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Stability of Designed Proteins against Mutations
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The stability of model proteins with designed sequences is assessed in terms of the number of
sequences, obtained from the designed sequence through mutations, which fold into the “native”
conformation. By a complete enumeration of the sequences obtained by introducing up to four
point mutations and up to seven composition-conserving mutations (swapping of amino acids) in
a 36mers chain and by running dynamic simulations on the mutated sequences, it is found that
this number depends on the gap between the native conformation and the bulk of misfolded
conformations, but not on the particular designed sequence, provided its associated energy gap is large.
[S0031-9007(99)09339-4]
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A number of previous analyses [1-6] (reviewed in [7,8]) The stability of designed sequences with respect to
have provided arguments and supporting evidence for thpoint mutations has been demonstrated [18] in simula-
deep connection existing between the energetic propertigions, and the fact that larger energy gaps imply a greater
of protein sequences and their ability to fold fast into theirability of the designed sequence to accommodate many
native conformations. In particular, it was found [2—4] neutral mutations, that is, mutations with a nondegener-
that the presence of a large (compared to the dispersion ate ground state lying inside the gap, has been acknowl-
interaction energies) energy gap between the native statwiged [1-4,19-21]. In particular, Finkelstahal. [22]
and the bulk of misfolded conformations that are strucstudied the fold stability to mutations (in this case, to mu-
turally dissimilar to the native state is an important factortations in the potential), depending on the energy gap be-
that ensures fast folding into the native conformation (fold-tween the native and the bulk of misfolded conformations.
ability requirement). A number of observations supportThe work by Govrindarajan and Goldstein [23,24] con-
the notion that sequences of natural proteins have been opentrated on the so-called neutral networks, that is, sets
timized to satisfy the foldability requirement. of mutations that preserve the native structure of a model

(1) Random sequences undergo noncooperative foldingrotein determining its diffusion in the space of interac-
transition [9,10] while designed sequences and proteingon parameters (cf. also Ref. [25]). While these analy-
fold cooperatively [1,3,4,11,12]. ses provided a number of important insights, in particular

(2) The native state of random sequences is verghowing how the plasticity of protein sequences can ex-
unstable even to small changes in potential function [13]ist with remarkable robustness of the resulting structure,
while the ones that have larger gaps are much more robusitey did not address the fundamentally important question
with respect to changes in the energy function [14,15]of how many mutations can a sequence undergo without
The latter behavior is characteristic of real proteins thatosing its ability to fold into the native state. In this pa-
exhibit the remarkable ability to maintain their native per, we address this question and provide, for the first
structure intact in a wide range of conditions includingtime, the actual numbers obtained by exhaustive enumera-
variation of temperatureyH, solvent composition, etc. tion of mutations. We furthermore demonstrate, by run-

(3) It was shown theoretically that ground (native) statesning Monte Carlo (MC) dynamics, that starting from a
of random sequences are very unstable with respect tesigned sequence which displays a large gap, all mutated
point mutations: The probability that a mutated sequenceequences which preserve (to some extent) the gap fold
has the same native state scalesya$, wherey is the into the native conformation.
number of conformations per one residue in the chain [16]. For the analysis we use a lattice model of a protein that
In contrast, real proteins are able to accommodate numehas been used earlier by us [18,26,27] and others [28,29].
ous mutations that are neutral with respect to structur&he model sequences are composed of amino acids of
changes [17] . This fact has obvious implication for the20 types and contain 36 monomers. Two amino acids are
molecular evolution of proteins: It accounts for the exis-considered interacting if they occupy neighboring positions
tence of large families of proteins that may have divergedn the lattice but are not sequence neighbors. The energy
from a common root. Proteins belonging to a family haveof the interaction depends on the identity of the amino acids
similar sequences and their native states are also struivolved, so that there is20 X 20 parameter matrix that
turally similar. describes the energetics in the model. We used the set of
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parameters suggested by Miyazawa and Jernigan (TabletBe intact chairiSss), both calculated in the native configu-
of Ref. [30]). The associated standard deviation of theation [Fig. 1(a)]. The quantitAE is a measure of how
interaction energies between different amino acid types ithe energy gap changes upon a mutation provided that the
o = 0.3. distribution of energies of conformations that are dissimi-
Our approach to protein simulations is based on the idekar to the native state remains unaffected by the mutation
of designing sequences having a large energy gap in tH&8]. This was shown to be the case when mutations do not
target conformation chosen to serve as a native state famhange the amino acid composition [3,4,18]. In this paper
simulations [4,31]. A sequence that has sufficiently lowwe have analyzed mutations which conserve and which do
energy in a conformation chosen as native is denoted a®ot conserve the composition of the protein. This gives a
S3¢ (cf. caption to Fig. 1). This sequence is the same awer and upper limit for the number of mutations which
was studied in previous publications [18,26,27]. In thethe “wild-type” sequence can tolerate.
units we are consideringRT;oom = 0.6 kcal/mol), the A complete enumeration of all sequenc®g has been
energy ofSs in its native conformation [cf. Fig. 1(a)] is done up to seven mutations keeping fixed the amino
Ey = —16.5. Starting from a random configuration, the acid composition of the chain (swapping), and up to
sequencessq always reaches the native configuration, andiour mutations without this constraint (pointlike). By
it does it in a rather short “time,” of the order ®6° MC  simulating the dynamics [4] of sequences chosen among
steps. This is a consequence of the fact that the value die mutated sequences, with the same composition of
the energy gap (= 2.5), that is, the energy difference Ss¢ (all sequences with two and three mutations aad
En — E¢ between the energy of the native and the lowestandomly chosen sequences with seven mutations) and
dissimilar configuration (configuration with a similarity with AE < §, it turned out that, ir98% of the cases, they
parametely [32] much smaller than one), is large, much can reach the native conformation in a time comparable
larger than the variance of the contact energies. The value the folding time ofS3;s. Repeating the same analysis
of E¢ was calculated through a set of low temperature MCon 10° sequences with up to four pointlike mutations,
samplings in conformational space. we observed that only in 57 cases did the chain find
The goal of the present analysis is to characterize quarconformations dissimilar from the native one, with lower
titatively how many mutations caf;¢ tolerate without energy, and it was not able to find the native conformation
losing the ability to fold into its native conformation. In within the simulation time.
other words, our study aims at providing an estimate of the Furthermore, we studied the impact of pointlike mu-
number of sequences, having a certain degree of sequeniions on sequences having different degrees of design.
similarity to Ss, that fold into its native structure. To To this end we calculated the distributions(AE) asso-
characterize quantitatively single or multiple mutations, weciated with two pointlike mutations for the case of three
ascribe to them a valugFE [18], defined as the difference sequences designed to fold into the structure shown in
between the energies of the altered sequéfigg and of  Fig. 1(a) with different energy gaps, which in all cases

=

FIG. 1. (a) Conformation onto which the sequentg = SQKWLERGATRIADGDLPVNGTYFSCKIMENVHPLA has been
designed. In (b) and (c) we display two other fully compact target structures, used also as natives (for other sequences). These
conformations were generated by collapsing a homopolymeric chain at low temperature.
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fulfill the condition 6 > o. The distributions for all Y, N, (5) is beyond our calculational power, and can
three sequences appear to be very similar to each othbe established only with approximate methods [34]. In
(Fig. 2). This is also true for composition-conservingany case, the numbers shown in Table I, in particular
mutations and for the different numbers of mutations wethat there are.78 x 10® sequences, i.€1.9% of all of
have analyzed (data not shown). These results suggest thihe sequences generated by seven composition conserving
the distributionn,,(AE) associated withm mutations has mutations which preserve (to any extent) the gap, provide
some degree of universality, and applies to all designed lower limit to the total number of sequences folding
sequences regardless of the valuedofprovided>¢). into the same native structure. This fact is a result
This is a nontrivial result since in the case under studypf our study rather than an assumption, obtained by
unlike the HP model of Ref. [25], there are unconnectedunning extensive dynamics simulations on the mutated
regions of sequence space folding into the same nativeequences. To be noted is that the native fold stability is
structure [33]. preserved by a sizable fraction of all of the investigated
Given a sequence characterized by an energy &ap mutations, and that this fraction depends on the number
it is then possible to calculate the number of sequencesf mutated residues rather than on whether the mutations
which folds into the same native structure (i.e., for whichconserve composition or not. In fact, the ratio of the
there is still some energy gap between the native structuneumber of mutations witlA\E < § to the total number
and the bulk of decoys) and which differs from the of mutations are accurately parametrized by the Gaussian
designed sequence lw mutations. To do this, one has function exp—0.5(m/mg)?*] with my = 2.46 for both

to calculate the quantity composition conserving and pointlike mutations. The
8 same study has been repeated using two other fully
N,,(8) = f dE n,(E). (1)  compact target structures [Figs. 1(b) and 1(c)], generated

by the collapse of a 36 monomer homopolymeric chain at

As an example, we provide the functiof,(8) form = 4 |Jow temperature (below the point, see, e.g., [35]). The
and for the case of pointlike mutations (Fig. 3). An results are virtually identical to the ones shown in Fig. 3.
interesting dependence of the number of fold-preserving Previous studies have shown that the normalized gap
mutations on the initial fold stability (value of the energy ¢ = §/¢ (or the closely related score [1,5,32,36]) is
gap o) is observed, and can be parametrized in terms oA major determinant of the ability of sequences to fold.
a superposition of error functions. The curve increaseJhe results presented above further demonstrate that the
smoothly as a function o, reaching a plateau at about stability of a designed sequence to mutations, and thus
8 = 8, in keeping with the fact that the average value ofthe number of mutations which preserve folding to the
AE associated with single mutations ks is ~0.9 [18],  same native structure, is also controlled by the energy gap.
i.e., a value much smaller thah To this end, the “resilience” of sequences against point

The values ofv,, for the sequencéss for up to four  mutations is directly related to their energetic impact: If
pointlike and seven swap mutations are shown in Table kkhe cumulative effect of mutations on the energy of the

The calculation of the total number of sequend&$) =  native state is weak enough so that the energy gap for
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FIG. 2. Distribution n,(AE) associated with two pointlike
mutations, carried out in three different sequences, with gapgIG. 3. Number of sequences which fold into the confor-

6 = 1.3 (dashed curve)$ = 1.6 (solid curve), andé = 2.5 mation shown in Fig. 1(a) and obtained from all possible
(dotted curve), respectively. The three “root” sequences displajour amino acid pointlike mutations of;¢ that still preserve
no appreciable similarity. the gap.
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