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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]

PACS numbers: 87.15.By
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A number of previous analyses [1–6] (reviewed in [7,8
have provided arguments and supporting evidence for
deep connection existing between the energetic proper
of protein sequences and their ability to fold fast into the
native conformations. In particular, it was found [2–4
that the presence of a large (compared to the dispersion
interaction energies) energy gap between the native s
and the bulk of misfolded conformations that are stru
turally dissimilar to the native state is an important facto
that ensures fast folding into the native conformation (fol
ability requirement). A number of observations suppo
the notion that sequences of natural proteins have been
timized to satisfy the foldability requirement.

(1) Random sequences undergo noncooperative fold
transition [9,10] while designed sequences and prote
fold cooperatively [1,3,4,11,12].

(2) The native state of random sequences is ve
unstable even to small changes in potential function [1
while the ones that have larger gaps are much more rob
with respect to changes in the energy function [14,15
The latter behavior is characteristic of real proteins th
exhibit the remarkable ability to maintain their nativ
structure intact in a wide range of conditions includin
variation of temperature,pH, solvent composition, etc.

(3) It was shown theoretically that ground (native) stat
of random sequences are very unstable with respect
point mutations: The probability that a mutated sequen
has the same native state scales asg28, whereg is the
number of conformations per one residue in the chain [1
In contrast, real proteins are able to accommodate num
ous mutations that are neutral with respect to structu
changes [17] . This fact has obvious implication for th
molecular evolution of proteins: It accounts for the exis
tence of large families of proteins that may have diverg
from a common root. Proteins belonging to a family hav
similar sequences and their native states are also str
turally similar.
0031-9007y99y82(23)y4727(4)$15.00
])
the
ties
ir
]
of

tate
c-
r

d-
rt
op-

ing
ins

ry
3],
ust
].
at
e
g

es
to

ce

6].
er-
re
e
-

ed
e
uc-

The stability of designed sequences with respect
point mutations has been demonstrated [18] in simul
tions, and the fact that larger energy gaps imply a grea
ability of the designed sequence to accommodate ma
neutral mutations, that is, mutations with a nondegene
ate ground state lying inside the gap, has been acknow
edged [1–4,19–21]. In particular, Finkelsteinet al. [22]
studied the fold stability to mutations (in this case, to mu
tations in the potential), depending on the energy gap b
tween the native and the bulk of misfolded conformation
The work by Govrindarajan and Goldstein [23,24] con
centrated on the so-called neutral networks, that is, s
of mutations that preserve the native structure of a mod
protein determining its diffusion in the space of interac
tion parameters (cf. also Ref. [25]). While these analy
ses provided a number of important insights, in particula
showing how the plasticity of protein sequences can e
ist with remarkable robustness of the resulting structur
they did not address the fundamentally important questi
of how many mutations can a sequence undergo witho
losing its ability to fold into the native state. In this pa-
per, we address this question and provide, for the fir
time, the actual numbers obtained by exhaustive enume
tion of mutations. We furthermore demonstrate, by run
ning Monte Carlo (MC) dynamics, that starting from a
designed sequence which displays a large gap, all muta
sequences which preserve (to some extent) the gap f
into the native conformation.

For the analysis we use a lattice model of a protein th
has been used earlier by us [18,26,27] and others [28,2
The model sequences are composed of amino acids
20 types and contain 36 monomers. Two amino acids a
considered interacting if they occupy neighboring position
on the lattice but are not sequence neighbors. The ene
of the interaction depends on the identity of the amino aci
involved, so that there is a20 3 20 parameter matrix that
describes the energetics in the model. We used the se
© 1999 The American Physical Society 4727
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parameters suggested by Miyazawa and Jernigan (Tab
of Ref. [30]). The associated standard deviation of th
interaction energies between different amino acid types
s ­ 0.3.

Our approach to protein simulations is based on the id
of designing sequences having a large energy gap in
target conformation chosen to serve as a native state
simulations [4,31]. A sequence that has sufficiently lo
energy in a conformation chosen as native is denoted
S36 (cf. caption to Fig. 1). This sequence is the same
was studied in previous publications [18,26,27]. In th
units we are consideringsRTroom ­ 0.6 kcalymold, the
energy ofS36 in its native conformation [cf. Fig. 1(a)] is
EN ­ 216.5. Starting from a random configuration, the
sequenceS36 always reaches the native configuration, an
it does it in a rather short “time,” of the order of106 MC
steps. This is a consequence of the fact that the value
the energy gapd s­ 2.5d, that is, the energy difference
EN 2 EC between the energy of the native and the lowe
dissimilar configuration (configuration with a similarity
parameterq [32] much smaller than one), is large, muc
larger than the variance of the contact energies. The va
of EC was calculated through a set of low temperature M
samplings in conformational space.

The goal of the present analysis is to characterize qu
titatively how many mutations canS36 tolerate without
losing the ability to fold into its native conformation. In
other words, our study aims at providing an estimate of t
number of sequences, having a certain degree of seque
similarity to S36, that fold into its native structure. To
characterize quantitatively single or multiple mutations, w
ascribe to them a valueDE [18], defined as the difference
between the energies of the altered sequencesS0

36d and of
These

FIG. 1. (a) Conformation onto which the sequenceS36 ; SQKWLERGATRIADGDLPVNGTYFSCKIMENVHPLA has been
designed. In (b) and (c) we display two other fully compact target structures, used also as natives (for other sequences).
conformations were generated by collapsing a homopolymeric chain at low temperature.
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the intact chainsS36d, both calculated in the native configu-
ration [Fig. 1(a)]. The quantityDE is a measure of how
the energy gap changes upon a mutation provided that
distribution of energies of conformations that are dissim
lar to the native state remains unaffected by the mutati
[18]. This was shown to be the case when mutations do n
change the amino acid composition [3,4,18]. In this pap
we have analyzed mutations which conserve and which
not conserve the composition of the protein. This gives
lower and upper limit for the number of mutations which
the “wild-type” sequence can tolerate.

A complete enumeration of all sequencesS0
36 has been

done up to seven mutations keeping fixed the amin
acid composition of the chain (swapping), and up t
four mutations without this constraint (pointlike). By
simulating the dynamics [4] of sequences chosen amo
the mutated sequences, with the same composition
S36 (all sequences with two and three mutations and103

randomly chosen sequences with seven mutations) a
with DE , d, it turned out that, in98% of the cases, they
can reach the native conformation in a time comparab
to the folding time ofS36. Repeating the same analysis
on 103 sequences with up to four pointlike mutations
we observed that only in 57 cases did the chain fin
conformations dissimilar from the native one, with lowe
energy, and it was not able to find the native conformatio
within the simulation time.

Furthermore, we studied the impact of pointlike mu
tations on sequences having different degrees of desi
To this end we calculated the distributionsn2sDEd asso-
ciated with two pointlike mutations for the case of thre
sequences designed to fold into the structure shown
Fig. 1(a) with different energy gaps, which in all case
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fulfill the condition d ¿ s. The distributions for all
three sequences appear to be very similar to each o
(Fig. 2). This is also true for composition-conservin
mutations and for the different numbers of mutations w
have analyzed (data not shown). These results suggest
the distributionnmsDEd associated withm mutations has
some degree of universality, and applies to all design
sequences regardless of the value ofd (provided¿s).
This is a nontrivial result since in the case under stud
unlike the HP model of Ref. [25], there are unconnect
regions of sequence space folding into the same na
structure [33].

Given a sequence characterized by an energy gapd,
it is then possible to calculate the number of sequen
which folds into the same native structure (i.e., for whic
there is still some energy gap between the native struct
and the bulk of decoys) and which differs from th
designed sequence bym mutations. To do this, one has
to calculate the quantity

Nmsdd ­
Z d

2`

dE nmsEd . (1)

As an example, we provide the functionNmsdd for m ­ 4
and for the case of pointlike mutations (Fig. 3). A
interesting dependence of the number of fold-preserv
mutations on the initial fold stability (value of the energ
gap d) is observed, and can be parametrized in terms
a superposition of error functions. The curve increas
smoothly as a function ofd, reaching a plateau at abou
d ø 8, in keeping with the fact that the average value
DE associated with single mutations onS36 is ø0.9 [18],
i.e., a value much smaller thand.

The values ofNm for the sequenceS36 for up to four
pointlike and seven swap mutations are shown in Table
The calculation of the total number of sequencesNsdd ­

FIG. 2. Distribution n2sDEd associated with two pointlike
mutations, carried out in three different sequences, with ga
d ­ 1.3 (dashed curve),d ­ 1.6 (solid curve), andd ­ 2.5
(dotted curve), respectively. The three “root” sequences disp
no appreciable similarity.
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m Nmsdd is beyond our calculational power, and ca

be established only with approximate methods [34].
any case, the numbers shown in Table I, in particu
that there are2.78 3 108 sequences, i.e.,1.9% of all of
the sequences generated by seven composition conse
mutations which preserve (to any extent) the gap, prov
a lower limit to the total number of sequences foldin
into the same native structure. This fact is a res
of our study rather than an assumption, obtained
running extensive dynamics simulations on the muta
sequences. To be noted is that the native fold stability
preserved by a sizable fraction of all of the investigat
mutations, and that this fraction depends on the num
of mutated residues rather than on whether the mutati
conserve composition or not. In fact, the ratio of th
number of mutations withDE , d to the total number
of mutations are accurately parametrized by the Gauss
function expf20.5smym0d2g with m0 ­ 2.46 for both
composition conserving and pointlike mutations. Th
same study has been repeated using two other f
compact target structures [Figs. 1(b) and 1(c)], genera
by the collapse of a 36 monomer homopolymeric chain
low temperature (below theu point, see, e.g., [35]). The
results are virtually identical to the ones shown in Fig. 3

Previous studies have shown that the normalized g
j ­ dys (or the closely relatedz score [1,5,32,36]) is
a major determinant of the ability of sequences to fo
The results presented above further demonstrate that
stability of a designed sequence to mutations, and t
the number of mutations which preserve folding to t
same native structure, is also controlled by the energy g
To this end, the “resilience” of sequences against po
mutations is directly related to their energetic impact:
the cumulative effect of mutations on the energy of t
native state is weak enough so that the energy gap

FIG. 3. Number of sequences which fold into the confo
mation shown in Fig. 1(a) and obtained from all possib
four amino acid pointlike mutations ofS36 that still preserve
the gap.
4729
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TABLE I. The number of mutated sequencesS0
36 which fold

into the native conformation shown in Fig. 1(a). In column
one the number of mutationsm is shown. Columns 2 and 3
are associated with composition-conserving results (c.), wh
columns 4 and 5 correspond to pointlike mutations (n.c.
Columns 2 and 4 display the number of sequences associa
with a change in energyDE smaller than the gapd, while
columns 3 and 5 display the total number of sequenc
associated with the number of mutationsm.

m DE , d (c.) Tot (c.) DE , d (n.c.) Tot (n.c.)

1 613 684
2 447 630 1.59 3 105 2.27 3 105

3 6518 14 280 2.30 3 107 4.89 3 107

4 1.37 3 105 5.30 3 105 1.99 3 109 7.68 3 109

5 2.10 3 106 1.66 3 107

6 2.53 3 107 5.16 3 108

7 2.78 3 108 1.55 3 1010

the native state remains, the mutations are neutral a
the mutated sequences will still fold into the native stat
albeit at a decreased stability.

In summary, in this paper we demonstrate, by runnin
dynamical simulations on mutated sequences, that t
whole issue of estimating the number of mutations th
are tolerated by a designed sequence (and hence
number of sequences that fold to the same conformatio
is reduced to enumerating mutations that keep the ene
gap. Furthermore, we provide (by complete enumeratio
a quantitative estimate of this number.
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