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A self-consistent mean-field based model is presented torexfhe effect of site-directed point mutations in designiolded
and/or misfolded sequences with a reduced hydrophobir{pti) patterning of amino acids. This site-directed pointation
procedure is developed and applied on both real and lattateips to generate a diverse set of sequences. The respexds

of core and surface residues are analyzed with respect topfiaum hydrophobicity required for the structural stpibf
the protein. The core sites are found to have a critical nuroblydrophobic residues, below which a protein may misfold
while the surface sites show a clear preference for the pekidues with an ability to tolerate some hydrophobic neessd
Although core sites play an important role in the structstability of proteins, some specific surface sites are alsod to be
equally important. A clash and match calculation procedsifgroposed, which may be used to predict the number of residu
pairs in a sequence with unfavorable and favorable interastrespectively due to site-directed point mutationse mbhmber

of clashing and matching residue pairs may indicate whetfemutated sequence would be folded or misfolded. Thetsesul
are independent of the secondary structure topology of thieip. This model may provide new insights to the effect ahp
mutations on protein stability and may introduce a new mettbgredict the outcome of a mutation in terms of its prolighid
fold or misfold.

1 Introduction stable one$.

Random point mutation studies have revealed that some ¢
Proteins may be distinguished from other biological and synihese mutations dramatically affect the stability of a girt
thetic polymers by the presence of a rugged funnel-shapeghich cannot be explained from the molecular principles oi
conformational energy landscape with an overall energy grasiryctural stability:2 13 Rational design of point mutations are
dient towards the native state located at the free energy mirsften complicated by the choice of the type and location ef ap
imum. Designing sequences with such landscapes involvegropriate residues, which may cause any desired change in th
stabilizing the ‘minimally frustrated’ native (target) struc- protein function. Thus, site directed mutagenesis on the pr
ture against the ensemble of unfolded/misfolded conformaggin surface may have less impact in terms of its stability an
tions. Mutations of such optimized sequences almost alfynction as compared to the core comprising of hydrophobic
ways increases the frustration even though in most casegesidues. It is normally accepted that core forming hydosph
it does not substantially change the native structure. Mutjc residues are sensitive to mutations, but several exeri
tational robustness is the characteristic property ofmaéifu {5 studies have shown that optimization of surface residue
evolved proteins, which increases the number of sequencegsg have important role in protein stabilft§-6 Optimization
within the constraints of a given structure facilitatin@bil- 5 surface electrostatics by mutations in the surface vesids
ity and sequence diversity. Incorporating point mutatibps  sed to design thermostable protefi©ther studies have re-
site-directed mutagenesis in natural and designed pregein norted effects on local/global flexibility of proteins incid by
quences may be used to gxplore the stability, _flexibility_anogomt mutations517 In this context, a model that can (i) de-
functional features of proteir&® Numerous studies have in- sign and optimize sequences through site-directed poiat mu
vestigated the effects of point mutations on protein stgbil tations and (ii) identify the role of core/surface residaes
and function. The alignment of the homologous amino acidye protein stability may help in identifying the site spieci
sequences has lead to a ‘consensus’ approach, which assumgstation patterns of different residues for a given protein
that the conserved amino acid residues play a dominantrrole iThys this model may provide the foundation for predicting
implementing protein stabilitf~'* However, sequences gen- the outcome of site-directed mutations in engineering the s
erated by ‘consensus’ approach are not necessarily the mogfity/foldability and evolvability of known proteins ande-

. .. . . , signingde novo ones.
* Department of Chemistry, University of Delhi, Delhi-110007, India ; E- In thi icl If . field b q del e
mail: pbiswas@chemistry.du.ac.in n this article, a self-consistent mean fie ased model .o

T Electronic Supplementary Information (ESI) available. S&@i:D presented to investigate the effect of site-directed pounta-
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tions in designing folded/misfolded sequences with twtetet

HP (Hydrophobic-Polar) amino acid alphabet. A sequence, E— N (o
with marginal stability in the native/target conformatjas o i;y. !
randomly selected for site directed point mutations. These whereN is the total number of amino acid residues present

point mutations are site directed for highly correlate@sit . . . e
and is incorporated by changing the residue either from hyln the protein. The one-body tery(a;) quantifies the propen-

drophobic to polar or from polar to hydrophobic such that‘e’ity of the m_°”°mer:%gy§’f’i to reside in a particular structural
the two-body residue propensity of that specific highly cor—fgn;i)t(gfgg'.rr?nges:a stnﬂngﬁeyr;mé (g]l’tﬁg rep-o
related site pair is opposed by the mutation. This directad m ¢ Ses a an(; a. Iocallt: d ati-th arl1 d the '[th sites relsm me“cl i
tation is applied to investigate whether such mutationd tea ti}</peI 31-33 Botrj1 one-bod Iand two-bodj intelraction 2erm<
a directed outcome in terms of stability or not i.e. whether y. y y k

these mutations are always destabilizing or always stabili may be expressed as

)+ > vilaiaj) @)

i<]

ing? The site-directed mutations does not yield a directed o 1 (1)

| AN W) = 3koi v (@)
come; in fact, the outcome of the mutation is quite random e k ik 2 2 ' (2)
with respect to the stability of the mutated sequence in the vj(ai,aj) = 0; ] V2 (ai, a;)

native/target confo_rmatlo_n. The dl_verse set of sequenens g wherek is the number of structural contexts aq&) is the
erated by cumulative point mutations are analyzed to assess S )

o .. _one-body structural parameter which indicates whether-the
the role of hydrophobicity in the core and the surface snest
on the stability of the sequence in the native/target cangor
tion. The mutation sensitive sites and their spatial pos#i
in the native/target conformation i.e. core or surface o al
determined. A method is proposed to calculate the numb
of clashing (unfavorable interaction) and matching (falobe
interaction) residue pairs. The number of clashing/matghi
residue pairs is found to be strongly correlated with thbikta
ity of the mutated sequence in the native state.

h site is in thek-th structural context. Such structural con-
texts carries the information whether sitis buried in the in-
terior of the protein or accessible to solvéfitThe two-body

estructural parametenrﬁ-2> denotes the inter-residue contact in-
teraction between the site paiand j with monomer types
ai anda;j respectively?>*6Non-bonded nearest neighbors are
assumed to be in contact.

1 1 if siteiis in structural contex,
T :{ 0 ifnot. (3)

2 Theory

(SAW) on a 3x 3 x 3 cubic lattice, where each lattice point ~ %i,j’ =9 o ifnot

represents a residue/structural unit. Exact enumeratidhéo (4)
first depth algorithm yields 103346 unique, compact confor-
mations unrelated by rotational, reflectional or tranelai
symmetry!® The total number of possible sequences for th
27-mer cubic lattice protein is?2 = 134217728 with a re-

The polypeptide chain is configured as a self-avoiding walk @ { 1 if sitesi andj are non-bonded neighbors

The one-body energy parametgﬁ)(ai), denotes the en-
ergy contribution of the amino acid tyge in k-th structural
€context. Here, solvent accessibility is chosen as an apiptep

duced 2 | . i om i.e. hvdrophai structural context, which is quantified in terms of the cdord
uced 2 letter amino acid representation i.e. hydrophatic a nation number. Higher co-ordinated sites have lower solve»

polar resg:iues. The target ljatlve (;onformat|on represiet accessibility and reside in the core of the protein. Stmattu

most designable conformation as it corresponds to the Ibweg,,nexik — 1 is chosen for sites with coordination number 1
energy conformation for maximum number of sequerie®? > \ il — 2 is chosen for sites with coordination number
This HP lattice model is widely used to have important phys-g o 4 |1 this work, one-body energy parameters for differen

ol i 92124
ical insights to many complex phenomena of protéfhé: residue types in different structural contexts are choséh a
Even though progress in computational techniques have made

atomistic modeling and simulation of proteins feasiblet ye

minimalist models are still relevant to achieve qualiativ Y (H)=0 yP)=0 yYYH)=-1¢ yY'(P)=0

physical insights of complex and computation intensivebpro (5)

lems25-29 where ¢ denotes the scaled energy unit, which measures the
A suitable energy function is required to characterize theone-body interaction of the residue in a particular straidtu

sequence-structure compatibility by quantifying the gitgb  context.

of a sequence in any conformation. The energy of a sequence The two-body energy parametg? (a;, aj) quantifies the

in any conformationE may be expressed as a function of the inter-residue contact propensitetween a residue-paif

site-specific and pairwise monomer interactions. anda;.

2| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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the foldability of a protein sequen&&but results of the ki-

2 . 2 . 2 . netic studies on model protein sequences indicate that ther
Y@ (HH)=-3¢ ydH,P)=-1¢ yIPH)=-1¢ a large correlation of the folding rate with the thermodyiam
y2(P,P)=0 foldability criteria like /T, Ty /Ty. 34341 These studies con-

(6)  firm that such foldability criterion, which considers the-st
where, ¢’ is the dimensionless inter-residue interaction eN-hility gap and the fluctuation in the energies of the unfolded

ergy parameter . ensemble, may also be a good indicator of the kinetic fold-
Assuming small fluctuations due to sequence variations, thgpility.
energy of any sequence in a particular native/target corder In this work, we assume that for a specific site-pair, the

tion may be expressed as a sum of energies of the residues dggirwise monomer probability is not explicitly coupled twet
to local site-specific interactions and pair interactiofihits  respective site-specific monomer probabilities. The ooeyb
neighbours residue propensities are dependent on each site’s oveetat s
tural context, while the pairwise monomer probability of a
Enat =3i3q Zkaikylil)(ai)M(ai)‘F @ specific site pair is dependent on their contact interastion
Yij2a.a q7jy(2>(ai,aj)cq7j(ai,aj) However, the one-body and two-body probabilities are cou-
) . -~ pled to each other and among themselves through the set !
wherea (a;) is the site-specific monomer (one-body) prob- ¢onstraints, which specify localiglobal features of theicst
ability of finding a;i type of residue ati-th site, while ;6 and sequence. Within this approximation the sequenca
. j(ai,aj) is the pairwise monomer (two-body) probability entropy may be expressed as the sum of the contributions frorn

such thato; anda;j residue types are &tth and j-th sites in one-body and two-body residue probabilifie<s
the sequence respectively. Similarly, the ensemble agdrag

energy of the unfolded conformations may be expressed as S=—3i5q w(a)In(w(a))—
. W Yij Yoy @0, ap)in(a j(ai, aj))
Eunt) = i Y a Dk(Gi aj ai)+
<,u_nf> 2 Za.yX(2|<>< I.k>y|f ( .I)Q( l.) ®) The most probable set of one-bofy (ai)) and two-body
Yij Yaia; (015 VY (ai, ) (o, af) . - imi
probabilities (e j(ai, a;)) may be determined by maximiz-
The stability gapA, represents the energy difference be-ing the entropy subject to the relevant constraints. These ¢
tween the native state and the ensemble-averaged unfoldstraints are:

(12)

state energy, which may be expressed as i) The normalization of site-specific probabilities at eaclk
site,
A:m_<Eunf> (9) m
andr2.; quantifies the fluctuations in the energies of the azzlm(ai) =1 (13)

unfolded state ensemble.
if) The normalization of pairwise monomer probabilities fo

rﬁnf — <E5nf> — (Euni)? (10) each pair of sites,
In our earlier works, a fold_ability criterionp was derived Z w j(ai,a)) =1 (14)
using the cumulant expansion of the free energy of fold- a0

ing343% which provides a measure of the sequence-structure

compatibility3” i) The foldability criteria, ¢, defined by Eq. 11

The variational functionaly, of the set of one-body and
two-body probabilities may be expressed as

1
Q=D+ STt (12)
where ¢ is a dimensionless quantity appropriately scaled V=S- ziNzl(Bnorml)i(*]A‘ zg’i:loq(ai))— 15
with respect tokgT. Eq. 11 clearly indicates that the more i (Brorm2)i.j(—1+ Yy 0; @.j(0,0))) — Be® (15)

negative the value op the larger is the stability gap rep-

resenting a highly stable sequence in the target/nativiocon where, (Bnormt)i,(Brorm2)i,j and By are the Lagrange mul-
mation. Hence, a sequence with lower negativealue rep- tipliers for the constraint Eqns. 13, 14 and 11 respectivelv
resents a marginally stable sequence. This foldabilitte€ri The inclusion ofg as a constraint in the variational functional
rion is derived from a cumulant expansion approximating themakes it possible to design sequences with varied foldabu-
free energy of folding and hence is a thermodynamic quanity. Solving the simultaneous equations that define the ma:
tity. The folding kinetics may also be a major determinant ofimum of the variational functional subject to the approfaria

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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Fig. 1 Probability of misfolding (P(misfold)) of the mutated sequences is plottathath(H )core for (a) real and (b) lattice protein.

constraint equations, a set of coupled non-linear equatoa
obtained.

@ (ai) = g (exp(—By@))

w,j(ai,aj) = qT%j(exp(—me.J)) (16)
p=0+317
where,
a4 = Yo eXp(—Bp@)
Oij = Y. €XN—Bo®.j)
L) a7
A= gaia)

- 99
i = 7a(anap)
This set of equations are solved numerically to yield the-one
body (w (ai)) and two-body probabilitiegc j(ai,aj)) and
the Lagrange mutipliers consistent with a particular vaitie
the foldability criterion,g.

Among these designed sequences, a marginally stable s

guence (lower negativg), which represents a model real pro-
tein sequence, is selected for site-directed point murtatié
pair of sites {,j) with highest correlation between the respec-
tive residue pairs is identified. The correlation between th
i-th andj-th sites may be calculated as

. j(ai, aj)

w (ai) x wj(aj)
This term (G j(ai,aj)) is a measure of the two-body in-
teraction correlation between two specific sites. The denom

inator predicts the individual two-body probability af and
aj residues ai-th andj-th sites simultaneously when the two

G j(ai,aj) = (18)

Thus the ratio is a measure of the correlation between the tv.»
specific sites via two-body interactior,j(a;j, aj) > 1.0 im-
plies a higher two-body propensity fo anda; residues at
i-th and j-th sites respectively whil€; j(ai, aj) < 1.0 indi-
cates lower two-body propensity for the same. Now the poirit
mutations are incorporated such that the two-body propensi
of a highly correlated residue pair is opposed by the mutatio
For example, if the-th site is occupied by B (hydrophobic)
residue thei€; j(H, aj) for eachj andaj are calculated. De-
pending on the value of the correlation, thth site with high-
estCi j(H,aj) value is selected for mutation. Thus, the mu:
tation process is site-directed. The selected gitemutated
such that it opposes the two-body propensity;(ai, o)) of

that site pair for the specific pair of residudsanda;j. Sup-
pose, ifC; j(H,P) has the maximum value for theth site,
implying a high pairwise monomer probabilitya ;(H,P))

for H and P residues at-th and j-th sites respectively, then
the j-th site is mutated with a hydrophobic residue such tha:
fheir two-body propensity is opposed by the directed motati
This mutation will change the foldabilityg) of the sequence.
From the new foldability value of the sequence, a set of op-
timized pairwise monomer probabilities are self-consitye
calculated by constraining Eq. 14 and Eq. 11, while keeping,
all the one-body monomer probabilities constant. This @roc
dure is then repeated till a foldable sequence is obtainéd se
consistently such that a diverse set of sequences is gederat
from cumulative point mutations. The procedure is repeatec
with the same initial wild-type sequence for all possiblesi

i. This site-directed mutation procedure provides a platfor
to examine the outcome of such cumulative point mutations

sites do not interact. The numerator provides the two-body

probability in presence of the specific two-body interactio

4|  Journal Name, 2010, [vol] 1-11
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Fig. 2 Probability of misfolding (P(misfold)) of the mutated sequences is plottathatn(H )yt for (a) real and (b) lattice protein.

2.1 Real Protein other real protein with a predomina@itsheet structure (PDB

] ) ) _id 2PM1) with a resolution of 50 Aand crystallographic R-
The mean-field theory is applied to a 21-mer real proteingactor = 0154. This protein is a derivative of human alpha-
with pdb id 1EDN (x-ray resolution =.28 .A, R-value = gefensin 1 with 90% sequence identity. The high sequenc:
0.19)(r_lttp://WWW.rcs_b.org/pdb/‘)@3 The co-ordinates of the C- identity implies similar energy landscape properties as i
a chain backbone in the crystal structure are chosen as thg naturally occuring real protein sequence. The selection ¢
initial template for a Monte Carlo (MC) simulation to gener- these two proteins (LEDN and 2PM1) is based on the follow-
ate an ensemble of unfolded conformations. A simplel®  ing criteria i) the structures are of reasonably high retsay
LJ (Lennard-Jones) potential is applied and the pseudo C- jj) they are monomeric without the presence of any liganc,
C-a bond length is restricted to be3:0.15A. 4 The surface  pnA and RNA, ensuring autonomous folding of the sequence
accessibility of the sites are measured using D8%#d the {5 the structure. This indicates that the target structares

corresponding relative surface accessibility are divitd 3 ot highly topologically frustrated and designing a foliab

relative surface accessibility 37% are considered as surface gpy, since this model does not explicitly account for tagpl
sites in the structural contekt= 1, while sites in the coordi- c4| frustratiorpl:52

nation zone 2 and 3 with relative surface accessibiit$7%

represent buried sites in the structural context 2. A sub-

set of 35539 generated conformations are selected such thdt Results and Discussions

these conformations have equal or lower number of buried

sites and equal or lower number of two-body contacts as comA marginally stable sequence with= —0.4 is randomly se-
pared to the crystal (native) structure of the protein. ldigh lected from the designed real protein sequences for site di-
number of buried sites form a well defined core and higherected mutations. For each site, the corresponding highest
number of two-body contacts ensures the compactness of treorrelated site is identified and mutated such that it oppose
native/target structure. Thus, this selection criteriosuges the two-body probability of that specific site pair as expéal
highest designability of the native/target structure @& pino-  in the “Theory” section. This point mutation procedure is re
tein as mentioned in the “Theory” section. Sequences of varpeated to accumulate mutations till a mutated sequence mg
ied foldability are designed by minimizing the energetiesir  be designed self-consistently, i.e., till the set of codglan-
tration and using the reduced HP alphabets, which are conscendental equations may be solved to yield specific valuez
patible to the native structure of 1EDN through the self con-for site-specific and pairwise monomer probabilities (bel/o
sistent mean field theory as explained in the “Theory” sec+this the equations fail to converge). Thus a diverse range f
tion. This protein (1IEDN) primarily consists of helical and mutated sequences are obtained. Similarly, a lattice iprege

loop structure. To study the geometric effects of the protei quence withp = —1.0 is selected and mutated repeatedly. Thc
conformations, we have repeated the entire calculatioarfer mutated sequences are analyzed to determine whether they ¢

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5
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stabilized or destabilized against the most stable unfbdd®-  probability of misfolding is not linearly proportional tdé

formation. This can be calculated as number of hydrophobic residues in the core. A critical numbe
of hydrophobic residues must be present in the core to impai*
AS — (((E| owest )t — Enat)mut)i _ stability to the native/target conformation of the protelthe

(19) importance of hydrophobicity in the core sites is shown by
(((Elowest)unf - Enat) many experimental studi€$:>6-60The native conformation
i ) _of the real protein EDN has 10 buried residues, while the
The first term of RHS in Eq. 19 measures the energy difyayget conformation of the lattice protein has 7 buriedssite
ference between most stable conformation of the unfolded ernzqy the real protein conformations, the transition from-mis
semble and the native/target state aitér mutation while the  fo)ged to folded sequence occurs at around 5 buried hydropt:
second term measures the same dfted-th mutation. The  pic residues as depicted in Figure 1(a). The probabilityistm
range ofAS corresponding te-0.0005 to+0.0005 is consid-  fo|ding is minimum when the number of hydrophobic residues
ered as neL_Jt_raI mutatlon_l.e. mutations having negligifieee ;g greater than 5 (among 10 buried sites), leading to a stable
on the stability of a proteimS < —0.0005 represents a desta- pajve state. Similarly, four or more hydrophobic residaes
bilizing mutation; the more negative the value, the moréales f 7 pyried sites of the lattice protein ensures higher btabi
bilizing is the mutation. The overall probabilities of d@st ity of the sequence in the target/native conformation. Thus
bilizing, stabilizing and neutral mutations arel, 017 and 4 critical number of hydrophobic residues of at least 50% in
0.68 respectively. These values confirm that although mutage pyried sites may be a requirement to stabilize the seguen
tions are performed in a directed way but the outcome is rany, the native conformation. This critical number may vary fo

dom, while stabilizing and destabilizing mutations are@t gitferent globular proteins (See Figure S1 for correspogdi
equally probable but most mutations are neutfa?® Thus @ result of protein 2PM1).

directed mutation may not necessarily lead to a directed out . . . .
come i.e evenif the mutations are incorporated such that the Varying hydrophobicity in the_ .surface sites of thg protein
two-body propensity of a specific highly correlated siter pai may profoundly affect the stability of a sequence in the na

is opposed by the mutation yet the outcome of the mutatiorﬁive conformation. Figure 2(a) and (b) depicts the probabil

in terms of the stability of the mutated sequence in the tarlty of misfolding as a function of the number of hydropho-

get/native structure is not always destabilizing or stzibi). bic residues in the surface sites of real and lattice prstein

Often, destabilizing mutations lead to misfolded sequencerisﬁ edctlver:y.b.From.(;he p.IOtj[h't IS e}/ldent.tthat Itovt\)/ﬁ:.r nlar‘neber
in which a conformation from the unfolded state ensem-0' 'YGrOPNODIC TESIAUES In the Surtace Sites stabilize n

ble becomes more energetically stable compared to the n%ye state, hence the probability of misfolding is lower. tBu

tive/target conformation. How does the sequence compasiti igher number of hydr_opho_bic resid_ue_s in_the S“rff?ce stes g
dictate folding/misfolding? The composition of the muthte SOt a;}lw;y;t Iea]:(:hto bm'sfgld'.?g' Th'sb'mp“tis th".itF |f|th§mhy—
sequences are analyzed to explore the roles of hydrophpbici rophobicity otthe buried sites are above the critical &

of the core and surface sites in protein misfolding. In Féegur hydrophgblClty then the surfage sﬂgs may Folerate some hy—
1(a) and (b) the probability of misfolding(P(misfold)) itop _drOphOb('jC r?;f\'d“es ‘_""thot“t ”I“Sfo'd'ﬂgi. Tlh's ‘?bser]}’%“s” '
ted against the average number of hydrophobic residuegin g accord with experiments. In one-helical region of bac-
core sites of real and lattice proteins respectively. Adl thu- ter!ophage P22 Arc repressor, five polar to hydrqphoplc mu
tated sequences are mapped into different bins with respect tations at the surface are accomodated to retain its buabgi

. . 61 .
their hydrophobicity in the core (buried) sites. Thus thebpr 2f;gg§|.occi:i:g\1vﬁzggésgl brgi‘e\/ii ?Aseosﬂﬁr;ggsstiigtsegggén
ability of misfolding of thei-th bin may be expressed as to many polar to hydrophobic mutatiofi$ For both real and

(Nm)i lattice pr_ot_ein conformations_this trend i_s observed ferhly-
N (20)  drophobicity of the surface sites (See Figure S2 for theesorr
sponding result of the protein 2PM1). This study considers &
(Nm)i represents the number of sequences inittiebin  simplified HP model of proteins. Inclusion of more detailec
having lowest energy in a conformation other than the nativeamino acid alphabe$s$:4in such models may be of interest.
conformation.(N;); is the total numebr of sequences inttie  Such models can provide important information on the effect
bin. The plot suggests that the number of buried hydrophoef aromaticity, charge or size of amino acids in the core or
bic residues in the core play a crucial role on the stabilfty o the surface of proteins. Detailed amino acid alphabets reay h
the protein. When the buried sites are predominantly ocdupieincorporated in this generalized model by accounting fer th
by the hydrophobic residues, the probability of misfoldiag appropriate energetic contribution terms for such amindsac
low and the sequence stably folds to the target/native confo in the interaction potential. Inclusion of such amino adid a
mation. The inverted sigmoidal-shaped plot indicatestiat phabets and energetic terms may accurately describe the g=-

mut/i—1

P(misfold); =

6| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Probability of destabilizing mutations (P(dmut)) is plotted against the carnelipg mutated site for (a) real and (b) lattice protein.

ometric effects of protein secondary structure conforamti  negligible destabilizing effect on mutation, while almadit
on mutational stability at the expense of an increased dost ccore sites have some destabilizing effect for real protSes
computation. Figure S3 for the corresponding result for the protein 2PM1)
To investigate the mutation sensitivity of specific sité® t Similarly, 50% (10 out of 20) surface sites (2, 6, 10, 15, 15, 1
probability of destabilizing mutation is plotted agaifsttor- 20, 22, 23 and 24) have negligible destabilizing effect,levhi
responding mutated site in Figure 3. The probability of the71% core sites (1, 17, 19, 21 and 26) show marked destab.
destabilizing mutation of aniyth site may be calculated as  lization for lattice proteins (See Figure 4 for the positioin
the above mentioned sites in both 1EDN native structure ana
P(dmut); = (Nagt<—0.0005)i 1) lattice target struture and Figure 5 for some of the misfiblde
' (Neotal )i structures of 1EDN and lattice protein). Thus, mutating su
) face and core sites exert non-equivalent effect in deténgin
where (Nag<—0.0005)i represents the number of times the {he stapility of a a protein. In addition to the core sitesneo
mutation is destabilizing when thieth site is mutated and  gpecific surface sites may play a key role in dictating the sta
(Neotar )i is the total number of mutations of thieh site. In - pijity of the protein in its native state. This finding is supfed
Figure 3(a) and (b) the P(dmut) is plotted against corre$pon py the experimental studi&s'562which show the importance
ing sites for real and lattice proteins respectively. Thetpl f specific surface residues in determining the stabilityaof
clearly shows that all sites are not equivalent, while SOM&equence. One stubshows that some specific surface sites
mutated sites have a pronounced destabilizing effect ®thef,5,e equivalent destabilizing effect upon mutation as tfiat
hardly perturb the stability of the native conformation.rFo e core sites even though most of polar to hydrophobic mut -
real proteins, (Figure 3(a)) the sites 3, 9, 4 and 11 depict §ons on the surface hardly affects the stability of the girat
markedly destabilizing effect upon mutation while for taé|  another study® suggests the importance of the optimization

tice proteins, (Figure 3(b)) the sites 1, 3, 5 and 26 are kighl o gyrface residues for designing thermostable proteins.
sensitive to mutation with a high destabilizing probaipikis

compared to other sites. Interestingly, although the @sars The interaction of a pair of residues present-tt and j-
grained potential of this work accounts for the hydrophobicth sites may be favorable or unfavorable depending on tkc
collapse and hydrophobic-hydrophobic interactions othlg,  residue types present at those sites. The two-body praobabil
sites which show pronounced destabilization upon mutatiories of any specific residue pairiath andj-th sites determine
(with high value of P(dmut)) are not just located in the core.the preference of that residue pair for the given sites. The
For the real protein, the surface site 9, show destabitinati two-body probability of a residue paig j(ai, a;)=0.25, de-
upon mutation, while 3, 4and 11 form the core. Similarly,for notes completely random preference for that residue pair -,
lattice proteins the sites, 3 and 5, are from the surfaceathd  a given site paiti,j. Any value above @5 represents a fa-
1st and the 26th sites are from the core. Figure 3(a) shows tha&orable interaction and belowZb represents an unfavorable
36% (4 out of 11)surface residues (13, 18, 19 and 21) haventeraction. Thus, the clashing (unfavorable) or matclgfag

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |7
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misfolded sequences
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Number of clashing mutation
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Fig. 4 (a) 1EDN native structure (b) lattice target structure. Blue \i‘ N
beads represents polar residues and Red beads represents : %0 : 5 : o : T30
hydrophobic residues. Number of matching mutation

Fig. 6 Number of clashing mutation is plotted against the number
vorable) interactions between a given pair of residuesgotes matching mutation for folded and misfolded sequences.
ati-th andj-th sites may be calculated as

(@ (ai) x wi(aj)) —0.25 tive value ofl; j (ai, aj) implies that the residues that have high
lij(ai,aj) = (@, (ai.a;) —0.25) (22)  probability of co-existence also interact favorably andhfa
@4 g ' matching residue pair. A negative valuelgf(ai, a;j) implies
The denominator is positive when there is a favorable interthat residues with high co-existence probability have aa-un

action between the residue of typeat sitei with the residue  vorable interaction constituting a clashing residue pair.
of type a; at sitej. The numerator is positive when the prod-  The effect of a mutation may be estimated by evaluating ei:
uct of the site-specific probabilities of the residmeat sitei ther clash or match for both wild-type and mutated sequences
and residuex; at sitej is greater than.@5. i.e. both residues The gain or loss in stability may be calculated as
have a definite preference of co-existing at the respedtee. s

The numerator is always positive for the residues which laave Al = (i) — (1 )wild (23)
high probability of co-existence, while the denominatqras- ’ ’ ’
itive for residue pairs with favorable interactions. Thusip A negative value ol\l; j represents a clash inducing muta-

tion and a positive value implies a match inducing mutation.
Thus for a given mutated sequendd; ; values for all pos-
sible residue pairs can be calculated relative to corretspon
ing residue pairs of the wild type sequence; total number o
negativeAl; j values represents the number of clash induc-
ing mutations in that specific mutated sequence. Similarly,
total number of positivedl; j values represents the number
of match inducing mutations. For all mutated sequences tt.c
number of clash and match inducing mutations are calculatec
In Figure 6 the number of clash inducing mutations are pdotte
against the number match inducing mutations for all mutater'
sequences (folded and misfolded). The misfolded (red) and
folded (black) sequences occupy two distinct regimes ig th:
plot. Misfolded sequences occupy high clash and low matct:
region, while low clash and high match zone is populated by
the folded sequences. Thus there exists a cut-off valudnéor t
total number of clashing residue pairs that a sequence ecan A=
Fig. 5(A),(B) and (C) are some of the misfolded structures of commodate without being misfolded. This indicates that th:
1EDN and (D), (E) and (F) are some of the misfolded structures of number of interactions of clashing residue pairs, rathanth
lattice protein. Blue beads represents polar residues and Red beadghe specificity of clashing residue pairs, are importantusth
represents hydrophobic residues. it may be concluded from Figure 3 and Figure 6 that site-

8| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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directed mutations, which lead to higher number of clashingsequence, which may provide the necessary framework tr
residue pairs, results in misfolded sequences (See Figure omplement the outcome of site-directed mutagenesis iexper
for corresponding result of protein 2PM1). Specific sitey ma ments.

be highly sensitive to mutations due to higher number citagghi It should be noted that the selected real proteins are smal
interactions induced by point mutations at those sites.sThuand topologically simple. The results of the two real progei
this evaluation of the clashing and matching residue pa#tg m are in good agreement to each other indicating that the fysdin
be used to predict the outcome of a site-directed point mutamay be independent of the secondary structure content aru
tion. should be applicable to larger proteins without high togelo
ical frustration, at the expense of an exponentially inseela
computational cost. Future works, with sophisticated iidaé

and consideration of topological frustratithr26°may be re-

In the present article, a self-consistent mean-field basstbin ~ Auired to further generalize the findings of this study fatty
is presented to investigate the effect of site-directechipoi COMPIex topologies like knotted proteins.

mutations in designing folded/misfolded sequences with re

duped amino aqd alphabets. This S|_te—d|rected .pomt m“AcknowIedgment

tation method is developed and applied on designed pro-

tein sequences of both lattice and real proteins. The inpuA Baruah acknowledges University of Delhi for providing

to the model comprises of a coarse-grained potential Whicrl'J.niversity Teaching Assistantship and DST, India for pdovi
takes into account only the hydrophobic collapse and the,, genjor Research Fellowship. The authors acknowledge
hydrophoblc-hydrophobm mteractpns. These p‘?'”t MO gininformatics Resources and Applications Facility (BRAF
target highly correlated rey@ue-paws SUCh, t_hat_ It opgd)lse of the Centre for Development of Advanced Computing
pairwise monomer propablhty of 'that .specn‘lc site pair. Eve (CDAC), India for providing adequate computational faili
though the point mutations are site-directed, but the 6n&C0 i, 16 Bjggene cluster. The authors acknowledge financial as
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tated sequences suggest the presence of a critical number of

4 Conclusions

hydrophobic residues in the core to ensure that the mutated

sequences fold to the native/target conformation. The misReferences

folding probability of the mutated sequences increasepgha
below this critical number. The surface sites clearly prpfe
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