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A self-consistent mean-field based model is presented to explore the effect of site-directed point mutations in designing folded
and/or misfolded sequences with a reduced hydrophobic-polar(HP) patterning of amino acids. This site-directed pointmutation
procedure is developed and applied on both real and lattice proteins to generate a diverse set of sequences. The respective roles
of core and surface residues are analyzed with respect to theoptimum hydrophobicity required for the structural stability of
the protein. The core sites are found to have a critical number of hydrophobic residues, below which a protein may misfold,
while the surface sites show a clear preference for the polarresidues with an ability to tolerate some hydrophobic residues.
Although core sites play an important role in the structuralstability of proteins, some specific surface sites are also found to be
equally important. A clash and match calculation procedureis proposed, which may be used to predict the number of residue
pairs in a sequence with unfavorable and favorable interactions respectively due to site-directed point mutations. The number
of clashing and matching residue pairs may indicate whetherthe mutated sequence would be folded or misfolded. The results
are independent of the secondary structure topology of the protein. This model may provide new insights to the effect of point
mutations on protein stability and may introduce a new method to predict the outcome of a mutation in terms of its probability to
fold or misfold.

1 Introduction

Proteins may be distinguished from other biological and syn-
thetic polymers by the presence of a rugged funnel-shaped
conformational energy landscape with an overall energy gra-
dient towards the native state located at the free energy min-
imum. Designing sequences with such landscapes involves
stabilizing the ‘minimally frustrated’1 native (target) struc-
ture against the ensemble of unfolded/misfolded conforma-
tions. Mutations of such optimized sequences almost al-
ways increases the frustration even though in most cases,
it does not substantially change the native structure. Mu-
tational robustness is the characteristic property of naturally
evolved proteins, which increases the number of sequences
within the constraints of a given structure facilitating viabil-
ity and sequence diversity. Incorporating point mutationsby
site-directed mutagenesis in natural and designed proteinse-
quences may be used to explore the stability, flexibility and
functional features of proteins.2–5 Numerous studies have in-
vestigated the effects of point mutations on protein stability
and function. The alignment of the homologous amino acid
sequences has lead to a ‘consensus’ approach, which assumes
that the conserved amino acid residues play a dominant role in
implementing protein stability.6–11 However, sequences gen-
erated by ‘consensus’ approach are not necessarily the most
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stable ones.6

Random point mutation studies have revealed that some of
these mutations dramatically affect the stability of a protein,
which cannot be explained from the molecular principles of
structural stability.12,13Rational design of point mutations are
often complicated by the choice of the type and location of ap-
propriate residues, which may cause any desired change in the
protein function. Thus, site directed mutagenesis on the pro-
tein surface may have less impact in terms of its stability and
function as compared to the core comprising of hydrophobic
residues. It is normally accepted that core forming hydropho-
bic residues are sensitive to mutations, but several experimen-
tal studies have shown that optimization of surface residues
also have important role in protein stability.14–16Optimization
of surface electrostatics by mutations in the surface residues is
used to design thermostable proteins.15 Other studies have re-
ported effects on local/global flexibility of proteins induced by
point mutations.4,5,17 In this context, a model that can (i) de-
sign and optimize sequences through site-directed point mu-
tations and (ii) identify the role of core/surface residueson
the protein stability may help in identifying the site specific
mutation patterns of different residues for a given protein.
Thus this model may provide the foundation for predicting
the outcome of site-directed mutations in engineering the sta-
bility/foldability and evolvability of known proteins andde-
signingde novo ones.

In this article, a self-consistent mean field based model is
presented to investigate the effect of site-directed pointmuta-
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tions in designing folded/misfolded sequences with two letter
HP (Hydrophobic-Polar) amino acid alphabet. A sequence,
with marginal stability in the native/target conformation, is
randomly selected for site directed point mutations. These
point mutations are site directed for highly correlated sites
and is incorporated by changing the residue either from hy-
drophobic to polar or from polar to hydrophobic such that
the two-body residue propensity of that specific highly cor-
related site pair is opposed by the mutation. This directed mu-
tation is applied to investigate whether such mutations lead to
a directed outcome in terms of stability or not i.e. whether
these mutations are always destabilizing or always stabiliz-
ing? The site-directed mutations does not yield a directed out-
come; in fact, the outcome of the mutation is quite random
with respect to the stability of the mutated sequence in the
native/target conformation. The diverse set of sequences gen-
erated by cumulative point mutations are analyzed to assess
the role of hydrophobicity in the core and the surface sites
on the stability of the sequence in the native/target conforma-
tion. The mutation sensitive sites and their spatial positions
in the native/target conformation i.e. core or surface is also
determined. A method is proposed to calculate the number
of clashing (unfavorable interaction) and matching (favorable
interaction) residue pairs. The number of clashing/matching
residue pairs is found to be strongly correlated with the stabil-
ity of the mutated sequence in the native state.

2 Theory

The polypeptide chain is configured as a self-avoiding walk
(SAW) on a 3× 3× 3 cubic lattice, where each lattice point
represents a residue/structural unit. Exact enumeration by the
first depth algorithm yields 103346 unique, compact confor-
mations unrelated by rotational, reflectional or translational
symmetry.18 The total number of possible sequences for the
27-mer cubic lattice protein is 227 = 134217728 with a re-
duced 2 letter amino acid representation i.e. hydrophobic and
polar residues. The target/native conformation represents the
most designable conformation as it corresponds to the lowest
energy conformation for maximum number of sequences.18–20

This HP lattice model is widely used to have important phys-
ical insights to many complex phenomena of proteins.19,21–24

Even though progress in computational techniques have made
atomistic modeling and simulation of proteins feasible, yet
minimalist models are still relevant to achieve qualitative
physical insights of complex and computation intensive prob-
lems.25–29

A suitable energy function is required to characterize the
sequence-structure compatibility by quantifying the stability
of a sequence in any conformation. The energy of a sequence
in any conformation,E may be expressed as a function of the
site-specific and pairwise monomer interactions.

E =
N

∑
i=1

γi(αi)+ ∑
i< j

γi, j(αi,α j) (1)

whereN is the total number of amino acid residues present
in the protein. The one-body termγi(αi) quantifies the propen-
sity of the monomer typeαi to reside in a particular structural
context/environment.30,31 The two-body termγi, j(αi,α j) rep-
resents the inter-residue contact interactions of the monomer
types αi and α j located ati-th and the j-th sites respec-
tively.31–33 Both one-body and two-body interaction terms
may be expressed as

γi(αi) = ∑k σ (1)
ik γ(1)

k (αi)

γi, j(αi,α j) = σ (2)
i, j γ(2)(αi,α j)

(2)

wherek is the number of structural contexts andσ (1)
ik is the

one-body structural parameter which indicates whether thei-
th site is in thek-th structural context. Such structural con-
texts carries the information whether sitei is buried in the in-
terior of the protein or accessible to solvent.34 The two-body

structural parameterσ (2)
i j denotes the inter-residue contact in-

teraction between the site pairi and j with monomer types
αi andα j respectively.35,36Non-bonded nearest neighbors are
assumed to be in contact.

σ (1)
ik =

{

1 if site i is in structural contextk,
0 if not.

(3)

σ (2)
i, j =

{

1 if sitesi and j are non-bonded neighbors,
0 if not.

(4)
The one-body energy parameter,γ(1)

k (αi), denotes the en-
ergy contribution of the amino acid typeαi in k-th structural
context. Here, solvent accessibility is chosen as an appropriate
structural context, which is quantified in terms of the coordi-
nation number. Higher co-ordinated sites have lower solvent
accessibility and reside in the core of the protein. Structural
contextk = 1 is chosen for sites with coordination number 1
or 2 whilek = 2 is chosen for sites with coordination number
3 or 4. In this work, one-body energy parameters for different
residue types in different structural contexts are chosen as34

γ(1)
1 (H) = 0 γ(1)

1 (P) = 0 γ(1)
2 (H) = −1ε γ(1)

2 (P) = 0
(5)

where,ε denotes the scaled energy unit, which measures the
one-body interaction of the residue in a particular structural
context.

The two-body energy parameterγ(2)(αi,α j) quantifies the
inter-residue contact propensities32 between a residue-pairαi

andα j.
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γ(2)(H,H) = −3ε ′ γ(2)(H,P) = −1ε ′ γ(2)(P,H) = −1ε ′
γ(2)(P,P) = 0

(6)
where,ε ′ is the dimensionless inter-residue interaction en-

ergy parameter .
Assuming small fluctuations due to sequence variations, the

energy of any sequence in a particular native/target conforma-
tion may be expressed as a sum of energies of the residues due
to local site-specific interactions and pair interactions with its
neighbours

Enat = ∑i ∑αi ∑k σikγ(1)
k (αi)ωi(αi)+

∑i, j ∑αi,α j
σi, jγ(2)(αi,α j)ωi, j(αi,α j)

(7)

whereωi(αi) is the site-specific monomer (one-body) prob-
ability of finding αi type of residue ati-th site, while
ωi, j(αi,α j) is the pairwise monomer (two-body) probability
such thatαi andα j residue types are ati-th and j-th sites in
the sequence respectively. Similarly, the ensemble averaged
energy of the unfolded conformations may be expressed as

〈Eun f 〉 = ∑i ∑αi ∑k〈σik〉γ
(1)
k (αi)ωi(αi)+

∑i, j ∑αi,α j
〈σi, j〉γ(2)(αi,α j)ωi, j(αi,α j)

(8)

The stability gap,∆, represents the energy difference be-
tween the native state and the ensemble-averaged unfolded
state energy, which may be expressed as

∆ = Enat −〈Eun f 〉 (9)

and Γ2
un f quantifies the fluctuations in the energies of the

unfolded state ensemble.

Γ2
un f = 〈E2

un f 〉−〈Eun f 〉
2 (10)

In our earlier works, a foldability criterion,φ was derived
using the cumulant expansion of the free energy of fold-
ing34,36 which provides a measure of the sequence-structure
compatibility.37

φ = ∆+
1
2

Γ2
un f (11)

whereφ is a dimensionless quantity appropriately scaled
with respect tokBT . Eq. 11 clearly indicates that the more
negative the value ofφ the larger is the stability gap∆ rep-
resenting a highly stable sequence in the target/native confor-
mation. Hence, a sequence with lower negativeφ value rep-
resents a marginally stable sequence. This foldability crite-
rion is derived from a cumulant expansion approximating the
free energy of folding and hence is a thermodynamic quan-
tity. The folding kinetics may also be a major determinant of

the foldability of a protein sequence38 but results of the ki-
netic studies on model protein sequences indicate that there is
a large correlation of the folding rate with the thermodynamic
foldability criteria like∆/Γ, Tf /Tg.34,39–41These studies con-
firm that such foldability criterion, which considers the sta-
bility gap and the fluctuation in the energies of the unfolded
ensemble, may also be a good indicator of the kinetic fold-
ability.

In this work, we assume that for a specific site-pair, the
pairwise monomer probability is not explicitly coupled to the
respective site-specific monomer probabilities. The one-body
residue propensities are dependent on each site’s overall struc-
tural context, while the pairwise monomer probability of a
specific site pair is dependent on their contact interactions.
However, the one-body and two-body probabilities are cou-
pled to each other and among themselves through the set of
constraints, which specify local/global features of the struc-
ture and sequence. Within this approximation the sequence
entropy may be expressed as the sum of the contributions from
one-body and two-body residue probabilities42–45

S = −∑i ∑αi
ωi(αi)ln(ωi(αi))−

∑i, j ∑αi,α j
ωi, j(αi,α j)ln(ωi, j(αi,α j))

(12)

The most probable set of one-body(ωi(αi)) and two-body
probabilities(ωi, j(αi,α j)) may be determined by maximiz-
ing the entropy subject to the relevant constraints. These con-
straints are:

i) The normalization of site-specific probabilities at each
site,

m

∑
αi=1

ωi(αi) = 1 (13)

ii) The normalization of pairwise monomer probabilities for
each pair of sites,

∑
αi,α j

ωi, j(αi,α j) = 1 (14)

iii) The foldability criteria,φ , defined by Eq. 11
The variational functional,V , of the set of one-body and

two-body probabilities may be expressed as

V = S−∑N
i=1(βnorm1)i(−1+∑m

αi=1 ωi(αi))−

∑i, j(βnorm2)i, j(−1+∑αi,α j
ωi, j(αi,α j))−βφ φ (15)

where,(βnorm1)i,(βnorm2)i, j andβφ are the Lagrange mul-
tipliers for the constraint Eqns. 13, 14 and 11 respectively.
The inclusion ofφ as a constraint in the variational functional
makes it possible to design sequences with varied foldabil-
ity. Solving the simultaneous equations that define the max-
imum of the variational functional subject to the appropriate
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Fig. 1 Probability of misfolding (P(misfold)) of the mutated sequences is plotted againstn(H)core for (a) real and (b) lattice protein.

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

ωi(αi) = 1
qi

(exp(−βφ φi))

ωi, j(αi,α j) = 1
qi, j

(exp(−βφ φi, j))

φ = ∆+ 1
2Γ2

(16)

where,

qi = ∑αi
exp(−βφ φi)

qi, j = ∑αi,α j
exp(−βφ φi, j)

φi = ∂φ
∂ωi(αi)

φi, j = ∂φ
∂ωi, j(αi,α j)

(17)

This set of equations are solved numerically to yield the one-
body (ωi(αi)) and two-body probabilities(ωi, j(αi,α j)) and
the Lagrange mutipliers consistent with a particular valueof
the foldability criterion,φ .

Among these designed sequences, a marginally stable se-
quence (lower negativeφ ), which represents a model real pro-
tein sequence, is selected for site-directed point mutations. A
pair of sites (i, j) with highest correlation between the respec-
tive residue pairs is identified. The correlation between the
i-th and j-th sites may be calculated as

Ci, j(αi,α j) =
ωi, j(αi,α j)

ωi(αi)×ω j(α j)
(18)

This term(Ci, j(αi,α j)) is a measure of the two-body in-
teraction correlation between two specific sites. The denom-
inator predicts the individual two-body probability ofαi and
α j residues ati-th and j-th sites simultaneously when the two
sites do not interact. The numerator provides the two-body
probability in presence of the specific two-body interaction.

Thus the ratio is a measure of the correlation between the two
specific sites via two-body interactions.Ci, j(αi,α j) > 1.0 im-
plies a higher two-body propensity forαi andα j residues at
i-th and j-th sites respectively whileCi, j(αi,α j) < 1.0 indi-
cates lower two-body propensity for the same. Now the point
mutations are incorporated such that the two-body propensity
of a highly correlated residue pair is opposed by the mutation.
For example, if thei-th site is occupied by aH (hydrophobic)
residue thenCi, j(H,α j) for eachj andα j are calculated. De-
pending on the value of the correlation, thej-th site with high-
estCi, j(H,α j) value is selected for mutation. Thus, the mu-
tation process is site-directed. The selected sitej is mutated
such that it opposes the two-body propensity(ωi, j(αi,α j)) of
that site pair for the specific pair of residuesH andα j. Sup-
pose, ifCi, j(H,P) has the maximum value for thei-th site,
implying a high pairwise monomer probability(ωi, j(H,P))
for H andP residues ati-th and j-th sites respectively, then
the j-th site is mutated with a hydrophobic residue such that
their two-body propensity is opposed by the directed mutation.
This mutation will change the foldability (φ ) of the sequence.
From the new foldability value of the sequence, a set of op-
timized pairwise monomer probabilities are self-consistently
calculated by constraining Eq. 14 and Eq. 11, while keeping
all the one-body monomer probabilities constant. This proce-
dure is then repeated till a foldable sequence is obtained self-
consistently such that a diverse set of sequences is generated
from cumulative point mutations. The procedure is repeated
with the same initial wild-type sequence for all possible sites
i. This site-directed mutation procedure provides a platform
to examine the outcome of such cumulative point mutations.
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Fig. 2 Probability of misfolding (P(misfold)) of the mutated sequences is plotted againstn(H)sur f for (a) real and (b) lattice protein.

2.1 Real Protein

The mean-field theory is applied to a 21-mer real protein
with pdb id 1EDN (x-ray resolution = 2.18 Å, R-value =
0.19)(http://www.rcsb.org/pdb/).46 The co-ordinates of the C-
α chain backbone in the crystal structure are chosen as the
initial template for a Monte Carlo (MC) simulation to gener-
ate an ensemble of unfolded conformations. A simple 6−12
LJ (Lennard-Jones) potential is applied and the pseudo C-α-
C-α bond length is restricted to be 3.8±0.15Å. 47 The surface
accessibility of the sites are measured using DSSP48 and the
corresponding relative surface accessibility are dividedinto 3
coordination zones.49,50 Sites in the coordination zone 1 with
relative surface accessibility≥ 37% are considered as surface
sites in the structural contextk = 1, while sites in the coordi-
nation zone 2 and 3 with relative surface accessibility< 37%
represent buried sites in the structural contextk = 2. A sub-
set of 35539 generated conformations are selected such that
these conformations have equal or lower number of buried
sites and equal or lower number of two-body contacts as com-
pared to the crystal (native) structure of the protein. Higher
number of buried sites form a well defined core and higher
number of two-body contacts ensures the compactness of the
native/target structure. Thus, this selection criterion ensures
highest designability of the native/target structure of the pro-
tein as mentioned in the “Theory” section. Sequences of var-
ied foldability are designed by minimizing the energetic frus-
tration and using the reduced HP alphabets, which are com-
patible to the native structure of 1EDN through the self con-
sistent mean field theory as explained in the “Theory” sec-
tion. This protein (1EDN) primarily consists of helical and
loop structure. To study the geometric effects of the protein
conformations, we have repeated the entire calculation foran-

other real protein with a predominantβ -sheet structure (PDB
id 2PM1) with a resolution of 1.60 Åand crystallographic R-
factor = 0.154. This protein is a derivative of human alpha-
defensin 1 with 90% sequence identity. The high sequence
identity implies similar energy landscape properties as that of
a naturally occuring real protein sequence. The selection of
these two proteins (1EDN and 2PM1) is based on the follow-
ing criteria i) the structures are of reasonably high resolution,
ii) they are monomeric without the presence of any ligand,
DNA and RNA, ensuring autonomous folding of the sequence
to the structure. This indicates that the target structuresare
not highly topologically frustrated and designing a foldable
sequence is feasible by minimization of energetic frustration
only, since this model does not explicitly account for topolog-
ical frustration51,52.

3 Results and Discussions

A marginally stable sequence withφ = −0.4 is randomly se-
lected from the designed real protein sequences for site di-
rected mutations. For each site, the corresponding highest
correlated site is identified and mutated such that it opposes
the two-body probability of that specific site pair as explained
in the “Theory” section. This point mutation procedure is re-
peated to accumulate mutations till a mutated sequence may
be designed self-consistently, i.e., till the set of coupled tran-
scendental equations may be solved to yield specific values
for site-specific and pairwise monomer probabilities (beyond
this the equations fail to converge). Thus a diverse range of
mutated sequences are obtained. Similarly, a lattice protein se-
quence withφ =−1.0 is selected and mutated repeatedly. The
mutated sequences are analyzed to determine whether they are
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stabilized or destabilized against the most stable unfolded con-
formation. This can be calculated as

∆St =
((

(Elowest)un f −Enat

)

mut

)

i
−

((

(Elowest)un f −Enat

)

mut

)

i−1

(19)

The first term of RHS in Eq. 19 measures the energy dif-
ference between most stable conformation of the unfolded en-
semble and the native/target state afteri-th mutation while the
second term measures the same afteri− 1-th mutation. The
range of∆St corresponding to−0.0005 to+0.0005 is consid-
ered as neutral mutation i.e. mutations having negligible effect
on the stability of a protein.∆St <−0.0005 represents a desta-
bilizing mutation; the more negative the value, the more desta-
bilizing is the mutation. The overall probabilities of desta-
bilizing, stabilizing and neutral mutations are 0.15, 0.17 and
0.68 respectively. These values confirm that although muta-
tions are performed in a directed way but the outcome is ran-
dom, while stabilizing and destabilizing mutations are almost
equally probable but most mutations are neutral.53–55 Thus a
directed mutation may not necessarily lead to a directed out-
come i.e evenif the mutations are incorporated such that the
two-body propensity of a specific highly correlated site pair
is opposed by the mutation yet the outcome of the mutation
in terms of the stability of the mutated sequence in the tar-
get/native structure is not always destabilizing or stabilizing.

Often, destabilizing mutations lead to misfolded sequences
in which a conformation from the unfolded state ensem-
ble becomes more energetically stable compared to the na-
tive/target conformation. How does the sequence composition
dictate folding/misfolding? The composition of the mutated
sequences are analyzed to explore the roles of hydrophobicity
of the core and surface sites in protein misfolding. In Figure
1(a) and (b) the probability of misfolding(P(misfold)) is plot-
ted against the average number of hydrophobic residues in the
core sites of real and lattice proteins respectively. All the mu-
tated sequences are mapped into different bins with respectto
their hydrophobicity in the core (buried) sites. Thus the prob-
ability of misfolding of thei-th bin may be expressed as

P(mis f old)i =
(Nm)i

(Nt)i
(20)

(Nm)i represents the number of sequences in thei-th bin
having lowest energy in a conformation other than the native
conformation.(Nt)i is the total numebr of sequences in theith
bin. The plot suggests that the number of buried hydropho-
bic residues in the core play a crucial role on the stability of
the protein. When the buried sites are predominantly occupied
by the hydrophobic residues, the probability of misfoldingis
low and the sequence stably folds to the target/native confor-
mation. The inverted sigmoidal-shaped plot indicates thatthe

probability of misfolding is not linearly proportional to the
number of hydrophobic residues in the core. A critical number
of hydrophobic residues must be present in the core to impart
stability to the native/target conformation of the protein. The
importance of hydrophobicity in the core sites is shown by
many experimental studies.54,56–60 The native conformation
of the real protein 1EDN has 10 buried residues, while the
target conformation of the lattice protein has 7 buried sites.
For the real protein conformations, the transition from mis-
folded to folded sequence occurs at around 5 buried hydropho-
bic residues as depicted in Figure 1(a). The probability of mis-
folding is minimum when the number of hydrophobic residues
is greater than 5 (among 10 buried sites), leading to a stable
native state. Similarly, four or more hydrophobic residuesout
of 7 buried sites of the lattice protein ensures higher stabil-
ity of the sequence in the target/native conformation. Thus,
a critical number of hydrophobic residues of at least 50% in
the buried sites may be a requirement to stabilize the sequence
in the native conformation. This critical number may vary for
different globular proteins (See Figure S1 for corresponding
result of protein 2PM1).

Varying hydrophobicity in the surface sites of the protein
may profoundly affect the stability of a sequence in the na-
tive conformation. Figure 2(a) and (b) depicts the probabil-
ity of misfolding as a function of the number of hydropho-
bic residues in the surface sites of real and lattice proteins
respectively. From the plot, it is evident that lower number
of hydrophobic residues in the surface sites stabilize the na-
tive state, hence the probability of misfolding is lower. But
higher number of hydrophobic residues in the surface sites do
not always lead to misfolding. This implies that if the hy-
drophobicity of the buried sites are above the critical value of
hydrophobicity then the surface sites may tolerate some hy-
drophobic residues without misfolding. This observation is
in accord with experiments. In oneα-helical region of bac-
teriophage P22 Arc repressor, five polar to hydrophobic mu-
tations at the surface are accomodated to retain its biological
activity.61 Schwehmet. al. have also demonstrated that in
staphylococcal nuclease protein the surface sites are tolerant
to many polar to hydrophobic mutations.62 For both real and
lattice protein conformations this trend is observed for the hy-
drophobicity of the surface sites (See Figure S2 for the corre-
sponding result of the protein 2PM1). This study considers a
simplified HP model of proteins. Inclusion of more detailed
amino acid alphabets63,64 in such models may be of interest.
Such models can provide important information on the effect
of aromaticity, charge or size of amino acids in the core or
the surface of proteins. Detailed amino acid alphabets may be
incorporated in this generalized model by accounting for the
appropriate energetic contribution terms for such amino acids
in the interaction potential. Inclusion of such amino acid al-
phabets and energetic terms may accurately describe the ge-
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Fig. 3 Probability of destabilizing mutations (P(dmut)) is plotted against the corresponding mutated site for (a) real and (b) lattice protein.

ometric effects of protein secondary structure conformations
on mutational stability at the expense of an increased cost of
computation.

To investigate the mutation sensitivity of specific sites, the
probability of destabilizing mutation is plotted against the cor-
responding mutated site in Figure 3. The probability of the
destabilizing mutation of anyi-th site may be calculated as

P(dmut)i =
(N∆St<−0.0005)i

(Ntotal)i
(21)

where(N∆St<−0.0005)i represents the number of times the
mutation is destabilizing when thei-th site is mutated and
(Ntotal)i is the total number of mutations of thei-th site. In
Figure 3(a) and (b) the P(dmut) is plotted against correspond-
ing sites for real and lattice proteins respectively. The plot
clearly shows that all sites are not equivalent, while some
mutated sites have a pronounced destabilizing effect others
hardly perturb the stability of the native conformation. For
real proteins, (Figure 3(a)) the sites 3, 9, 4 and 11 depict a
markedly destabilizing effect upon mutation while for the lat-
tice proteins, (Figure 3(b)) the sites 1, 3, 5 and 26 are highly
sensitive to mutation with a high destabilizing probability as
compared to other sites. Interestingly, although the coarse-
grained potential of this work accounts for the hydrophobic
collapse and hydrophobic-hydrophobic interactions only,the
sites which show pronounced destabilization upon mutation
(with high value of P(dmut)) are not just located in the core.
For the real protein, the surface site 9, show destabilization
upon mutation, while 3, 4and 11 form the core. Similarly,for
lattice proteins the sites, 3 and 5, are from the surface while the
1st and the 26th sites are from the core. Figure 3(a) shows that
36% (4 out of 11)surface residues (13, 18, 19 and 21) have

negligible destabilizing effect on mutation, while almostall
core sites have some destabilizing effect for real proteins(See
Figure S3 for the corresponding result for the protein 2PM1).
Similarly, 50% (10 out of 20) surface sites (2, 6, 10, 15, 16, 18,
20, 22, 23 and 24) have negligible destabilizing effect, while
71% core sites (1, 17, 19, 21 and 26) show marked destabi-
lization for lattice proteins (See Figure 4 for the positionof
the above mentioned sites in both 1EDN native structure and
lattice target struture and Figure 5 for some of the misfolded
structures of 1EDN and lattice protein). Thus, mutating sur-
face and core sites exert non-equivalent effect in determining
the stability of a a protein. In addition to the core sites, some
specific surface sites may play a key role in dictating the sta-
bility of the protein in its native state. This finding is supported
by the experimental studies14,15,62which show the importance
of specific surface residues in determining the stability ofa
sequence. One study62 shows that some specific surface sites
have equivalent destabilizing effect upon mutation as thatof
the core sites even though most of polar to hydrophobic muta-
tions on the surface hardly affects the stability of the protein.
Another study15 suggests the importance of the optimization
of surface residues for designing thermostable proteins.

The interaction of a pair of residues present ati-th and j-
th sites may be favorable or unfavorable depending on the
residue types present at those sites. The two-body probabili-
ties of any specific residue pair ati-th and j-th sites determine
the preference of that residue pair for the given sites. The
two-body probability of a residue pair,ωi, j(αi,α j)=0.25, de-
notes completely random preference for that residue pair for
a given site pairi, j. Any value above 0.25 represents a fa-
vorable interaction and below 0.25 represents an unfavorable
interaction. Thus, the clashing (unfavorable) or matching(fa-
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Fig. 4 (a) 1EDN native structure (b) lattice target structure. Blue
beads represents polar residues and Red beads represents
hydrophobic residues.

vorable) interactions between a given pair of residues present
at i-th and j-th sites may be calculated as

Ii, j(αi,α j) =
(ωi(αi)×ω j(α j))−0.25

(ωi, j(αi,α j)−0.25)
(22)

The denominator is positive when there is a favorable inter-
action between the residue of typeαi at sitei with the residue
of typeα j at site j. The numerator is positive when the prod-
uct of the site-specific probabilities of the residueαi at sitei
and residueα j at site j is greater than 0.25. i.e. both residues
have a definite preference of co-existing at the respective sites.
The numerator is always positive for the residues which havea
high probability of co-existence, while the denominator ispos-
itive for residue pairs with favorable interactions. Thus posi-

Fig. 5 (A),(B) and (C) are some of the misfolded structures of
1EDN and (D), (E) and (F) are some of the misfolded structures of
lattice protein. Blue beads represents polar residues and Red beads
represents hydrophobic residues.

Fig. 6 Number of clashing mutation is plotted against the number
matching mutation for folded and misfolded sequences.

tive value ofIi, j(αi,α j) implies that the residues that have high
probability of co-existence also interact favorably and form a
matching residue pair. A negative value ofIi, j(αi,α j) implies
that residues with high co-existence probability have an unfa-
vorable interaction constituting a clashing residue pair.

The effect of a mutation may be estimated by evaluating ei-
ther clash or match for both wild-type and mutated sequences.
The gain or loss in stability may be calculated as

∆Ii, j = (Ii, j)mut − (Ii, j)wild (23)

A negative value of∆Ii, j represents a clash inducing muta-
tion and a positive value implies a match inducing mutation.
Thus for a given mutated sequence,∆Ii, j values for all pos-
sible residue pairs can be calculated relative to correspond-
ing residue pairs of the wild type sequence; total number of
negative∆Ii, j values represents the number of clash induc-
ing mutations in that specific mutated sequence. Similarly,
total number of positive∆Ii, j values represents the number
of match inducing mutations. For all mutated sequences the
number of clash and match inducing mutations are calculated.
In Figure 6 the number of clash inducing mutations are plotted
against the number match inducing mutations for all mutated
sequences (folded and misfolded). The misfolded (red) and
folded (black) sequences occupy two distinct regimes in this
plot. Misfolded sequences occupy high clash and low match
region, while low clash and high match zone is populated by
the folded sequences. Thus there exists a cut-off value for the
total number of clashing residue pairs that a sequence can ac-
commodate without being misfolded. This indicates that the
number of interactions of clashing residue pairs, rather than
the specificity of clashing residue pairs, are important. Thus,
it may be concluded from Figure 3 and Figure 6 that site-
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directed mutations, which lead to higher number of clashing
residue pairs, results in misfolded sequences (See Figure S4
for corresponding result of protein 2PM1). Specific sites may
be highly sensitive to mutations due to higher number clashing
interactions induced by point mutations at those sites. Thus
this evaluation of the clashing and matching residue pairs may
be used to predict the outcome of a site-directed point muta-
tion.

4 Conclusions

In the present article, a self-consistent mean-field based model
is presented to investigate the effect of site-directed point
mutations in designing folded/misfolded sequences with re-
duced amino acid alphabets. This site-directed point mu-
tation method is developed and applied on designed pro-
tein sequences of both lattice and real proteins. The input
to the model comprises of a coarse-grained potential which
takes into account only the hydrophobic collapse and the
hydrophobic-hydrophobic interactions. These point mutations
target highly correlated residue-pairs such that it opposes the
pairwise monomer probability of that specific site pair. Even
though the point mutations are site-directed, but the outcome
turns out to be random; stabilizing and destabilizing muta-
tions are found to be equally probable. Analysis of the mu-
tated sequences suggest the presence of a critical number of
hydrophobic residues in the core to ensure that the mutated
sequences fold to the native/target conformation. The mis-
folding probability of the mutated sequences increases sharply
below this critical number. The surface sites clearly prefer po-
lar residues, but increasing number of hydrophobic residues
in the surface sites does not necessarily lead to misfolding,
indicating the ability of the surface sites to accommodate hy-
drophobic residues, while the optimum hydrophobicity of the
core sites is maintained. This result is also supported by ex-
perimental findings.61

Mutations at some sites are found to exert higher destabiliz-
ing effect, reaffirming the fact that all sites in the proteinare
not equivalent. Although mutations at the core sites are ex-
pected to destabilize the protein but specific surface sitesare
equally important and may be identified with such a coarse-
grained potential. Experimental studies have already con-
firmed the importance of surface residues.14,15 A method of
identifying the clashing and matching residue pairs in the mu-
tated and wild type sequences is proposed. Mutated sequences
in the higher clash and lower match region are invariably mis-
folded, while those in the higher match and lower clash region
are correctly folded to the native/target conformation. Thus
mutations at sites which results in higher number of residue-
residue clashes are sensitive to mutation and lead to misfold-
ing. This clash-match method evaluates the comparative mu-
tability of different residues resulting in a folded/misfolded

sequence, which may provide the necessary framework to
complement the outcome of site-directed mutagenesis experi-
ments.

It should be noted that the selected real proteins are small
and topologically simple. The results of the two real proteins
are in good agreement to each other indicating that the findings
may be independent of the secondary structure content and
should be applicable to larger proteins without high topolog-
ical frustration, at the expense of an exponentially increased
computational cost. Future works, with sophisticated potential
and consideration of topological frustration51,52,65may be re-
quired to further generalize the findings of this study for highly
complex topologies like knotted proteins.
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