulansd The PBs frequently associated with
helices are in red, those found often with beta strands are in blue and the rest are f{fE)green
Clustering of PBs based on the substitution pattern associated with each RBt(sm®).
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Figure 4. Clustering PBs based on substitution patterf#s) Distribution of accessible and buried
PBs classified based on different accessibility-aftg of 7%,15% and 25%Ratio of frequency of
exposed PBs to that of buriedotted for each othe 16 PBs (B Hierarchical clustering of PBs
classified agxposedB) and buried (Cat an accessibility ctaff of 15% The clustering is based on
the correlation of substitution scores.
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Figure 5. PB relationship in each SCOP class derived based on thstittion pattern (A-D)
Hierarchical clustering of PBs based on substitution patterns specific for each SCOP class. The
clusters correspond to relationships observedin all$ -DO% . & DQG . " FODVVHYV
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Figure 6. Comparison of classpecific PB substitution scores with the global distribut{gtobal
substitution matrix)The differences in the PB substitnt scores specifitor the alt. $ -D O%

& DQG . ', WitIOrEsWe¢tHothe global matrix, are plott€tle correlation coefficients
obtained by performing rowise comparisons (claspecific PB substitution patterns Global) are
also indicated adjacent to the difference matrices.
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Figure 7. PB substitutions highly preferred in certain SCOP clas3é® cases where the class
specific substitution scores associated with each PB (each row in the substitution matrix) has a
correlationless than 0.95 when compared to the global matrix, were looked into. The absolute
differences (class specifies Global) of substitution patterns (respective rows) were plotted as a
boxplot, to identify outliers. Substitution scores lying outside a Xé5-quartile range (IQR), were
considered as outliers or significantly different from the global substitutions. Forthe RID D&Y V

the plots are generated for PBs and g. (B) highlights examples of backbone conformations
corresponding to substituhe detected as outliers. Similarly, boxplots were generated for the all
class (C) and the examples of significantly different substitutions are shown (D).

29



Figure 8. Preferred local structure for indel eventghe diPBs that bind the site of insertioase
shown in the context of secondary structure definition. Parts of four domain structtDg¢s(é used
to highlight the indel sites.
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Figure 9. Percentage gain in alignments with bettarsd.Alignment obtained by using class specific

PB substitutiormatrices were compared with that of the global matrix. The percentage of alignments
in the dataset with bettemsdis plotted. The performance of each class specific SM in each class is
highlighted using differentolours
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H G E BTI | BTII BTIV | BTVII %7,y %7,,|C GTINV AG | AC
25.4 144 | 17.0 2.2 1.8 295 | 15 4.0
18.1 | 13.2 14.6 8.7 1.2 358 | 2.3 2.0
0.7 |583 6.1 6.2 1.9 212 | 2.2
80.4 0.8 144 | 1.2
62.5 125 | 113 10.3
38.0 | 11.6 10.3 3.6 31.2 | 2.3
6.2 12.8 | 13.8 | 17.1 | 10.1 | 16.9 3.6 16.4 | 1.7
16 |27.2 24.4 | 31.7 21 9.8
7.2 35.1 | 38.6 15.0
86 |2.9 |10.0 |32 |38 22.9 9.1 325 | 1.7
37.1 | 111 235 |23 18.0 5.5
49.1 | 13.0 135 | 2.3 14.0 1.9 4.3
904 | 2.6 2.5 1.7 2.3
66.3 | 6.4 6.7 10.3 7.1
20.6 | 5.0 155 | 5.2 20.0 15 29.4
8.3 108 |14 |16.7 | 3.1 14.7 0.8 0.9 385 | 1.2

Table 1. Association of PB with secondary structurdshe percentage of different secondary
structures (assignedy PROMOTIF) found associated with each PB is giv@nly the secondary
structures with percentage occurremgeeater than 0% are givenThe PBs are listed in the beginning
of each row and the secondary structure type is given as header for each @dbbnmaviation of
PROMOTIF assignment®TX * -turns, X is the type of-turn, AG zAntiparallel strands, G1 type
-bulge, where the first residue is in the left handed helical conformation (usually Glyse}
Antiparallel drands, Classic type beta balgone extra residue forms the byl INV *Inverse -

WXUQV 3

%
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Table 2 Preferredndel sites in different SCOP classes. The PB bound®Bdi) that act astsis for
insertions/deletions of different lengths are listed. To obtain a better picture of the local fold, the two
PBs that are seen on both sides ofitlgel site were also analysed. The most frequent series are listed
and their occurrence frequencias given in parentheseBROMOTIF[42] was used for assignment
of the local fold corresponding to these frequeBt seriesThose regions assigned as coils and are
XVXDOO\ IRXQG DV FDSSLQJ PRWLIV DUH ODEHOOHG DV pFDSV]
implied by the PROMOTIF assignment abbreviatiqisse also Table IHPX:Y + -hairpins, X and
Y indicate the number of residues in loop, based on two different[A2eGTCLA zClassic -turns

3 “ 964.0+40)
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