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ABSTRACT Reduced lattice models of the three
de novo designed helical proteins g, asC, and oD
were studied. Low temperature stable folds were
obtained for all three proteins. In all cases, the
lowest energy folds were four-helix bundles. The
folding pathway is qualitatively the same for all
proteins studied. The energies of various topologies
are similar, especially for the oy polypeptide. The
simulated crossover from molten globule to native-
like behavior is very similar to that seen in experi-
mental studies. Simulations on a reduced protein
model reproduce most of the experimental proper-
ties of the as, a3C, and a;D proteins. Stable four-helix
bundle structures were obtained, with increasing
native-like behavior on-going from oy to oD that
mimics experiment. Proteins 2000;38:17-28.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

A hierarchical approach to the design of -helical proteins
was proposed by DeGrado! and coworkers. Here, short
(12-16 residues) polypeptides called o; were designed to
adopt an a-helical tetramer, and thus, on association, they
should form a four-helix bundle. Then, a longer polypep-
tide, called ay was built from two «; chains connected by a
short loop. This polypeptide was expected to fold into an
a-helical hairpin and form a similar four-helix bundle
upon dimerization. ! Finally, two oy chains were connected
by the same short loop. The resulting chain, a4 should
form a tetrameric four-helix bundle.?2 Experiments have
shown that a4 is indeed monomeric and adopts a globular
compact structure with high helical content. The folded
conformation(s) of a4 is more stable? than both o; and os.
Other, similar de novo designs were recently published.?+4
Their simplicity, low molecular weight, various native-like
features, and the high symmetry of the putative native fold
make them excellent subjects for simulation studies.

None of the designed proteins mentioned above exhibits
all the features of native helical proteins. For example, a;
clearly behaves as a molten globule. In the molten globule
state even though the molecule adopts a native-like topol-
ogy, the packing of side groups is not specific; rather, it is
liquid-like.>¢ This behavior results from the fact that the
hydrophobic cores of these proteins are loosely packed with
mobile contacts between side groups. This effect appar-
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ently arises from the presence of all leucines in the
hydrophobic core. Leucine side groups can adopt a number
of geometrically very similar rotameric states, thereby
making possible significant mobility of the core.?” In
addition, there is no packing heterogeneity associated with
different possible side chain arrangements because the
identity of all the hydrophobic residues is the same.

In the GTD-43 polypeptide, Baltzer et al.’® demon-
strated experimentally that the introduction of some aro-
matic amino acid residues restricts the internal mobility of
as, the polypeptide chain designed to be a helical hairpin.
However, the modified polypeptide still binds 8-anilino-I1-
naphtalenesulfonate (ANS) dye, which suggests that its
hydrophobic core is not as well packed as that in naturally
occurring globular proteins.

Subsequently, DeGrado and coworkers* introduced addi-
tional sequence diversity into the hydrophobic core. Some
leucine residues were replaced by Val, Ile, Phe, and Trp,
thereby considerably improving the design of the helix-
helix interfaces in the putative helical bundle built from two
hairpins. The resulting polypeptide was called ayC. It should
be pointed out that the folded structure of a;C is a heterodimer
because the two chains that form the bundle have different
sequences. The nuclear magnetic resonance (NMR) study of
folded ayC clearly demonstrated that this molecule exhibits
molten globule behavior at its folding temperature. At lower
temperatures, it undergoes a transition to a more native-like
state. Nevertheless, not all the features of the molten globule
disappear at low temperatures. The folded state still binds
hydrophobic dyes (ANS), thereby suggesting that some hydro-
phobic residues are exposed to the solvent.*

The next step of the DeGrado group was the synthesis of
the ayD protein.’® The new design was based on the
assumption that alternative folds have to be destabilized.
A metal binding site was constructed by introducing two
His residues at positions 11 and 26 in each chain and placing
Glu in the seventh position. It was shown that this polypeptide
could exist as a monomer or a dimer, with the monomeric form
being a random coil chain and the dimers being highly helical.
The ayD protein exhibits a cooperative thermal denaturation,
similar to that seen in small natural globular proteins.
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Fig. 1. Allfive possible topologies of folded four-helix bundles consist-
ing of two polypeptide chains are shown.

Turning to previous theoretical studies, Thirumalai et
al.""13proposed a very simple model of a protein chain and
applied it to a very simplified a4 chain (HP model). They
found that even in this simple model, there are two low tem-
perature states. the first is a compact randomly arranged
globule and the second (at lower temperatures) is an
ordered globule that can be treated as a native-like state.

In our previous studies,'*!®> we simulated most of the
original DeGrado polypeptide sequences in the context of
two quite different models. The first early model* em-
ployed a relatively coarse (210) lattice (with a coordination
number of 56) for the a-carbon representation of the main
chain and a coarse library of single-center side chain
conformations. Simulations of the oy chain showed that it
adopted isoenergetic left and right turning, four-helix
bundle topologies. The compact states resembled a molten
globule. The introduction of amino acid diversity led to the
transition from molten globule state to a native-like state.
Folds of the improved a4 formed a unique structure.

The second model used for simulations of designed
helical proteins was much more realistic. It was based on
the (310) hybrid lattice (coordination number 90) devel-
oped by Kolinski and Skolnick.1%17 Here, the geometric
representation of proteins was more accurate. The force
field was refined to avoid a possible bias towards the
molten globule state. We studied the a4 tetramer, the ay
dimer, and the a; monomer model systems. It was found
that all these simple polypeptides adopt (upon association,
when appropriate) a variety of four-helix bundle topologies
that were essentially isoenergetic. Features of the molten
globule state were found in all proteins studied.

Experimental studies®!® indicated that all the folded
conformations of ay, ag, and oy have quite similar proper-
ties. This was probably the reason why the DeGrado group
focused on studying the ay type of polypeptide. In this
work, we focus on the oy, protein and its two improved versions,

TABLE 1. Statistics and Some Parameters Describing a,, a,C and a,D Folds Obtained in Monte Carlo Simulations

I

asC
16

I

asC
42

Topology?®

Protein

asD
0

asC
0

ag

asD

17

asC
15

ag
18

asD
13

ag
23

asD
40

ag
36

asD
30

asC
27

ag
14

% Population

3.9(0.5) 3.6 (0.7) 3.8(0.7) 3.7(0.6) 3.5(0.4) 4.1(0.6) 4.3(0.7) 4.1(0.7) 4.0(0.8 4.1(0.6) 4.2(0.6) 43(1D

3.8(0.7¢

Average rms (A)

Radius of

11.7 (1.6) 11.8(1.2) 12.0(1.4) 11.7.(1.7) 12.1(1.5) 12.1(1.1) 12.3 (1.6) 11.9(1.8) 11.7(1.4) 12.0 (1.6) 125 (2.1)

12.0(1.5) 12.5(1.3)

gyration (A)
Average

—125(11) —200(17) —194 (14) —132(13) —198(18) —194 (21) -124 (17) -192(12) —178(19) -121(16) —202 (15) -175(19) —122(23)

b

energy (kT

aAll possible topologies of ap-type dimer are shown in Figure 1. The topology numbers used here refer to those in Figure 1.

bEnergies for all chains were normalized to the temperature 2.4.

“The number in parentheses is the standard deviation.
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a b
e

Fig. 2. Typical folding pathway of two «,C chains. a: The initial conformation is a random coil ata
reduced temperature of 2.7. b: One chain forms a hairpin by an on-site assembly mechanism. c:
The second chain starts to assemble. d: The right-handed fold (topology | in Fig.1) is obtained at a

temperature of 2.5.

aC and apD. The purpose of this study is to obtain insight
into the mechanism of folding these polypeptide chains.
Another interesting question addressed concerns the sta-
bility of the different compact topologies adopted by these
sequences. Does the diversification of the sequence really
lead to a unique fold? Do all the features of the molten
globule state disappear? Since our previous work!® demon-
strated that the (310) lattice model is of sufficient resolu-
tion for such studies, we employ this model here.

MODEL AND METHOD

Because the model was described previously in detail, 15~
17,19,20 only a short outline is provided here for the reader’s
convenience.

The protein backbone chain is represented by the «-car-
bon atoms. The chain is confined to the 310 lattice that
comprises 90 basis vectors. If the lattice unit is equal to
1.22 A, the best fit of protein crystallographic structures to
the lattice model is obtained with the average rmsd of the
a-carbon trace of the lattice model from the native struc-
ture between 0.6 and 0.7 A.1® The side groups are repre-
sented by single spheres having different sizes and appear-
ing in various rotamer isomeric states. The positions of
side groups were not confined to the lattice. The rmsd of
the model side groups compared with the corresponding
experimental structure is on the level of 1 A.

The Monte Carlo sampling algorithm is based on the
Metropolis scheme described elsewhere.16:1920 It uses a set
of local micromodifications of protein chain conformation.
A randomly chosen high-temperature chain conformation
was selected and then slowly cooled. At each temperature,
the model chain was carefully equilibrated before the
results were collected. The temperature change was cho-
sen to be small enough to avoid quenching of the system.
For a given temperature, we performed about 105 to 106
Monte Carlo steps (each Monte Carlo step contains one
attempt of every kind of micromodification per residue in
the chain). Folded chains underwent further simulation at
the constant temperature below the folding transition.

The force field used in our model consisted of long- and
short-range terms. The following long-range interactions
are included in the force field:1?

1. The pairwise specific energy of two interacting residues
(which are at least three residues apart along the chain
contour) E,;,.

2. Cooperative (four-body) side chain interactions E,,,,
which magnify the interactions of elements of second-
ary structure. These interactions are important in
inducing the cooperative transition from a molten glob-
ule state to a native-like structure and act by inducing
well defined side chain packing patterns.
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3. A burial potential, E,,.. It is assumed that a residue is

buried when the number of side groups in contact
exceeds a certain threshold value.?

. Aweak harmonic potential was introduced to keep both
chains together. It is turned off at distances below a
critical distance that is somewhat larger than the size
of the helical bundle (usually between 15 and 20 A).
Thereby it has no effect on final energy of folded con-
formations. The introduction of this term provides for a
constant local chain density in the Monte Carlo box.1®

Short-range interactions were built from the following
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Fig. 3. Flow charts of the mean-square radius of gyration S? versus

time t. For times below 500, simulated annealing occurs. Times greater
than 500 correspond to long isothermal run at temperatures of 2.45, 2.5,
and 2.3 for a; (a), a,C (b), and a;D (c), respectively.

2. A local side chain orientational coupling term, E,,,

which introduces a preference for some orientations of
the neighboring (down the chain) side groups.16

. An effective Ramachandran potential, Er;,, introduces
pairwise specific secondary conformational propensities for
main chain fragments involving a-carbons i and i +3.

. Hydrogen bonds, Eyg, simulate the main chain hydro-
gen bond network found in real proteins. Every a-car-
bon can participate at most in two hydrogen bonds (with
the exception of proline, which can form only one bond).

The weight factors for the potentials were introduced to

contributions: maintain the proper balance between the short- and
long-range energy contributions. The detailed discussion
concerning the potentials and weights was given else-

where.15 This weighting ensures a proper secondary struc-

1. The rotamer energy, E,.;, depends on the residue type
and on the local conformation of the backbone chain.
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Fig. 4. Flow charts of the total energy (E) versus time t. For times
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ture content at high temperatures. It also avoids an
artificial bias of the model toward a molten globule state.
This might be important in studies of de novo designed
proteins that in reality have many of the features of
molten globules. Most of the potentials listed above were
derived from a statistical analysis of the protein structures
from the Protein Data Bank (PDB).21.22

RESULTS AND DISCUSSION

The simulation
following designed

experiments were performed for the
helical proteins:

1. «y is supposed to form the following secondary struc-

ture pattern:

Ac-Helix-Loop-Helix-CONH,

(D

and 2.3 for a; (a), a,C (b), and a,D (c), respectively.

where the Helix has the following sequence:
GLY-GLU-LEU-GLU-GLU-LEU-LEU-LYS-LYS-LEU-
LYS-GLU-LEU-LEU-LYS-GLY
and Loop consists of PRO-ARG-ARG, Ac is an acetyl
group, and CONHj, is a carboxyamide group.

. agC is supposed to form the following secondary struc-
ture:

Ac-Helix;-Loop-Helix,-CONH, (2)
where Helix; has the following sequence:
GLY-GLU-VAL-GLU-GLU-LEU-LEU-LYS-LYS-PHE-
LYS-GLU-LEU-TRP-LYS-GLY

Helix, consists of
GLY-GLU-ILE-GLU-GLU-LEU-PHE-LYS-LYS-PHE-
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LYS-GLU-LEU-ILE-LYS-GLY and Loop has exactly the
same sequence as in the original oy chain.
3. agD is supposed to form the following structure:

Ac-Helix;-Loop-Helix,-CONH,, (3)

where Helix; comprises
GLY-GLU-VAL-GLU-GLU-LEU-GLU-LYS-LYS-PHE-
HIS-GLU-LEU-TRP-LYS-GLY

and Helix; comprises:
GLY-GLU-ILE-GLU-GLU-LEU-HIS-LYS-LYS-PHE-
LYS-GLU-LEU-ILE-LYS-GLY

Finally, Loop was designed exactly the same as in ay and
Otzc.

b 110
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80 T T T T
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time
Fig. 5. Flow charts of the mean-square radius of gyration S? versus

time for long isothermal runs at temperatures of 2.25, 2.3, and 2.1 for a,
(a), a2C (b), and a,D (c), respectively.

All possible four-helix bundle topologies that a system
consisting of two polypeptide chains can adopt are shown
in Figure 1. The possible existence of these different folded
states arises from the different mutual orientations of the
helical hairpins. The short loop connecting both helical
fragments can be located near the loop formed by the
second chain or near the C- and N-termini of the second
chain. There is also the fifth topology where the loops cross
(see Fig.1). In our Monte Carlo simulations, we obtained
all the possible topologies.

The results of our simulations are summarized in Table
1. Although the number of simulations is too small to
establish anything more than a qualitative trend, for ay,
the populations of all topologies are rather uniformly
distributed, with the exception of topology V with crossed
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Fig. 6. Flow chart of the total energy (E) versus time t during long
isothermal runs at temperatures of 2.25, 2.3, and 2.1 for «; (a), a,C (b),
and «a,D (c), respectively.

helices, which was obtained only once. Going from «y to
asC to agD, the following comments can be made on the
observed population:

1. The topology with crossed loops (topology V on Fig. 1)

frequent than topology I. An inspection of real protein
structures indicates that in natural all four-member
helical bundles, only topologies with antiparallel heli-
ces are observed.?3.24

. Topologies with loops located on the opposite ends of the

does not appear in a;C and ayD chains. In ay, it was only
found once; therefore, one cannot exclude the possibil-
ity that it is actually a misfolded state; however, its
energy is very close to that observed in the alternative
topologies.

. Folds in which both loops are on the same end of the
bundle (topologies I and II) are the most frequent. For
the ayD protein, topology II (with antiparallel helices) is
most frequently obtained, but for ayC it is slightly less

bundle (topologies II and IV) are significantly less
populated in both a;C and ayD systems.

The folding of the system consisting of two oy protein
chains was previously described in detail.l® Forty anneal-
ing simulation runs between temperatures 2.6 and 2.45
were performed for this system. In these simulations, we
obtained 22 folded structures consisting of dimeric four-
member, a-helical bundles. The remaining misfolded struc-
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tures consisted of randomly arranged out-of-register heli-
cal systems, frequently with only three helices fully
assembled. These could be dismissed because of lack of
reproducibility and, more importantly, because of their
conformational energy. Given the observed set of four-helix
bundle structures, no specific topology could be selected
because the differences in energy were not statistically
significant. The energy of various folds of different topolo-
gies varied from —121 to —132 kT. The radius of gyration
varied from 11.8 to 12.5 A.

For the ayC system, we performed 28 simulation runs for
temperatures between 2.7 and 2.5. Nineteen of these
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Fig. 7. Side-chain contact map (lower right corner) and lifetime

contact map (upper left corner) with contacts marked by squares, whose
intensity of gray is proportional to the contact lifetime. a: Long isothermal
run for a; dimer, topology I. b: long isothermal run for a,C dimer, topology
III. ¢: long isothermal run for a,D dimer, topology II.

yielded four-member «-helical bundles. The other runs
yielded higher energy structures that can be safely ig-
nored. The total energy of the different classes of folds
changed from —188 to —198 kT. The radius of gyration was
in the range of 11.7 to 12.5 A.

The folding of the ayD protein was simulated in 30
Monte Carlo annealing runs at temperatures between 2.6
and 2.3. Twenty-three simulations were successful in
giving a four-member «-helical bundle dimer with the
remainder being higher in energy; therefore, they are
dismissed. The energies of different topologies varied from
—187 to —207 kT. The radius of gyration varies from 11.7
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Fig. 8. Clustering of the conformations obtained in a long isothermal run. The results correspond
to the same simulation runs as in Figure 7 for a;, (a), a,C (b), and a;D (c), respectively.

t012.0A. In general, the energy changes for different folds
are on the same level in all models but the following
general remarks can be made:

1. On average, the volume of the folds decreases with
increasing sequence diversity, but these changes are
very small.

2. The energies of the a;C and ayD folds are much lower
(by about 20 %) than those of the ay folds. The energies
of topologies I and II are apparently the lowest, al-
though the differences among them are rather small.

3. The next important difference between all protein
models studied concerns the conditions at which chains
start to fold and unfold, i.e., the transition temperature.
The a3 chain folds at a temperature of 2.45, a,C at 2.5,
and a,D at 2.3.

The folding mechanism, common for all three proteins,
is the following: all model chains at high temperatures
(T = 2.6 to 2.7) are random coils (<S?>/<R?> = 0.155),
with the radius of gyration <S2>" oscillating around 20 A.

The total energy of the system at that temperature is E;,;
~—60, —76, and —88 kT for as, a3C, and ayD, respectively.
The helix content under these conditions does not exceed
10%. There is no quantitative difference in the high-
temperature values of all these parameters for all se-
quences under consideration. An example of a high tem-
perature configuration is shown on Figure 2. Annealing of
the system changes the properties of both chains. The
average size of the chains and their energies starts to
decrease, but their instantaneous values fluctuate rapidly
(see discussion below). These changes are accompanied by
the fast formation (and dissolution) of some helical ele-
ments. At lower temperatures, helices of up to 16 residues
in length (the entire putative helix in the polypeptide
chain) are frequently formed. Entire helical hairpins (once
the chains are fully folded) were also formed as shown on
Figure 2b. These helices and hairpins are unstable. The
mechanism of folding of a hairpin can be described as
on-site assembly. The next step is the assembly of the third
helix, which comes from the second chain (Fig. 2¢). This
three-helix bundle is the first intermediate of the topology
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Figure 8.

assembly process. Then, the last helix assembles on site
(Fig. 2d). This is the slowest stage of the topology assem-
bly. The mechanism of the opposite process of the thermal
denaturation of the folded oy (as well as folded ayC and
asD) dimer is the same: the dissolution of helices occurs in
exactly the opposite sequence of events. The pathways
obtained for our current model are qualitatively the same
as were observed previously for much simpler models on a
tetrahedral lattice.25-27

The precision of the prediction of a given folded state can
be measured in terms of the rmsd within a given topology.
We cannot make a comparison with real experiment
because no crystal structures for ay are publicly available.
The rmsds between «y folds (generated in independent
simulations) belonging to a given topology are in the range
of 3.5 to 4.3 A. The best fit (3.5 A) was found for a pair of
conformations belonging to topology number I (Fig. 1a) in
which the helices are antiparallel. The helices in all folds
are well defined with the average distance between their
axes equal to 11.9 A. For «,C chains, the pairwise rmsd
was on the same level as ay (between 3.7 and 4.3 A). For

(Continued.)

azD chains, the rmsd values are smaller and range be-
tween 3.5 and 4.2 A. The main conclusion that can be
drawn here is that all obtained folds exhibit a similar level
of overall geometrical accuracy.

Some insight into the folding pathway of these systems
could be obtained from an analysis of the changes of the
radius of gyration and the total energy of the system
during the folding experiments. Figure 3 shows the flow
charts of the radius of gyration <S2 >% for ag and aeC, and
asD systems, respectively. There are no essential qualita-
tive differences among these flow charts. At high tempera-
tures, the size of all model systems fluctuates within the
range of 250 to 350 lattice units. At lower temperatures
where intermediate states are formed, the mean value of
S? is lower and the range of fluctuations is considerably
less. Further simulation led to a stable helical fold whose
radius of gyrations is close to 90 (in lattice units). There
are no correlations between the type of chain (as, aC, or
ayD) and the range of these fluctuations or the frequency of
appearance of structural elements during the folding
process. The range of fluctuations of the low-temperature
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folds is also very similar. In all cases, the transition is quite
abrupt and occurs in a narrow temperature window.

The profiles of the total energy of the model chain
systems as a function of simulation time (with linearly
decreasing temperature during the initial 500 steps) are
presented in Figure 4. The fluctuations in the folded state
(energy on the level of —100 or —200 kT) are still large. It
is surprising that there is no qualitative difference be-
tween all models under consideration. This implies that in
all models (o, asC, and asD), the structural fluctuations in
the folded state are significant. This kind of behavior is
usually identified with the molten globule state.

Further annealing of the system and a subsequent long
isothermal run at temperatures well below the folding
transition did not significantly change the properties of the
model systems. In Figures. 5 and 6, a low-temperature
representative example (T = 2.1) of flow charts of S and E
versus time for the ayD system are presented. The range of
fluctuations of both parameters is the same as the long
isothermal runs just below the folding temperature (T =
2.3); see Figure 4c.

(Continued.)

To further analyze the properties of the folded state, we
focus on the dynamic behavior of the side chain packing
patterns. Figure 7 shows the side chain contact maps of
obtained folds. The data were collected from long isother-
mal runs at temperatures just below the folding transition.
Without a doubt, all contact maps exhibit characteristic
a-helical patterns. Figure 7 also contains information
about the lifetime of side chain contacts. One can observe
that for ay, only very few contacts survive the entire
simulation. The remaining contacts were short lived. For
the folded ayC dimer, one can find more long-lived con-
tacts, but their number is still small. In the case of the asD
dimer, the number of contacts that remained fixed during
the entire simulation is much larger. The lifetime of the
remaining contacts in apC and ayD folds is considerably
longer than that in the «y dimers. Furthermore, the
long-lived contacts are distributed over the entire map.
Thus, the entire folded structure of a,C and oD has a fixed
network of pairwise contacts. This is a strong signal of a
transition from the liquid-like structure of oy to a more
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native-like conformation, with fixed positions of some side
chains in these two proteins.

To study the correlation between the folded structures
along the simulation run we carried out a structural
clustering procedure identical to that used previously.l
The mutual rms of every pair of conformations (at a certain
time interval) is stored and arranged into a “history
matrix” containing 200 X 200 elements. This matrix was
rearranged so as to minimize its moment of inertia: lower
elements were displaced toward the diagonal of the ma-
trix. As a result, we obtained clusters of similar conforma-
tions near the diagonal. In Figure 8, we display examples
of the rearranged history matrix for the three studied
proteins. For clarity, we present only those pairs of confor-
mations for which the rmsd is lower than 4 A. The main
difference between the three systems is the number of
pairs of conformations whose rmsd is less than 4 A: the
number of such cases is rather low for ay, higher for «sC,
and even higher for ayD. For the oy fold, almost all similar
conformations live for only a very short time. In contrast,
for a;C and «yD, one can find quite large clusters of
conformations with the same low rms. In all cases, there
are several clusters of conformations, but the level of
clustering of a large number of states increases from ajy to
asD. In the last case, there is one large dominating cluster,
indicating significant structural uniqueness (and lower
level of contact fluctuations) of the folded state (as mea-
sured by the side chain fixation process).

CONCLUSIONS

Our previous simulations of a;, ay, and a4 indicated (in
agreement with experimental results) a lack of structural
uniqueness of the folded structure of these designed
proteins. In the present studies of ay, aC, and ayD, there is
substantial evidence of increasing structural uniqueness
within the series of molecules. Although the average
conformational energy of the folded states is not conclu-
sive, there is a statistical trend indicating higher stability
in the ayC and asD proteins. The same conclusion could be
drawn from the fold volume and the distribution of folds:
the ayD chain topology with antiparallel helices is most
populated.

A cross-over from molten globule-like character to native-
like behavior of the folded state in this series of three
proteins is also demonstrated. The number of side group
contacts that survive the entire simulation time below the
folding temperature becomes higher for ayC and much
higher for asD. In spite of this well defined trend, the
fraction of long-lived contacts is rather small. The cluster-
ing of the rmsd of a pair of conformations confirms its
higher stability and the existence of a better defined
native-like free energy basin in the a;C and ay;D molecules
relative to the generic ay protein.
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