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The relationship between optimization, evolutionary sequence selection, and structural symmetry
is investigated for an elementary continuum model of proteins in which a complete correspondence
between sequence and structure can be established. It is found that (i) kinetic optimization (minimal
frustration) is strongly connected with ground state symmetry and (ii) the highest symmetry ground
state is the least fragile to sequence mutations. [S0031-9007(97)04169-0]
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It is generally accepted that proteins are the result omum symmetry, and fold into the global ground state—a
evolutionary sequence selection to optimize the stabilitypentagonal bipyramid core—while sequences that break
and kinetic accessibility of the native conformation [1—the equivalence of H interactions (contain sequential H
18]. Nevertheless, it is clear that once a protein is ablenonomers) fold into a partially frustrated ground state
to fold and conduct its function there is no intrinsic reasorwith higher energy and lower structural symmetry. We
why it should continue to be optimized, and therefore thestudy the kinetics of representative sequences from a com-
space of existent proteins will, to some degree, reflecpletely classified sequence space and the evolution of se-
topology of sequence space in the absence of optimizatioquence space in the absence of optimization pressures. It
pressures.

It was recently suggested [15] that structural symme-
try in proteins is connected with the property of minimal
frustration [6] and kinetic funneling [7], and that symmet-
ric ground states have the largest number of sequences that
will fold to them and are therefore easiest to design [19,20].
Do symmetric ground states support kinetic optimization
and sequence prevalence simultaneously?

In this Letter we examine an extremely simple contin-
uum model of a protein that allows us to introduce the
competition between linear and topological memory (se-
guence connectivity and cross-chain contacts) as a small
perturbation to the global ground state for sequences with
a specific composition. The model is a continuum analog
of the HP model [8] in which H and P monomers are con-
nected by a flexible filament of fixed length. The HP inter-
action rule approximates the hydrophobic forces that cause
proteins to collapse by giving one species of monomer (H)
a much stronger mutual attraction than the other (P) which
act only as obstructions. The sequence connectivity of H
monomers acts as a small perturbation on the topology of
the ground state unless more than two H monomers are
connected sequentially in the chain. This partitions the
ground states into different structures corresponding to the
different sequential H segments that can appear within a
sequence of specific composition.

We consider fixed composition sequences of 7 H and
9 P monomers. The collapsed states of these polymers
have a core of hydrophobic monomers that at low tem-
peratures condenses into a symmetric structure (Fig. 1)

similar or identical to the ground state for 7 discon- : .
ted H monomers [21,22]. It is shown that sequences iFIG. 1. Pentagonal bipyramid ground state structuiie(top)
nec el a Ond a partially frustrated ground staf® (sequencep1 and

which the pair interactions between all H monomers are,2). For clarity, P monomers have been reduced to the size of
equivalent (no sequential H monomers) allow for maxi-points.
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is shown that (i) kinetic optimization (minimal frustra- HH (topological) interactions between all H monomers
tion) is strongly connected with structural symmetry, and27]. In this case, the H monomers behave almost like
(i) the most symmetric structure is the most robust to sea gas of disconnected residues, and the competition be-
guence mutations. tween linear and topological memory [4—6] is completely

We begin by examining the kinetics of three represenminimized in the ground statg1 (Fig. 1).
tative sequences that fold to ground states with different If the obstructions of P monomers are neglected, the
degrees of symmetry, and then illustrate how sequencgolymer can access a large number of energetically
space is partitioned according to ground state structure. equivalent topological states that conform to this core

The model we have constructed is a polymer chairstructure. To enumerate these states we calculate the
composed ofV monomers at sequence positionss | < contact matrixc;; = 1 if r;; = a, ¢;; = 0 otherwise, for
N. Monomers that are nearest neighbors in sequenddH contacts within the&51 geometry (where: = 1 is the
interact according to the string potential range of the potential). Each state corresponds to a

v(xi;) = 0, X < xy < xe, (1) contact matriXCE}I) for the core and each ma.trb_éf). has
16 total contacts (note that the contact matrix is invariant
wherex;; are the nearest neighbor distances agd; >  with respect to sign reversal so it cannot distinguish
x+) = v(x;j < x-) = in other words, the distances petween a conformation and its mirror image). When the
x;j > x4 and x;; < x— are forbidden [23]. Monomers geometric interference of P monomers is not taken into
that are not nearest neighbors in sequence interact accorgecount, there are 252 distinct contact matrices possible
ing to the Morse potential for p1 within the G1 structure. Kinetically, a large
V(i) = G[e—ZA(r,-,-—r,,) _ ze—A(r,/—r(,)], ) number of these states are inaccessible or unfavorable
so that only about 25 of them are ever occupied for a
wherei and; are topological (non-nearest) neighbors andsignificant time.
rij are their separations. The interaction parameters are In sequencep1, the competition for HH contacts is
constructed so that the Morse potential cores of sequengmt frustrated, which results in an ensemble of maximally
neighbors are close enough to automatically exclude seltonnected, and therefore highly symmetric ground states.
penetration of the polymer [23] during the course of itsHowever, when the equivalence of HH interactions is
random motion [24]. To implement the HP model we broken by the introduction of H-H (string) bonds, the
sete = 5 (in arbitrary units) for topological interactions environments of individual monomers are differentiated,
so that the relevant temperatures aré, and use only and the degeneracy is suppressed.
the repulsive core of the potential for both HP and PP This is the case with sequence 2,
interactions.

To study the equilibrium kinetics of the polymers we p2=0111010010101100, (6)
recorded Monte Carlo histogram¥&(E, ¢, T,,) measuring
the number of times that states with potential energ
E and order parametej are visited at temperaturg,

in which three nearest neighbor H-H string bonds make
Yhree of the topological interactions unavailable, frustrat-
during a simulation of length,. For a sufficiently long ing the formation of the maximally connected structure. If

simulation, N(E, g, T,) is proportional to the thermal p2is constralngd (tc?) the high symmet§1) core struc-
average of the density of statedE, ¢), ture, each matrix;; ' has only 13 contacts and the de-
generacy is about half as large. Frustration leads to a
w(E,q) o E/kT, 3) distorted ground state fgp2 with lower symmetry than
’ ’ G1, but with a larger number of energetic contact$4

and much less degeneraey8.

Finally, we consider a sequence that folds to an

Z(T) = Z w(E,q)e*E/kBT, (4) intermediate symmetry;3
Eq

T is the temperature, ankz is Boltzmann’s constant. p3=0111000000001111, (7)
From simulations at one or morE, it is then possible
to estimatew (E, g) in order to calculate observables over
a continuous range of temperatures [25,26].

L NE. g1, =
b I T 7T

whereZ(T) is the partition function,

which is betweerG1 and G2, and has a unique ground
state.
To calculate the occupancy of the low energy states, we

The results of numerical experiments for three réprézomputed histogramd/ (E, ¢... T,,) of the energy and the
sentative sequences with ground state structGresG3, 5 ger parameter vrenn

and G2 (in descending order of symmetry) are presented
below. The first sequence Galt) = Z cii(1) (a) ®)

Cij »
pl=1010010010101001 (5) i

was constructed so that all H (1) monomers are separaté¥ere ci;(1) is the conta}cg matrix of the polymer at
by at least one P (0) monomer and, therefore, allows foMonte Carlo stepr and c; is the contact matrix for
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one of the degenerate conformations of a polymer folding mechanism, which should be both efficient and
in its ground state core structureg,(t) measures the robust.
projection of sampled core conformations against the state In order to establish the correspondence between se-
a. The histograms were used to comp#tér,T), the quence and structure, we computed all possible 7 H
probability thatc;;(r) projects (completely overlaps) the monomer sequences and classified them according to the
state @. Figure 2 showsP(«,T) for p2 and the net total number of H-H string bonds(p), and the number
probability, P(I',T), that p2 projects any one of the c¢(p) of H segments (strings of 2 or more successive H
states in the ground state ensemble= {«}. The folding monomers) in each sequenedFig. 3). The ground state
temperature, defined &I',T;) = 1/2,isT;(2) ~ 0.56.  core structure of a single representative sequence for each
The two most highly occupied states in the ensemblesequence class (15 total) was extracted as the lowest en-
correspond to two easily interconverted conformationsergy state observed during)® Monte Carlo steps at a
The fact that the sum of these two probabilities exceedtemperature roughly equidistant from the average collapse
unity belowT reflects the fact that additional (extremely and folding temperatures of the sequences. It is easy to
weak) contacts begin to form, resulting in a contact matrixsee (Fig. 1) that adding or subtracting P monomers from
that projects both states simultaneously. between any two H monomers will not affect the struc-
Near Ty, the free energy (E,T) of the low symme- ture of the ground statexceptwhen this breaks or forms
try sequence®?2 and p3 exhibits a double well, and the H-H bonds, but then the resulting sequence belongs in a
distribution of energy states is bimodal. The size of thenew H segment class. Evidently, the ground state struc-
free energy barriers is related to the length of sequential Kures are partitioned only by the types of H segments
monomer segments. By contrast, the folding temperaturpresent in a sequence. Thus, except for points (2, 4) and
of the high symmetry sequengel is T((1) ~ 0.86 and (2, 5) (which individually contain two H segment classes),
the free energy op1 nearT,(1) is smooth and downhill, each phase point corresponds to a single ground state
in other words no free energy barrier exists between thetructure.
unfolded and folded states which correspond to the Type For each sequence, we considered all possible single
0 scenario proposed by Bryngelson and co-workers [13¢xchange mutations,
and appears to be common for highly optimized sequences
[13,14]. As one would expectpl has a lower ground p(j) < plk) if p(j) # p(k) 9)
state energy than boi2 and p3, and higher folding tem-
perature tharp2. Interestingly, the folding temperatures
T¢(1) < T¢(3) ~ 0.96 and folding timesr(1) ~ 7(3) of

pl and p3 are roughly the same. Although this type of 7
fluctuation is expected to occur in short polymers [26]
we also find thatG3 is fragile to mutations. This be- 6
havior is not consistent with an evolutionarily selected
5
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0.2 0.6 1.0 1.4 1.8 FIG. 3. The distribution of all possible sequenééc, s). For
T comparison, the point (2, 2) (lower black rectangle) contains

. . 2520 different sequences while the point (1, 1) contains 1260.
FIG. 2. Occupation probabilities?(e,T) and P(I',T) cal-  The total number of sequencesSs., N(c,s) = 11440. The
culated from two simulations af’, = 1.15 and 7, = 0.75.  points along the diagonat = s correspond to the high
P(a,T) measures the p:o)babmty that;(s) projects (cOM-  gymmetry structures 1, the points (2, 3) and (3, 4) correspond
pletely overlaps) the stalaﬁ}1 while P(I', T) is the probability to G2, and the points (1, 6), (1, 3), and (2, 5) correspond fo
of projectingany state in the ground state ensemble symmetry.
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