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Abstract

We applied temperature parallel simulated annealing to
Water
counting is infroduced to formulate folding simulation

the biological problem of folding simulation.

as an optimization problem. Nobody Las ever solved
the folding simulation problem. We cannot obtain bi-
alogically significant consequences either. However,
from the viewpoint of the evaluation value of the fold-
ing simulation, we observed the effectiveness of parallei
compiiting.

1 Introduction

Felding simulation uses & computer to simulate the pro-
cess of protein formation from jts stretched state to ils
native folded state. This research topic has held the
interest of biologists for a quarter of a century and has
never been solved. No researche has been able to reach
the native folded stafe by folding simulation. Three of
the authors{Feldmann, Rawn and Micheals) have been
interested in formulation for protein folding. They in-
troduced the water-counting model, which requires so-
lution by computer,

Meanwhile, the other three the authors(Hirosawa,
Ishikawa and Hoshida) have studied the applica-
tion of Multi-P3I [Nakajima ef al. 1989] parallel in-
ference machine to biological problemns. A first at-
tempt was made to the problem of multiple align-
ment [Ishikawa et al. 1991] using temperature parallel
simulated annealing [Kumura and Taki 1990]. It was
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so successful that other biclogical applications were
sought.

As the requirements of both partners matched, we
combined efforts to conduct collaborative research.
The purpose of this research was fo investigate the
applicability of the optimization algerithm, tempera-
ture parallel simulated annealing, o folding simmlation
and to evaluate the effectiveness of the water-counting
madel,

The concept of folding simulation is explained in the
second section and the water-counting model and ite
computational formulation are introduced in the thied
section. Then, temperature parallel simulated anneal-
ing is explained in the fourth section. Finally, the sim-
ulation results are shown in the fifth section.

2 What is folding simulation?

2.1 Biological background eof folding
simulation

Proteins are biological substances and they are essen-
tial to the existence of all creatures, from humans to the
AIDS virus. A protein is a linear chai of amino acids.
It consists of 20 kinds of amine acids. The structure of
protein is determined by the order of the amine acids
in the sequence. The structure of protein is closely re-
lated to its function. Therefore, it is very important to
know the structure of the protein.

Even now, it 15 wery difficult to determine the
structure of a protein.  X-ray crystallography and
NMR(Nuclear Magnetic Resonance) can be used to de-
bermine structure. But the former method can only be



utilized when crystalization of protein is succeessful,
and this crystalization is very difficult to do. The lat-
ber method can be adopted when the size af the protein
is small. Both require plenty of time from montha to a
year.

On the other hand, we can determine the order of
amino acids in the sequence of protein extremely easier
than we can defermine a structure of & profein. A
technique for determining the sequence of a protein has
been established. That is why folding simulation is
important and necessary.

Folding sirmulation simulates, by computer, the pro-
cess of protein formation from its stretched state to its
native folded state. Before simulation starts, informa-
tion on the order of the amine acids is provided.

2.2 Folding simulation as an opti-
mization problem

Folding simulation is a research topic that has fasei-
nated hundreds of thearetical bio-chemists for a quar-
ter of & cenfury, The molecular dynamic method is,
thearetically, able to solve folding simualation problem.
The method precisely simulates the movement of each
atom deiven by kinetic forees, However, 1t requires such
huge amounts of computational time that actoal fold-
ing simulation problems cannet be solved (it can sim-
ulate pico-second movements of a protein whereas the
whole folding process takes a few seconds or more).
To make the computational time tractable, we have to
seek effective approximation methods,

In each approximation method, abstract represen-
tation {eg. the amine-geid ball which represents all
atoms in an amino acid as & single ball) and the limited
structure state (e.q. limiled localion or angle) are of-
ten introduced. We can regard such an approximation
method as combinatorial optimization, because each
discrete state is.evaluated by a properly-defined po-
tential energy to be minimized and effective transition
between states is devised.

One of the most frequently emploved approximation
methods is lattice representation [Ueda et al. 1978]
[Skolnick and Kolinsky 1991], which restricts the posi-
tion of amino acids in 3-dimensional lattice cells, Al-
though the lattice representation can remarkably re-
duce computational time for folding simulation, no sig-
nificant result had been produced until recently. That
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is partly because the lattice formulation might not be
good enough to simulate the folding process, and partly
because the computational power required might hawve
still been too big.

The work by Shalnick and his co-researchers is the
first research that did not poorly reproduce the native
structure of protein by the folding simulation, How-
ever, the parameterization he employed to reproduce

the native structure has drawn eriliciam.

3 Computational Formulation
of Folding Simulation

We introduced a water-counting model to approximate
folding simulation concisely and to formulate folding
simulation as an oplimization problem based on the
model. The water-counting model employs a lattice

representation for protein and water.

3.1 “Concept of water-counting miodel
Coming back to basic bislogical knowledge, we have
sought a simulation method that requires the most
minimal parameterization pessible. Then, we found
the water-counting model as a biological model.

In 1958, ILM. Kotz recognized that the folded
gtructure of a protein depends upon its interaction
with water [Keoltz 1958]. At about the same time,
W.Kauzmann showed that the hydrophebic effect pro-
vides the principle driving force for protein folding
{Kaumann 1959],

Hydrophobicity is a measure that represents the de-
gres to which amine acids den't faver water. Amino
acids that favor water are ealled hydrophilic amino
acids, and these that don't are called hydrophobic
amino acids. Hydrophobic foree is caused by the above
tendency of amino acids. Since many biologists today,
if not all, still recognize hydrophobic force as a primary
force, we simplified folding simulation by employing hy-
drophobic force without using any other kind of force.

Mext, we investigated the origin of hydrophobic
force. We concluded that the binding and detaching
of water to and from amino acids produces hydropho-
bic force. We can inferpret the global minimum energy
of protein in terms of the number of water molecules
bound to proteins. Because the energy is calculated by
the number of water molecules around amino acid, we
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coined it the water-counting model.

3.2 Representation of Protein

We will describe a way to represent protein on a 3-
dimensional lattice. In lattice cells, any place protein
is not present, water will fill,

As described earlier, proteins are linear chains of
amino acids. Each amino acids is composed of two
parts, namely, a main chain and a side chain. Main
chains form the backbone of protein, Side chains of
amino acids determine the properties of the amino acid.

The main chain of an amino acid serves to connect
adjacent amino acid. The relative location between two
adjacent amino acids is like the move that a knight in
chess makes, but on a 3-dimensional lattice (Figure 1),
(£3, %1, +1). Every main chain of amino acid occupies
27 (= 3%) lattice cells.

Figure 1: Representation of & part of protein: main
chains(shaded) and side chains{unshaded)

Each of the twenty kinds of amino acids has different
side chains (Table 1). For example, their volume {the
nurmber of lattice cells occupied) and hydrophobicty
[Janin 1979] differ.

3.3 Ewaluation of State

The energy of states are evaluated in the following for-
mula.

E(Energy) =

E:d'fh"“'{Water County — 1) x Hydrophobicity,
Water Count,, =

Number o facent cells [of side choin) eccupied by cdher aming acids
LT r of oofocent cetls of [he sede cham

In the first formulas, the terms from hydrophobic
amino acids are negative and those from hydrophilic
amino acid are positive. The more the absolute value

Amine acid A |C
Hydrophobicity) 0.3 § 0.9

D |JE [F |G [H
—u.s[ -0.7 0.5 |03 | —0.1

Volume 12 {16 |20 |32 [82 [0 |40
Aminoacd |1 |K |L |M |N [P |Q
Hydrophobicity| 0.7 | -18 0.5 [ 0.4 [—0.5 —0.3 -0.7
Volume 48 [60 [48 [40 J28 [28 |40

[Aminoacd [R |8 [T |V [W |V
Hydrophobicity —1.4] —0.3{ —0.2/ 0.6 | 0.3 | —0.4|
Volume 68 [16 |28 |35 |68 |56

Table 1: Characteristics of amino acid side chains: each
letter signifies one of 20 amino acids, for example, E
signifies glutamic acid.

of the hydrophobicity of an amino acid is, the greater
its contribution to the energy is.

The energy can be reduced both by increasing the
amount of water around the hydrophilic amino acid
and by reducing the amount of water around the hy-
drophobie amine acid. The minimization of mergy has
the effect of inviting hydrophobic amine acids toward
the center of the protein where there is less water and
to oust hydrophilic amino acids to the surface of the
protein where water is abundant.

3.4 Transition between States

As a transition from one state to another, we introduce
two classes of transition. Omne is rotational transition
and the other is translational transition (Figure 2).

Hetational transition is the move that proteins prob-
ably take in actual folding processes. We first focus
on one amino acids and select which side of the pro-
tein to rotate (in the figure, the right side is selected}.
Then, by regarding a connection line between the fo-
cused amino acid and its adjacent amino acid {in the
figure, the adjacent amino is on the left) as an fixed
axis, the selected side of the protein is rotated.

Tranpslational transition i= the moving of proteins
that is dene for computational convenience. As with
rotational transition, one amino acid is focused on and
the side to move is selected. Then, the adjacent amine
acid of the selected protein is moved and other amino
acids on the selected side are mowved translationally.
(the direction to translate is specified by the move of
the adjacent amino acid).

After a new state 15 created by the transition se-



lected, a collision check is execnted. If, in the next
possible state, there is no multiply occupancy of any
lattice cell by different parts of the protsin, this state
is acceplable. Otherwise, the state is discarded and
new transitions are tested until some that is accepted

iE 'EDLII'.I'I'J..

f

focused aming acid

focused aming acsd

Figuve 2: Rotationzl transition (left) and Translational
transition (right)

4 Temperature Parallel Simu-
lated Annealing

In the proceeding section, we formulated folding simu-
lation as the problem to search for the minimum eneegy
in a solution space. We employed temperature parallel
simulated annealing as an algorithm to find a global op-
timal solution. Temperature paraliel simulated anneal-
ing & an algorithm that can circumvent a scheduling
problem of simulated annealing (SA), by introducing
the concept of parallelism in temperature.

In this section, SA is explained firstly, then temper-
ature parelletl SA is introduced.

4.1 S5A

SAis a stachastic algorithm used to solve complex com-
binatorial optimization problems [Kickpatricl 1583]. 1t
searches for a g].u'ual u[JLir."Ja[ solution in & solution
apace without being captured in local optima.

SA simulates the annealing process of physical sys-
tems using a parameter, temperature, and an evalua-
Lion value, energy. At high temperatures, the search
point in the solution space jurmps oul of local energy
minimum. At low temperatures, the point falls to Lhe
nearest local epergy minimum,

An outline of the SA algorithm iz as follows. Given
an arbitrary initial selution 2q, the algorithm generates
a sequence of solutions {z, }y=nga,. iteratively, finally
outputting =, for & large enough value of ». In each
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iteration, the current solution ., is randomly modified
to get a candidate z] for the next solution, and the
variation of the enerpy AE = E(z! ) - E(z.) is calou-
lated to evaluate the candidate. When AE < 0, the
modification iz good enough fo accept the candidate:
Tnal = .zr:.,.- When AFE = 0, the candidate i accepted
with probability p = exp(—AE/[T,), but rejected othe
erwise: ¥, = 2., where {1, }aooa, i5 2 cooling sched-
ule (& zequence of Lemperatures decressing with o).

Because solution =, is distributed according te the
Bolezmann distribution at temperature 7', the distri-
bution converges to the lowest energy state {optimal
solution} as the temperature decreases to zero (Figure
3). Thus, one might expect SA to be capable of provid-
ing the optimal solution, in principle. 1t is well-known
that the cooling schedule has great influence on SA per-
formance. This 1s where the cooling schedule problem
arises.

T (temperature)

i
T‘I"Lrg
n| Uk
| K
Ta1 I___: s
?ﬂ" 1 Kﬁi
5{; i (time)
@ parallelize
. ~ t on PE1
;; iL..-‘; i x ] 7 i t on PE2
Ta il.........-- g===a f on PEZ
T. i I I“‘----‘t I. - { on PE4
L b Teen ) onpes

Ts 'l—k—)'“

Figure 3: Ovdinary SA and temperature parallel SA

4.2 Temperature Parallel §A

The basic idea behind the algorithm is to use paral-
lelisin in temperature [Kumura and Taki 1990], to per-
form annealing processes concurrently al various tem-
peratures. The algorithm automatically constructs an
appropriate cooling schedule from a given set of Lem-
peratures (Figure 3). Hence, il partly solves the cooling
schadule problem.
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The outline of the algorithm iz as follows. Each
processor maintains one solution and perfarms the an-
nealing process concurrently at a constant tempera-
bure that differs between processors. After every b
annealing steps, each pair of processors with adjacent
temperatures performs a probabilistic exchange of so-
futiens. Let p(T, E, T, B') denote the probability of
the exchange between two solutions: one with energy
£ at temperature T and the other with energy E' at
temperature T, This is defined as follows:

ET B 1 if AT-AE <D
ADETEN = ap(-ALAE) oiherwise
whiere Al=T-T, AE=E-FE'

The probability has been defined such that solutions
wilh lower energy tend to be at lower temperatures,
Hence, the solution at the lowest temperature is ex-
pected to be the best solution so far, The eoeling
achedule is invisibly embedded in the parallel execu-
tion.

The temperature parallel algorithm has advantages
other than the dispensability of the cooling schedule,
We can stop the execution at any time and examine
whether a satisfactory solution has already been ob-
tadted.

The algorithm of temperature parallel SA is imple-
mented as & tool kit, When we want to solve some
prablem using temperature perallel 54, if we use the
tool kit, all we have to do is to write a program that
just corresponds to the problem.

5 Experiment and Discussion

We selected flavodoxin, whose structure is known, as
the protein to simulated. This protein is of & medivm
size and has 138 amino acids. We ran the folding simu-
lation program using temperature parallel 54 on Multi-
PSI using 20 processors over 10 days. This corresponds
o 30,000 cycles. We also ran the folding simulation
program using simple porallel SA in 30,000 eycles, also
with 20 processors.

The simple pacallel SA is a naive combination of se-
quential SAs: every available processor has one selution
and anneals it sequentially using a distinct sequence of
random numbers. All resultant solutions are compared
with each other and the best cne, the one with the

minimum energy value, is selected as a solution for the
algarithm

5.1 Experimental result

The minimum energy versus the cycles of simulation
of those two algorithms is plotted in Fig.4. In the fig-
ure, the result using sequeniial SA, ordinary 54, iz also
plotted. Its energy is the average of energy obtained
by sequentizl SAs in the simple parallel SA.

guential S5A
Simple parallal SA
Temparature Parglisl SA

20000 30000 40000
Steps

0 10000

Figure 4: Energy history of folding simuletion

One of the structure of flavedexin produced by the
program is shown in Figure 3. Unfortunately, its struc-
ture is noi similar to the structure of real Havodoxin.
However, a favorable tendency ,where hydrophobic
amino acids are inside the structure while hydrophilic
aming acids are outside the structure, was observed.

5.2 Discussion

The effectiveness of the water-counting model will be
evaluated first, then the effectiveness of the tempera-
ture parallel 5A as an optimization method for practi-
cal problems will be evaluated.

The structure of the flavodoxin produced was not
similer to its real structure, However, this doesn’t nec-
essarily indicate a defect in the water-counting model.
We, insiead, think that the result is due to insufficiency
of transitions we introduced.

The rough structure of protein, especially that of
small protein, can be reproduced by global transition



Figure §: Result structure of folding simulation (flave-
destin)

that is like rotational transition and translational tran-
sition. There is little collision ameng amino acids in the
path from the stretched state to the roughly formed
structure. However, a fine protein structure is rarely
reproduced by global transitions alone due to the col-
ligions.

We think that the local transition modes that can
avold collision should be incorporated to reproduce
the native structure with collision check. We are
planning to introduce a local transition, kink mode
[Skolnick and Kolinsky 1991]. We think that the nec-
essary mode of transition must be incorporated before
we can evaiuate the effectiveness of the water-counting
model.

Mext, we evaluate the effectiveness of temperature
parallel 5A as an optimization method by using Figure
4, Readers who are lamiliar with SA should consult
Appendix.

We made the following observations from this energy
profile in consideration of the above points.

1. Two kinds of parallel SAs made better resulta
within a fixed time than sequential 5A. This is
simply the effect of multiple processors.

2. Up to the middle stage of simulation, temperature
parallel SA is always better than simple parallef
SA. This is becanse temperature parallel SA can
produce optimal solutions as that time.

3. Two kinds of parallel SAs have almost the same
final energy value.

305

Figure 4 shows the tendency for energy of all meth-
ods Lo be minimized further after the completion of a
specified cycle of simulation. Oaly simulation by tem-
perature parallel 3A can be resumed without reschedul-
ing. Because two kinds of parallel SAs are almoat the
same, we think that temperature parallel 5A iz more
advantageous than simple parallel SA.

Simulated annealing is most effective when states
generated at higher temperatures can cover nearly all
the solution space. In the case of folding simulation,
this is hard to do it. We are now engaged in trying
to restrict the selution space of simulated annealing
by knowledge and/or heuristics to the extent that the
solution space can be covered by simulated annealing.

6 Summary

We studied folding simulation as an application of par-
allel simulated annealing. This program was written
in KL1 and was executed on the parallel inference ma-
chine Multi-P5I. As the biclogical model the water-
counting model that uses latiice representation and
only hydrophobic interaction between amino acids was
selected.

The structure of flavedexin produced by program is
not appropriate from a biological point of view. This
sugrests that the program requires further improve-
ments. The kink mode of transition is one candidate
to incorporate.

However, the insight was gained {rom the point view
of computer science, namely evaluation of temperature
parallel simulated annealing. The result using tem-
perature parallel SA had almost the same final energy
value {which is much better than that obtained by se-
quential SA) as the result using simple parallel SA.
In consideration of the dispensability of rescheduling
when further optimization is necessary, temperature
parallel SA was proved to be advantageous.

The ofher thing we learnt was that a moedule that
restricts the solution space of folding simulation is re-
quired. We think knowledge enginesring must be em-
ployed to do this, and also that KL1 is suitable for use.
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Appendix

Reeders should pay attention to the following possibil-
ity when they discuss the result of Figure 4.

1. The two energy histories obtained by the two par-
allel 5A algorithms might include the influence of
statistical fluctuation, because each parallel algo-
rithm was experienced only once, The sequential
algorithm, however, was done twenty times and
each point in the history represents the average
energy value.

2. All BA procedures may be quick quenched in-
stead of annealed, because the number of steps at
each temperature, 1500, would be reiatively small
against the size of the solution space. If =0, tem-
perature parallel SA is disadvantageous for obtain-
ing good energy in a short time, because not all
processors in temperature parallel SA will neces-
sarily de quick quenching: seme processors may
often do real annealing,

3. All 5A proceduresy may not reach any minima in
the solution space, because every decline in energy
history is not sufficiently saturated.



