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Protein Folding Simulations with Genetic Algorithms
and a Detailed Molecular Description

Jan T. Pedersen and John Moult*

Center For Advanced Research  We have explored the application of genetic algorithms (GA) to the
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Figure 2. Snapshots from a GA simulation (residues 10 to 22 of Bamase (Baudet & Janin, 1991)). For each snapshot, -
the AG,,, standard deviation is shown for each residue along the sequence together with the family of structures.
The rapid reduction of the standard deviations shows how the population of structures converge in the GA. A start
population of 100 conformations is used, and a carry forward fraction of 10%. The C* RMS deviation between the

final structure and the experimental structure is 2.4 A.

(IBM590) processors. Simnulations are also per-
formed on the NIST IBM SP-2 parallel compu-
ter, using a ten-node processor network. A
typical simulation of a 14 residue peptide takes
four to six hours on ten processors.

The genetic algorithms are implemented in the
molecular mechanics program ], which is written
in C. The program provides a flexible platform for
the implementation and testing of potential func-
tions and search algorithms.
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Table 1. Results for GA simulations on proposed independent folding units up to 14 residues

long

o Protein _ Hange Len Energy | RMS (Caj [ Structure (DSSP) Sequence

1 1ALC 21-32 12 «24.8 2.07 ===HHHRHANT - IALPELICTMFH
-20.1 0.80 --HHHHHHHHH -

2 18G5 10-22 13 29.2 2.41 -RHAAAS=-555-- .| VADYLQTYRKLPD
-25.9 0.50 -HHHHHHHS S~~~

3 1BGS 88-98 il -26.0 1.40 =BE=Tl=~EE~- ILYSSDWLIYK
.23.9 0.10 ~EE-TT--EE~

n 333 27-38 12 271 Z.44 —=BTITIB-TT- TGMLEDGKKFDS
.22.2 0.34 -EE-TTS-EEE-

5 1IFKF 46-59 14 -34.6 4.66° =~~=HHAHHARHHAR- | FKFMLGKQEVIRGW
-18.4 2.59 =~eeTTTT~-S-TT-

3 1HGF 100113 14 .31.3 1.97 -~-HNNAARRBRA- | YDVPDYASLRSLVA
27.5 1.34 ~~~-TTHHHHHHRH-

T THRC  7-18 12| -26.0 3.03° —~—=-HHHRRHA-~ KKIFVQKCAQCH
-21.3 1.54 - -

] IHRC 92-103 12 230.3 0.42 < < REDLIAYLKKAT
-26.7 1.04 -HHHHHHHHRH~

9 1ILB 99-110 12 -29.0 6.04° ~=HHRHHHHAH~ FNKIBINNKLEF
-19.2 2.32 ~===EETTEE=~

1C ILMB 15-26 12 -30.2 0.42 ~HAHBAHARRH~ ARRLKAIYEKKK
-24.4 0.48 -HHHHHHHHHR~

11 IMBC 617 1z | -31.4 0.35 ~RHAHHAAARA= EWQLVLEVWAKY
-24.1 0.69 - -

12 IMBC  29-40 12 | -25.0 1.14 -HHAARA-GGG- LIRLFKSHPETL
22.7 1.08 ~HHHHHH~-GGG~

13 IMBC  §9-112 13 29.8 5.87° EETIEE-T1~ IPIKYLEFISEAIL
-28.2 1.97 - HH~

14 IMBC  131.142 12 | -33.0 0.21 -HAAAAHRERR- MNKALELFRKDI
-25.4 1.56 ~HHHHHHHHHH -

15 1PGA 43-54 12 -26.3 2.04 =EE=50=Ef==- WTYDDATKTFTV
.19.8 0.80 -~EEETTTTEEE-

16 1UBQ  3-18 13| -26.6 6.55° =-THARARRAS-- IFVKTLTGKTITL
-26.9 0.62 -EEE-TTS~EEE~

17 2018 6982 14 -23.9 2.68 ===~=BTIB----= | LSCVLKDDKPTLQL
-16.5 0.58 -=-EEE-SSSEEE~-~

18 28 103-112 10 -21.9 4.69° —~=HRHRHHH~ KIEINNKLEF
-17.0 0.69 R nstar T s

19 2MHR  51-62 12 | -23.0 2.72 ==SS-HHHARA- | TTNHFTHEEAMM
-21.4 2.22 -=TTTHHHHHH -

20  2MHR  67-78 12 21.8 2.48 ~-—--HAHAAR- YSEVVPHKKMHK
-18.8 0.45 ~TTHHHHHHHR -

21 ZMHR  102-113 12 ~30.0 1.52 ~RHHARHARAA- WLVNHIKGTDFK
-22.8 2.21 ~HHHHHHHTS -~

22 2PCY 18-29 12 -26.3 2.99 e==wedidHR- EFSISPGEKIVF
-20.0 1.38 tngr) ¥ Sutntntutnd

23 3LZIM 24-35 12 -23.8 | 4.66° ==S5-=GLbGGG- YYTIGIGHLLTK
-16.8 1.81 ~-EETTTEE=~-

24  3LZM 99-111 13 -27.1 3.72° --m:mg- LINMVFQMGETGV
-23.9 2.45 ~HHHHHHHHHHH -~

25 3SNS 16-29 14 | -30.3 1.62° ~HAAARARS-5-=- | TVKLMYKGGQPMTFR
-31.4 0.78 ====EETTEE~==~=

26 4PTI 22-33 12 283 | 5.61° -THARAT--5~- FYNAKAGLCQTF
-19.0 0.71 -EETTTTEE-~-

27 SCYT  8s-101 14 | -35.1 0.20 ~BANHHHEBARRH- | KGERQDLVAYLKSA

: .30.7 ' | 1.22 ~HHHHHRRHHHHH -

28 7RSA 2-13 12| -30.2 1.65 ~RAHARBAHAH- ETAAAKFERGQHM

-21.9 2.90 =~TTTTTTTT-~

The Protein column gives the PDB (Bernstein et al., 1977) code for the structure from which the experimen-
tal conformation is taken; Range, the set of residues (PDB numbering), and Len the number of residues.
For each fragment, the first line gives the free energy of the final conformation, the RMSD to the experi-
mental structure, and the secondary structure assignment for each residue. The second line gives the free
energy and RMS deviation of the minimized experimental structure, and the experimental secondary struc-
ture. The RMS deviations are calculated on all C* atoms of the fragment, excluding the blocking N-acetyl
and C-aminomethyl blocking groups. *, Indicates structures that converged to and RMS deviation larger
than 3.0 A. Secondary structure assignments are those of DSSP (Kabsch & Sander, 1983); H, a-helix; B, B-
bridge; E, extended strand; G, 3-helix; I, 5-helix; T, tum; S, bend. The sequence column provides the

sequence of each fragment.

Simulation of independent folding units

Simulations were performed on the full set of
28 IFUs up to 14 residues long that were found
to meet the criteria outlined above. Further de-
tails of these fragments and references to exper-

imental data are available over the internet
(Braxenthaler et al., 1996). Longer fragments were
also simulated but those simulations were less
successful.

All simulations were performed using the same
protocol as described in the previous sections.
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The results of the simulations are summarized in
Table 1 and Figure 3 shows a superimposition of
the final structures from the simulations on the
corresponding experimental ones. Final structures
are the lowest free energy conformations in the last
generation of the GA in each case.

Figure 4 shows the free energy of the minimized
experimental structures compared with the free
energy of the corresponding simulated structures.
In 26 out of 28 cases, the GA finds conformations
which are of lower free energy than that of the
minimized crystal structures, in single GA simu-
lations.

Agreement with experimental structures

In 18 out of the 28 cases, the lowest free energy
structure generated has an RMS deviation of less
than 3 A to the corresponding experimental struc-
ture. We consider 3 A a reasonable criterion for a
successful simulation for two reasons: First, inspec-
tion of the structures in Figure 3 shows a dualitat-
ive agreement for all these cases. Second, the
analysis of RMS deviation matrices (Maiorov &
Crippen, 1995) suggests this as a threshold for
agreement.

1ALC (21-32), 207 A 1BGS (10-22),241 A

1BGS (88-98),1.41 A

Four factors suspected of contributing to
the cases where there is high RMS deviation to
experimental structures were investigated; conver-
gence, the role of the hydrophobic effect, sensitivity
to main-chain covalent geometry, and the effect of
generous allowance of van der Waals overlaps. An
analysis of each of these factors is presented in the
four next sections.

Convergence

Within a single GA run, the populations typi-
ca/liy converge to an RMS deviation of less than

For ten of the 28 IFUs, the lowest free energX
structures have RMS deviations larger than 3.0

to the corresponding experimental structures
(marked with an asterisk in Table 1). For each of
these fragments an additional five simulations
were performed. GA simulations were started with
five different MC simulations run with different
random initial structures and different random
number seeds. The lowest RMS deviation encoun-
tered and the corresponding free energy for each
of these additional nms are shown in Table 3. In
four of the ten cases, lower RMS deviation struc-
tures were found, but only one of these was a low-
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stituting a complete protein would exhibit context
independence. For the cases where a large set of
fragments from a single protein have been exam-
ined experimentally (Dyson et al., 1992a,b), it ap-
pears to be small, implying a limited number of
starting points for the folding process.
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