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Computer Simulations of De Novo Designed Helical Proteins
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ABSTRACT In the context of reduced protein models, Monte Carlo simulations of three de novo designed helical proteins
(four-member helical bundle) were performed. At low temperatures, for all proteins under consideration, protein-like folds
having different topologies were obtained from random starting conformations. These simulations are consistent with
experimental evidence indicating that these de novo designed proteins have the features of a molten globule state. The results
of Monte Carlo simulations suggest that these molecules adopt four-helix bundle topologies. They also give insight into the
possible mechanism of folding and association, which occurs in these simulations by on-site assembly of the helices. The
low-temperature conformations of all three sequences have the features of a molten globule state.

INTRODUCTION

The relationship between amino acid sequence and theular dichroism that this designed protein is monomeric,
native structure of globular proteins is still far from being adopts a globular compact structure, and exhibits high he-
understood. Although progress has been made toward ufieity. «, is also more stable than both anda, (Regan and
derstanding the interactions responsible for the stability oDeGrado, 1988). The crystal structure @f was also de-
the tertiary structure, in general, we still are not able totermined at a resolution of 2.7 A (Hill et al., 1990). Sur-
predict the native state from amino acid sequence (Creighprisingly, the crystal structure is not the expected tetramer,
ton, 1993). However, it has become possible to design anbut is more complicated. There are antiparallel helical
synthesize some predominantly-helical polypeptides dimers forming a hexamer around a threefold axis of sym-
(Betz et al., 1995). Only very recently has some progressnetry. On the other hand, a pair of dimers from neighboring
been made in designing proteins containing different anthexamers forms a tetramer. Energetic considerations led the
more complicated structural motifs (Quinn et al., 1994; Yanauthors to conclude that this hexamer is more stable than the
and Erickson, 1994; Tanaka et al., 1994; Smith et al., 1995)etramer. However, it should be pointed out that the exper-
with prescribed functionality (Choma et al., 1994; Robert-iment concerned the shortened versiongf(12 residues)
son et al., 1994). De novo designed proteins provide amnd was performed at low pH. For this modified, the
excellent test of and assistance in the further development ¢fexamer/tetramer equilibrium also exists in solution (Ciesla
our knowledge of the factors responsible for the structurakt al., 1991).
and thermodynamic properties of proteins. The design of proteins forming-helical bundles is based
DeGrado and co-workers have developed a hierarchicain the hydrophobic pattern found in proteins that adopt
approach to design and synthesize polypeptides that form-helical bundle and coiled coil geometries. Leucine resi-
four-member, a-helical bundles. First, they constructed dues are located on one face of the helix and stabilize
short (12-16 residues) polypeptides (cakggl which were  hydrophobic helix-helix contacts (Hodges et al., 1981; Co-
believed to self-assemble to anhelical tetramer (Ho and hen and Parry, 1990). On the solvent-exposed faces, there
DeGrado, 1987). Next, a loop connecting two of these shorjre glutamic acid and lysine residues that stabilize helices
chains was introduced and optimized. These two modelia electrostatic interactions (Cohen and Parry, 1990; Betz
chains (each called,), each capable of folding into an et al., 1996). These proteins, as well as most de novo
a-helical hairpin, should dimerize and form a four-membergesigned proteins, exhibit some features of a molten globule
helical bundle (Ho and DeGrado, 1987). The final step wasstate (Betz et al., 1993), i.e., a state where the system has a
to connect these twa;, chains by the same short l00p t0 protein-like topology (topologies), but the packing of side
obtain the a, protein that should fold to a monomeric, groups is not specific but liquid-like, and the folding tran-
four-helix bundle (Regan and DeGrado, 1988). It was founCgition is not cooperative (Ptitsyn, 1992). This is explained
experimentally by size-exclusion chromatography and cirby the fact that these designed polypeptide chains lack
specific interactions in the hydrophobic core, which is built
entirely from leucine residues (Betz et al., 1993).
Received for publication 3 September 1997 and in final form 31 March Subsequently, these proteins were redesigned to be more
1998. _ native-like. Additional amino acid diversity in the hydro-
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(Raleigh et al., 1995). According to some experimentalprevents a possible bias of the model toward the molten
evidence, the main difference between natural proteins anglobule state. The representation of side groups was also
these designed proteins is that there are very many energeefined (the resolution is now-1 A root mean square
ically close states in the designed proteins, instead of thdeviation (RMSD) for the side groups’ center-of-masses),
structurally well defined native state of natural proteinsand the number of allowed rotamers was enlarged. Thus, the
(Betz et al., 1996). new model has many features of an off-lattice model. Elim-

These simple proteins can serve as a useful subject fanating most of the possible lattice artifacts should provide
studying the principles of protein folding both by experi- a more realistic picture of the protein folding pathway and
ment and by computer simulation. Using a low coordinationthe structure of the folded states. Computer simulations also
number lattice to represent the protein, thg designed allow observation of very early folding events that could be
protein and another improved versionafwere simulated difficult to investigate in a real physical experiment, thereby
by Kolinski et al. (1993). Both simulated polypeptides fold providing some insight into the folding problem.
to a stable four-membew-helical bundle. The existence of
the molten globule state in the former case was confirmed,
and the transition from molten globule state to native-likeDescription of the model
state was found for the second sequence; both observatiops . .

. : . n our model, a protein chain is represented by ¢hear-
are in agreement with known experimental facts. Thus, th .
. . ons of the protein backbone. Thecarbons are connected

force field of these lattice models appears to capture essen- .
) . . by 1 of 90 vectors chosen from the following set+g§, +1,
tial aspects of the physics of protein systems. More recent!

: Phy . : Yi1), (+3, =1, 0), (3, 0, 0), (-2, +2, =1), (+2, =2, 0)}
a new high coordination lattice model was designed for the(with all permutations). The lattice unit corresponds to 1.22

simulation of small globular proteins such as protein A, . . : !
monomeric ROP, and crambin (Kolinski and Skolnick, A Side groups, which are not confined to the lattice, are

1994b), as well as for helical coiled coils such as the GCNLEI:tgileejp dheesr(?rsi 23:2? t\k/1aenl(; Ltjsc;Ote:?eerrtIizosnlgnfezz:;\ Srii.oﬁ‘
leucine zipper (Vieth et al., 1994, 1995). The folding path- P prop b

ways were relatively well defined with early intermediate was presented elsewhere (Kolinski and Skolnick, 1994a),

. and only a short outline is given here. Due to geometrical
states, and the transition state had several features of a . . . . )

. restrictions, some pairs of consecutive vectors are excluded.
molten globule. In all of these cases, the transition fro

molten globule to native-like state with fixed positions of he geometric resolution of this lattice is very high, and real

the side chains has been observed (Kolinski and Skolniclprmeln structures'can be fitted tp theflar\]ttlce with accuracg/
1996). ¢lose to the experimental resolution of these structures. The

The success of these simulations encouraged us to refi RMSD of thea-carbon positions is usually between 0.6 and

the model and the simulation algorithm as well as to underrgfj A (Kolinski and Skolnick, 1994a; Godzik et al., 1993).
9 The detailed description of the Monte Carlo simulation

take Monte Carlo simulations of proteins designed by De- . . : : RS
Grado and co-workers. Here, we studied the original De_algorlthm was given previously (Vieth et al., 1995; Kolinski

Grado polypeptide chains, the, tetramer, thex, dimer, and Skolnick, 1994a). The Monte Carlo algorithm employs

: wo-bond motions, three-bond motions, and chain end mod-
and thea; monomer to check whether all these designed,. ~ . .
. . ifications as the set of local changes of chain conformation.
proteins assembled to a four-memberhelical bundle.

Then, the stability of different topologies of obtained folds Addltlonally, we ogcasllonally attempted small distance

. . shifts of larger chain pieces to avoid trapping the model

was estimated. In subsequent work, we will undertake thé . e .

. . . ) . ystem in local energy minima. For every modification, a
simulation of other designed proteins, especially those tha : : . .

. . random reorientation of the involved side groups was made.

undergo a transition from a molten globule state to a native- e .

like state Rotamer equilibration was also performed for the entire

To do our simulations, we chose the 310 hybrid IatticeCham(.S) to'allow for the adjustment of §|de groups. This is
especially important for folded and partially folded confor-

(Kolinski and Skolnick, 1994a) to maintain good represen-_"" . . .
) . oo S . mations. Thus, the model dynamics do not introduce any
tation of the protein chain with realistic side chain repre- . o 4 . L
bias toward any specific folding mechanism (Kolinski and

feegéigggczgﬂ \f,:lgrn t,?heis prr:(fde; fiosrcrztr?s:dét:ar;eh;g}s\fgzSkolnick, 1994a). A single Monte Carlo run usually consists
g of 250,000-500,000 cycles.

(Kolinski and Skolnick, 1996). The new lattice model has a
better force field and provides a better representation of the
chain geometry. The number of allowed orientations of L .
ST escription of force field

secondary structure elements was significantly enlargeg

here. This refinement is especially important for helicalMost of the terms in the model potential were derived from

proteins; they can now change their orientation almost cona statistical analysis of high-resolution crystal structures
tinuously and undergo deformations as in real chains. In thérom the Brookhaven Protein Data Bank (Bernstein et al.,

new model, there is no bias toward the folded state (in the.977; Brookhaven Protein Data Bank, 1995). The procedure
former model, there was a small bias toward the proper locdior the extraction of these data is described elsewhere (Ko-
geometry of a chain). This may be an important factor thatinski and Skolnick, 1994a). The interactions introduced
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into the model can be divided into short- and long-rangeThe scaling factor for the contribution of this potential to the
terms. Short-range terms describe local conformationafotal energy is 0.5.

preferences along the sequence, and long-range terms refer

to interactions between residues separated by at least three

other residues along the chain contour but that are close i#armonic potential

space. The force field used in this work was already deThjs potential was introduced to maintain a constant high
scribed in detail (Vieth et al., 1994); thus, we give only aconcentration of polypeptide chains. In its absence, due to
short outline here. translational entropy, we would not be able to obtain as-

sembled structures in the available amount of computer

] ] time. The harmonic potential is given by the following
Long-range interactions formula:
Pairwise potential .
0 if ry=Ruy

The pairwise energy of two interacting residiemdj can Enarm = {eharm(fij ~Ru? if ;>R (4)
be written as follows:

where &,,,, has a small positive value; is the distance

N between centers of mass of chainandj, andR_ is the
Epair = > > EiA, A) Q) distance below which the potential is turned off. The value
i=1j=1+4 of R, varied from 15 to 20 A (distances somewhat larger

than the size of the bundle). The scaling factor for the
contribution of this interaction to the total energy is 1.0.
This kind of harmonic potential can be also used in the
case of a single chain system,] as an additional burial
potential to speed up the assembly. It was introduced as a
harmonic term between the center of mass of the entire
chain and the center of mass of those parts of the chain that
This potential was introduced to permit the cooperativeare expected to form helices (residues number 1-17, 21-36,
transition for a molten globule state to a native state withr40-55, and 5974, respectively, for the first, second, third,
protein-like side-group packing (Kolinski and Skolnick, and fourth helix). The cutoff radius of this potential was
1995). This potential can magnify protein-like interactionsslightly lower than that used in multichain systems (12-15
between secondary structural elements but does not prefdy; therefore, this potential does not enforce any structure
any particular type of secondary structure. It is given by but only speeds up simulations. By applying this potential,
we can create a system of dimers (ég) and tetramers (for
Eiem = (€ain + €nisiaj+n)0y0isijen, N= £3, 4, @) a,). In @5, monomers, dimers, and trimers are sometimes
K= +3 +4 observed, but more complicated aggregates such as hexam-
T ers, etc., were a priori excluded.

It is assumed that this potential is nonzero fior- j| > 2.
Additional details are found in the paper of Vieth et al.
(1995). The scaling factor for this term is 0.5.

Cooperative pairwise interactions

where §; and . j+n = 1(0) when two specific pairs of
residues, j, andi + k, j + n are (not) simultaneously in
contact.ey; o; is the pair potential (Vieth et al., 1995). It is
important to note that the cooperative potential enables bugotamer energy
does not enforce side chain fixation (as was demonstrat . L .
elsewhere (Kolinski et al., 1993)). The scaling factorforthis‘iihgi\fgtnalb;mame”c energy (Kolinski and Skolnick, 1994a)
contribution to the total potential is 4.25.

Short-range interactions

Erot = E Er(Aiu Gi): (5)

Burial energy =

A residue is treated as buried when the number of side . . . .
. ) ~.whereE, is an energy of a given rotameric state for a given
group contacts with other side groups exceeds a residue-

specific thresholdh,,{A). A buried residue has zero en- residued;, andg; is the angle between backbone bongls

. . anduy;. The scaling factor for the contribution of this inter-
ergy, whereas a nonburied residue has an enerdy, @, . .
. . : . action to the total energy is 0.5.
Values ofE,,,,,andn.,,, for every amino acid are listed in
Table 3 of Vieth et al. (1995). The total burial energy of a

given chain is given by Local side chain orientational coupling
This potential introduces a preference for some orienta-

N
Eone= >, Eunbul Ay NeorA)) (3) tions of the neighboring (down the chain) side groups
i=1 (Kolinski and Skolnick, 1994a). The value of this potential
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depends on pairs of amino acids and on the local backbort&l reproduces most of the hydrogen bonds assigned by the
conformation: Kabsch-Sander method (Kabsch and Sander, 1983) and is
very close to the Levitt-Greer method (Levitt and Greer,

D ) 1977) of secondary structure assignment.
Es= 2| 2 Eb(codaiivi A A |, (6) The energy of the hydrogen bond network can be ex-
i=2 \k=1 pressed as follows:
where cosg; ; ;) is the cosine of the angle betweep &d Ne3 N
C; (side group) vectors of residuésandi + k. E4 is the _ He HHS &
residue-specific orientational coupling energy. The scaling Eue z j:§+3(E B+ BT8310), (11)

factor for the contribution of this potential to the total

energy is 1.0. whereE" = —0.4KkT is the hydrogen bond energlg'™ =
—0.5kT is the cooperativity energyy; = 0(1) if residues
andj are (not) hydrogen bonded. The scaling factor for the

Effective Ramachandran potential contribution of this term to the total energy is 1.0.

This potential was introduced to mimic the protein-like

geometry of the backbone because the lack of atomic detail

leads to a distribution of intrachain distances, characteristid otal energy

of a polymeric random coil (Kolinski and Skolnick, 1994a). The total energy of the model chaf,, is given by the
Thus, we introduced a distance bias betweearbons andi  fojlowing formula:

+ 3 and a bias of the chirality of these three bonds toward that

of real proteins. The potential is defined as follows: Eiot = 0.5 + 4.28Eem + 0.5 + Enarm + 0.5E

N-2 +E, + 0.2% gy + Eng (12)
Eria= 2 (4.5E14(Ris A, Avy) + EidRiRW),  (7)

= The scaling factors appearing in Eq. 12 were introduced

because our force field is a combination of potentials sta-

whereA is the type of amino acid in thi¢h position,R,,is tistically derived from a structural database and semi-em-
defined as pirical terms (e.g., hydrogen bonds). These scale factors are
_ necessary to maintain the proper balance between the short-

Ris = [Ui—g + Uy + X, (8)  and long-range energy contributions, to obtain the proper

level of secondary structure at high temperatures, and to

parameteE,, and the residue-independent coupling energ)jntroduce cooperativity into the folding trgn§ition. They
E,, 1,are listed in Tables 1 and 2, respectively, of Vieth et Ve'® Worked out by Vieth et al. (1995). It is important to
al. (1995). The scaling factor for these contributions to the'©t€ that they were derived for different systems (coiled
total energy is 0.25. coils), and their application to the systems studled' here
demonstrates the robustness of the model. We did not
change the overall relative balance between secondary and
Hydrogen bonds tertiary interactions; however, to achieve this balance, some

. - . . ) parameters were adjusted. First, we lowered the strength of
This potential is residue independent and was introduced 9o hydrogen bonds and their cooperative terms (fredn6

simulate the hydrogen bond network found in proteins. INtg —0.4 and from—0.75 to—0.5 respectively). Second, we
our model, there is no_d_onor-_acceptor differentiation, "’?ndenforced the generic (amino-acid-independent) term of Ra-
everya-carbon can participate in two hydrogen bonds (with 5 handran potential (we applied a 4.5 factor instead of 3).
the exception of proline, which can form only one bond). t;4 ‘the values of cutoff radR; were lowered by a factor

We note that the positions of all backbone atoms could b 500, These changes were done to maintain similar con-
easily determined (Milik et aI.,_1_9_97).. Here, however, we n tions from long- and short-range interactions and to
opt for a somewhat SImpIer definition: two residueandj, lower the helix content (which is apparently too high) in the
form a hydrogen bond if unfolded state. These changes make this potential close to

where X = sign{(u;_; X u)u;.,)}. The values of the

i—j=3 that originally developed for globular proteins by Kolinski
and Skolnick (1994a). The importance of particular compo-
46A=<|ry|=7.3A (10)  nents of the force field was studied previously for simple
5 polypeptides (Kolinski and Skolnick, 1992). In our initial
Uiy = w) -1y =13.4 K simulations with the force field exactly the same as used
Uy — u) -1y =13.4 R previously, we found that the fraction of helical states in the

unfolded chain was too high. To make our model more
whereu; is the backbone vector amglis the vector between physical, we introduced the changes described above. It
two a-carbons forming hydrogen bonds. This model potenimust be noted that the former force field led to the same
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folds as the new one. The changes introduced amplify th&ABLE 1 Statistics of «,, a,, and «, folds obtained in Monte
specific tertiary interactions and thus avoid a bias towardarlo simulations

the molten globule state. The above force field was not Radius of Average
self-consistently derived. When applied to different kinds of % Average  gyration  total

proteins (e.g., globular proteins versus coiled coils), therotein Topology* population RMSD (A) (KT units) _energy

scaling factors slightly differ. Future work is clearly re- «, I 84 3.7 124  —127.3

quired to produce a universal force field for all protein . 16 127 -1247

types oy I 13 3.8 12.0 —-125.1

' 1 37 3.7 11.9 —-132.1

I 25 41 12.1 —124.2

v 19 4.0 11.8 -120.3

RESULTS AND DISCUSSION \Y 6 12.6 —-122.8

. . o I 20 4.2 11.7 —-125.1

General considerations Il 45 3.8 11.7 -131.2

. ) . . I 15 3.6 12.0 —-125.3

In this paper, we describe our results concerning the sim- Y 20 3.9 11.9 1286

plest polypeptide chains, i.e., those with a small diversity of; : : - —
amino acid residues. We studied three designed proteir}%I ! gfoijs;zlliézlduosztg'ﬂgz :Z?;r'g@t’:)etsh;epfg\zgg d'?nFl':?'gs'gThe number-
introduced by Regan and DeGrado (1988)«,) Ac-helix- s
CONH,; 2) a,, Ac-helix-loop-helix-CONH; and 3) ay,
MET-helix-loop-helix-loop-helix-loop-helix-COOH, where
helix is GLY-GLU-LEU-GLU-GLU-LEU-LEU-LYS-LYS-  below the folding transition. During these isothermal sim-
LEU-LYS-GLU-LEU-LEU-LYS-GLY, loop is -PRO- ulations, the harmonic potential (Eq. 4) was turned off to
ARG-ARG, Ac is acetyl, and CON4lis carboxamide. allow the system to relax without additional constraints.
Based on the heptad amino acid reptat (Hodges et alGonstant-low-temperature simulations were performed to
1981), it is believed that all of these polypeptide chainsobtain information about the stability of a given fold and to
should form four-membew-helical bundles. Inv,, a mo-  obtain the following statistics for parameters describing the
nomeric conformation should be adopted. should be a folded state: the mean-square radius of gyration, the total
dimer of two helical hairpins and, should be a tetramer of energy of a system, and the helix content. Additionally, we
four helices. obtained some dynamic (time-dependent) data concerning
Monte Carlo simulations were performed for many inde-the behavior of the obtained folds.
pendent runs. The temperature range was chosen based on
results from an initial series of simulations. The temperature .
was high enough to allow the model polypeptide chain to™4 protein
probe the entire configurational space and not be trapped im the case of a single polypeptide chain containing 74
deep local energy minima. On the other hand, the temperesiduesp,, in 7 of 15 independent attempts, we obtained
ature was low enough to allow for the formation and dis-four-helical bundle folds. The folding transition occurred
solution of the elements of folded structures. over a very narrow temperature range between 2.55 and 2.5.
During each simulation run, the temperature of the sysThe assembly process was rather fast and cooperative. All
tem was gradually lowered. The starting high-temperatureof the obtained folds wera-helical bundles. In Fig. 1, we
extended configuration was chosen at random. Every timeresent a typical pathway of the folding of thgprotein. In
the temperature was lowered, the equilibration of the modefFig. 1 a, the starting conformation can be described as a
system was performed. Subsequently, the actual productiolmndom coil. At a temperature of 2.6, these structures ex-
Monte Carlo simulation run was executed. The simulatiorhibited a mean-square radius of gyrati@?) roughly equal
time (the number of Monte Carlo steps) was of the order oto 230, a total energg,. ~ —32, and a helix content on the
10° Monte Carlo cycles at every temperature. A singlelevel of 10%. Next (Fig. D), a helical hairpin is formed by
equilibration run consisted of $910° Monte Carlo cycles. on-site construction (Kolinski and Skolnick, 1996). In most
For «,, a,, and «, proteins, in more than 50% of the cases, it is a central hairpin composed of helices 2 and 3
Monte Carlo simulation runs, we obtained structures thatresidues 21-54). For this hairpin, the pair of helices folded
folded to a four-memberg-helical bundle (see Table 1, almost simultaneously and very quickly, but this structure is
below). We chose these structures because their energy westher unstable. It forms and dissolves many times. Then
the lowest and they were the only ones that were adopte(Fig. 1 c), the third helix is assembled. This three-helical
repeatedly. All of the remaining low-temperature structuresstructure is much more stable and can be described as a well
were collapsed, but random. All folds presumed to be cordefined, topological intermediate. In some cases, it is not
rect (on the basis of the average energy) subsequentfylly in register and, thus, underwent subsequent rearrange-
underwent long isothermal simulations (correspondinglyments or dissolved. If an out-of-register hairpin survives for
long isothermal runs for other randomly collapsed structure¢onger periods of time, we usually obtain misfolded struc-
did not change their size, shape, contacts, or other propetures at lower temperatures; these are described below. In
ties). The temperature of these isothermal simulations wathe last stage (Fig. d), during which the folded state forms,



Sikorski et al. Computer Simulations of De Novo Designed Helical Proteins 97

@

<
i
o

FIGURE 1 Typical folding pathway fos,. The starting conformation is

the fourth helix is assembled on-site. This pathway is ex-
actly the same as in our previous simulations of simpler
models on a tetrahedral lattice (Sikorski and Skolnick,
1989a,b, 1990a,b), on the (201) lattice (Kolinski et al.,
1993) and in off-lattice Monte Carlo simulations (Rey and
Skolnick, 1993). This is another confirmation of the robust-
ness of lattice models for studying protein properties.

Analysis of the behavior of the mean-square radius of
gyration and total energy during the simulation run yields a
similar picture of the assembly process. In FigA2C, we
present flow charts of?, E,.,, and the number of side group
contacts. One can see that the mean-square radius of gyra-
tion changes from high-temperature values (on the level of
a few hundred) to some lower value (on the level of 150).
This corresponds to a relatively stable three-member helical
bundle. ThenS”* becomes close to 100, and its fluctuations
are less. This means that the system has approached the
folded state. The behavior of the total energy of the system
is similar in the sense that one can distinguish three regimes:
high-temperature, intermediate (three helices assembled),
and folded. The main difference between the behavi@’of
andE,, is that the latter exhibits much greater fluctuations,
which do not disappear in the folded state. In the flow chart
for the number of contacts versus time, one can distinguish
the same regimes and one can also see large fluctuations. In
the native state, the number of contacts per residue is close
to 3, which corresponds to the maximal value for helical
chains in this model.

Apart from out-of-register states, another type of mis-
folded intermediate contains three helices. This occurs
when the centers of the helices are located at the vertices of
a triangle instead of at three vertices of a square (see Fig. 3).
This three-helical bundle is relatively stable because the
hydrophobic faces of these helices are almost completely
buried, and the remaining hydrophilic residues are exposed
to the solution. The occurrence of these misfolds can be
reduced by the proper selection of force field (Rey and
Skolnick, 1993). A structure containing three helices was
also found experimentally by DeGrado, Eisenberg, and co-
workers (Betz et al., 1996) for a de novo designed protein.
The other popular misfold, the Z-bundle (Fig.o never
appeared in our simulations of the, polypeptide. This
Z-bundle structure was obtained by Troyer et al. (1994) in
a Brownian dynamics simulation of a model®f based on
an a-carbon representation. This structure is very unlikely,
and in our hands, it is not very stable. We made some Monte
Carlo simulation runs starting from this configuration at the
folding temperature. The Z-bundle structure was preserved
during the simulation run, but its energy was significantly
higher (—=108KT) in comparison with other folds (see below).

In some simulations~30% of the simulation runs), we
obtained collapsed structures with high helicity and a large
number of hydrophobic contacts (but these contacts were

a random coil. As the final result of simulation, the right-handed topologynot reproduced in the next set of simulation runs)_ The

fold of a, is obtained.

energies of such structures were approximately 3&¥40
greater than those of a properly folded state. The existence
of these structures was probably caused by system quenching.
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It should be pointed out that a four-memberhelical
bundle can exist in two different topological states as a
left-handed bundle and as a right-handed bundle. Both to-
pologies are schematically presented in Fig. 3. In previous
Monte Carlo simulations of the,, sequence (Handel and
DeGrado, 1992) on a coarser lattice (201), both topologies
were found (Kolinski et al., 1993) and were very close in
energy. The prediction was subsequently confirmed by
experiment.

Because we obtained only one left-handed bundle in
these Monte Carlo simulations, we checked the stability of
this alternate fold as follows. For some folds (right-handed
bundles), the configuration, not the sequence, of the chain
was read backward (Olszewski et al., 1996). As a result,
left-handed bundles were generated, and then this system

A 1200

1000

800

400

mean-square radius of gyration
@
=1
=1
1

200

0 : : : : underwent a long isothermal Monte Carlo run just below the
0 200 400 600 800 1000 folding temperature. In all cases, the folded chain was stable
time (x 10%) and exhibited structural parameters (the mean-square radius
of gyration, the total energy, and side group contacts) that
B % were almost the same as for the right-handed bundles ob-

tained in Monte Carlo annealing experiments. The energy of
these left-handed folds was124.kT, as compared with
0 the average energy of the original right-handed fold of
—127.XT. Itis impossible to state whether any of these two
topologies is correct because we do not have a large number
-50 - [T JH & ] of independently generated structures. Moreover, the energy
1 1 difference between these two folds is very small kZ)3
i (N1l and it seems that both forms would appear in real experiments.
-100 % : In all folded bundles, their secondary structure (helices)
‘ was well defined. The differences between a pair of two
structures can be expressed in terms of the RMSD between
-150 a-carbons. Because we do not know the crystal structure of
o, or the other proteins under consideration, we confine our
discussion to a comparison of folds belonging to the same

-200 T T T . topology. The results are collected in Table 1. One can see

0 200 400 600 800 1600 that the average RMSD for the right-handegdfolds is 3.7
time (x 10%) A and is 4.1 A for the left-handed fold. Similar deviations
C 20 were found between the known crystal structures and folds
obtained in simulations for small globular proteins (Kolin-

ski and Skolnick, 1994b).

In Fig. 4, we present a representative contact map for the
folded structure ofa,. This map is very typical of an
a-helical bundle. But, as mentioned above, we suspected
that this structure has the features of a molten globule state
because of fluctuations in the radius of gyration and espe-
cially because the value of total energy during long isother-
mal runs is rather high. A molten globule compact state is
usually characterized as having substantial secondary struc-
ture, but the packing of the side groups in the hydrophobic

total energy

number of contacts

0 - r T . r FIGURE 2 Foray, a flow chart of A) the mean-square radius of gyra-
0 200 400 600 800 1000 tion, (B) the total energy, andQ) the number of contacts versus time
) 5 (letters b, c, and d mark times corresponding to the structures b, c, and d
time (x 107) in Fig. 1). The left-hand portion shows the behavior of the fold during
annealing and the right-hand portion during the long isothermal run.



Sikorski et al. Computer Simulations of De Novo Designed Helical Proteins 99

FIGURE 3 All possible topologies c
of folded four-helix bundles. The
schematic representation of the most
1 I

populated misfolds o, are @) tri-
angle and lf) Z-bundle. €¢) «, right-
handed bundle () and left-handed
bundle (Il). d) Five topologies ofx,

(all mutual orientations of two helical @
hairpins). €) Four topologies ofa; d
(all combinations of parallel and an-
tiparallel four helices). é
I I

©®0 0000 00

core is not unique (Ptitsyn, 1992; Kuwajima, 1989). Here,group contacts (Ptitsyn 1992). In Fig. 4, we also present a
the liquid-like structure of the hydrophobic core is con-typical lifetime contact map with contacts marked by
firmed by the analyses of the lifetime of side group-sidesquares, with the intensity of gray proportional to the life-

time of a given contact. One can observe that with the sole

exception of a few contacts, almost none survive the entire

0 10 20 30 40 50 60 70 simulation (usually 100,000 Monte Carlo steps). Similar to

. | L L i L . L L the work of Kolinski and Skolnick (1994b), the relaxation of
e = le rotamers is very fast.

§ . e - . - ,'!'F It was previously shown (Kolinski and Skolnick, 1994b)
Ss | " ) " [ ¢ that this model applied for natural proteins reproduces the
: features of a folded native state as well as a molten globule
gg_ I | o state. Here, we do not know the structure of the folded
g . o F - : . (native-like) state. To check whether we can also reproduce
go o -=| o the properties of a native-like state, we performed some
g" T . o | isothermal Monte Carlo simulation runs using eyrfolds

50 L N as a starting conformation, but with the sequencesa.af

5 = s "o N anda,D (Raleigh and DeGrado, 1992; Raleigh et al., 1995),
j f v - - ' '-':| - :' which are believed to have some features of native proteins.
iR ) . - & It appeared that the resulting helical bundles are stable, with
: 'y . P smaller fluctuations in the radius of gyration and energy.
= A = L 2 The number of contacts that survived the entire simulation
I L . " r- (~10° Monte Carlo steps) was significantly greater than for
Ec | o auwm .. = our simple sequences.

0 1o 20 30 40 50 6 70

MGELEELLKKLKELLKGP RRGELEELLKKLKELLKGPRRGELEELLKKLKELLKGP RRGELEELLKKLKELLKG

FIGURE 4 For the case of right-handed, four-helix bundle topology 1 of @2 Protein

a,, the average side-chain contact map (lower right corner) and the Iifetimeg . . . . .
contact map obtained from a long isothermal run is presented, with contact: he f0|dmg of two ay protein chains (tWO identical 35-

marked by squares, for which the intensity of gray is proportional to thel€Sidue S_equences) occurs under almost the_ same tempera-
contact lifetime (upper left corner). ture conditions as that af,, although the folding temper-
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ature is probably slightly lower. Annealing runs were done A
for temperatures between 2.55 and 2.45. Of 35 independent

attempts, 18 resulted in a four-membethelical bundle QR

built from two hairpins. The remaining structures have h
much higher energy. A typical folding pathway is presented
in Fig. 5. There is no essential difference between the
folding of pathwayw, and that ofx,. Folding consists of the
following steps. @) The initial conformation of two chains,
each consisting of 35 residues, can be described as a random
coil. At a temperature of 2.6, the mean-square radius of
gyration(S? is roughly equal to 203, the total energy, ~

—59, and its helix content is 10%. b) Then, one helical
hairpin, which is a very unstable and short-lived structure,
forms. The first hairpin that appears is usually constructed
from one chain (16 cases) but sometimes is built from two

helices, each from a different chain (two cases). ¢) Next, the B
third helix from the second chain assembles. The three-

helical bundle built fromx, chains has a lifetime similar to
that of a,, and similar triangular misfolds appear during the
simulations. d) After a considerably longer time, the last
helix assembles on-site.

The flow charts of the mean-square radius of gyration and
total energy are presented in Fig. &-C. (compare with
Fig. 2, A-O). The existence of the three-member, helical
bundle intermediate state is confirmed. The fluctuations of
the size, energy, and the number of contacts of the folded
state are slightly higher than w,. This reflects the absence
of a turn between a pair of helices wheg is compared
with ay.

Two a, chains can form the five distinguishable four-
helix bundle topologies shown in Fig.® This difference
arises from the mutual orientations of helical hairpins. A
loop (turn) can be located near the other loop or near the
COOH and NH termini. Moreover, quite different inter-
helical packing is possible (e.g., the helices may be

crossed). In our Monte Carlo simulations, we obtained all
topologies. The results are presented in Table 1. The pop-
ulations of all topologies are equally distributed (with one

C
D

exception, see below), and they are not distinguishable on

the basis of their energies or their sizes (mean-square radius ooy,

of gyration). All exhibit parameters that are very close to

those ofa,. These native-like folds are stable, and they do

not dissolve during long isothermal simulation runs. '

The case of topology 5 is very interesting because this

structure, and only this one, was recently found experimen-

tally for a different sequence (W.F. DeGrado, private com-

munication). In our simulation, this structure appeared only

once, and its behavior does not differ significantly from the "

other obtained topologies. As it was pointed out in the
previous section, the number of particular folds and their
energy differences suggest that all forms could appear iRIGURE 5 Typical pathway of folding o, dimer. The final fold
real experiments. resulting from this simulation has topology 2.

In Fig. 7, we present the contact map of a predicted fold
of the a2 dimer that has topology 2. The contact map with
information about the contact lifetime is also included. One«, and «, form very similar helical bundles. Thus, as seen
can see that there is no qualitative difference between theger the a,, the foldeda, dimers also have features of molten
contact maps and those @jf. This is reasonable given that globules.

v




Sikorski et al.

Computer Simulations of De Novo Designed Helical Proteins 101

A 350

300

250

200

150

mean-square radius of gyration

100

50

200 400 600 800 1000 1200 1400

time (x 10%)

total energy

-200

T T T T T T T
200 400 600 800 1000 1200 1400

time (x 10°)

C 200

180
160 o
140 o
120
100 4

80

number of contacts

60

40

20

T T T T T T T
200 400 600 800 1000 1200 1400

time (x 10°%)

0 10 20 30 40 50 60 70

(=] =]
i - =
g
5 -
2 & = m
g%' a" L'%
2
g [
_:.J’%- 1 - &
g l;' an
3 % "hsa o
@%—’_ =" LI BN o
&=
& ] n
8o . ! L R
2 l-r 5w T
-
a‘ “a . n L™ "I

5 " sem | o
gs- L ]
3 L . "1 -
E’E- E | (3] (] - mf =
o
LA ", “r
7] a ...- ...- A s
go_ [

] 1 ] T T 1) 1
0 10 20 30 40 50 60 70

GGEELLEEEELLLLKKKKLLKKEELLLLKKGGPPRRRRGGEELLEEEELLLLKKKKLLKKBELLLLKKGK

FIGURE 7 The average contact map of the folded structure,afimer

for topology 2 (lower right corner) and the lifetime contact map with
contacts marked by squares for which the intensity of gray is proportional
to the contact lifetime (upper left corner).

The precision of the prediction of a particular folded state
can be measured in terms of the RMSD within a given
topology. Similar to anx, chain, we do not have crystal
structure data. The results are presented in Table 1. One can
see that for a given topology, the RMSDs are very close and
lie between 3.5 and 4.2 A. The helices are well defined, and
the average distance between them is equal to 11.9 A.

a4 protein

The «, protein behaves similarly to the preceding two cases.
The model system was composed of four identical chains,
each with sixteen residues. The range of temperatures in
which folding occurs is almost the same as égrand o,
(between 2.45 and 2.35). At a temperature of 2.6, the system
is described by a mean-square radius of gyrat{&f)
roughly equal to 120, a total energy,, =~ —50, and a helix
content on the level of 10%, at a temperature of 2.6. The
folding pathway shown in Fig. 8 is as follows. a) Folding
begins from a high-temperature state. b) In the beginning, a
dimer is built from two chains. This process is usually
cooperative, and the helices zip up very fast. ¢) Then, the
third helix assembles to form a three-helix bundle, which is

FIGURE 6 For a dimer with topology 2, a flow chart o4)(the mean-
square radius of gyrationBJ the total energy, andQ) the number of
contacts versus time (letters b, ¢, and d mark times corresponding to the
structures b, ¢, and d in Fig. 5). The left-hand portion shows the behavior
of the fold during annealing and the right-hand portion during the long
isothermal run.
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a

e

FIGURE 8 Typical folding pathway of an, tetramer having topology
2.

a long-lived intermediate. d) Finally, assembly of the last
helix occurs. This process is much faster thaajrand c,.

This could be explained by the fact that this fourth chain is
not connected to the already folded structure as jrand

a,. And, this fourth chain is kept in the general vicinity of
the folded structure by the harmonic potential. The process
of building a given helix is very fast; thus, it is difficult to
characterize the actual assembly mechanism. But in this
case, there is a considerably larger number of misfolds
where the helices are out of register, but the average lifetime
of these misfolds is shorter. The cutoff radius in the har-
monic potential has no influence on the structure of the final
fold, but a smaller value does speed up the assembly pro-
cess. The flow charts of the mean-square radius of gyration
and of the total energy presented in FigA3C, is similar

to those ofa, anda,. Of course, compared witl, and .,

the fluctuations in the folded state are greater becayse
has four chain ends and there are no turns connecting
helices. The dissolution of the folded structure at the tran-
sition temperature was observed as in dheand o, systems.

Four «, chains can exist in the four different topological
states, schematically shown in Fige3The different topol-
ogies arise from the fact that parts of chains (helices) in a
tetramer can be assembled in parallel and antiparallel ori-
entations. In our Monte Carlo simulations, we obtained 16
folds (out of 25 attempts), and all the topologies were
represented. The properties of all of these folds are pre-
sented in Table 1. As one can see from Table 1, there is
almost no energy difference among these species. We also
present data concerning the dimensions of the folded states
and their population. The number of observed different
folds is almost equal with the exception of topology 2. The
antiparallel bundle might be expected (Cohen and Parry,
1990; Weber and Salemme, 1980). The secondary structure
is well defined in all folded topologies, and the average
distance between helices does not depend on the topology
and is equal to 11.8 A. Experimental data are available for
a shortened version @f, only, and this distance is equal to
12.9 A (which is very large compared with naturally occur-
ring helical bundles) (Hill et al., 1990).

In Fig. 10, the contact map plotted far; (with folded
topology 2) is representative of the tetramer and is very
characteristic of a helical bundle and very similar to those
for the a, and a, model systems. The lifetime contact map
is also plotted for the same topology on this figure. This
figure indicates that in the case of thgtetramer, only very
few contacts survive the entire simulation run. Hence, this
structure also has features of a molten globule, as dand
o, described above.

For comparison, we also simulated simple polypeptides
containing only glycine (polyG), valine (polyV), and ala-
nine (polyA). These peptides had the same length and
number of chains a&;, a,, anda,. The simulations were
carried out with the same force field but in different tem-
perature ranges because the temperature of the folding tran-
sition was different for these polypeptides. In the case of a
single chain version of polyG, the low temperature leads to
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FIGURE 10 The average contact map of the folded structure af,an
tetramer having topology 2 (lower right corner) and the lifetime contact
map with contacts marked by squares for which the intensity of gray is
proportional to the contact lifetime (upper left corner).

the collapse of the chain into a dense globule with no
detectable secondary structure. The same result was ob-
served for systems consisting of two and four chains. The
topology of the obtained folded structures was in every case
quite different. At low temperatures, the polyV chains form
compact structures with a high degree@fike secondary
structure. Thus, the simulations for polyG and polyV show
that the model is not directly biased toward a four-member
helical bundle.

In the case of polyA, all folded chains have a high
fraction of helicity. Compared with the De Grado proteins,
the helices in the folded polyA are more mobile and their
fluctuations are larger. The folded structures are not unique;
the RMSD between the particular folds is on the level of
10 A

Very similar results were obtained for slightly different
lattice models of polyA and polyV (Kolinski and Skolnick,
1992).

CONCLUSION

The «,, a,, and «, proteins designed by DeGrado and
co-workers were expected to form a monomer, dimer, and
tetramer four-membew-helical bundle, respectively. Ac-
cording to experiment, their folded structures are compact

FIGURE 9 For anx, tetramer having topology 2, a flow chart df)(the
mean-square radius of gyratioB) (the total energy, andd) the number of
contacts versus time (letters b, ¢, and d mark times corresponding to the
structures b, ¢, and d in Fig. 10). The left-hand portion shows the behavior
of the fold during annealing and the right-hand portion during the long
isothermal run.
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