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ABSTRACT A folding algorithm is described, based on the diffusion-collision model, combining static and dynamic calculational methods.
The algorithm is applied to predict the basic structure and schematic folding pathways of an artificial four-helix bundle.

INTRODUCTION
New techniques in molecular biology have established
the possibility of creating peptides of arbitrary length
and sequence with novel properties not yet realized in
nature. The techniques have great potential because of
the enormous number of different artificial sequences
that can, in principle, be made (e.g., 10 for a chain
of 100 amino acids) ( 1 ), and the possibility that a signifi-
cant number of these sequences have a thermodynami-
cally dominant fold (2, 3). It clearly will not be possible
to determine all of their three-dimensional structures by
physical methods, so a rational approach to protein engi-
neering has as one of its elements the design ofa compu-
tational model to predict the structure of a protein from
its amino acid sequence. We describe a folding algorithm
based on the diffusion-collision model (1), combining
static and dynamic methods, and apply it to predict the
basic structure and schematic folding pathways of one
(4) of the recently designed and synthesized four-helix
bundles (4, 5), whose three-dimensional structure has
not yet been determined.
The algorithm is illustrated by the flow diagram:

homology -- model building -> minimization

simplified dynamics -- all atom MD

The diffusion-collision (1 ) model suggests that the
principal, early dynamical events of the folding process
are concerned with the properties of microdomains (a-
helices, fl-sheets, turns) and their interactions, rather
than with the individual amino acids of the polypeptide
chain, as in a random search. Hence, the folding algo-
rithm emphasizes microdomains. It begins with the
static, structural modeling by homology approach (step
1), first used by Browne et al. (6) to model a-lactalbu-
min on the basis of the homologous lysozyme structure,
and since then used for modeling relaxins and insulin-
like growth factors on the basis of insulin (7, 8), renins
on the basis of aspartic proteinases (9), and so on, and
the model building program developed by Sutcliffe et al.
( 10) (step 2), to produce a starting structure for the ini-
tial minimization (step 3), which is carried out to elimi-
nate bad contacts in the model-built structure. The sim-
plified dynamics (step 4), introduced to overcome the
local minima problem (see below), can use one of the

kinetics algorithms of the diffusion-collision model ( 1,
1 1, 12) which are: (a) the spherical-microdomain chemi-
cal kinetics approximation, which permits the calcula-
tion of the time course of the concentration of folding
species, the delineation of pathways, and the determina-
tion of folding rates; and (b) the simplified-residue Lan-
gevin kinetics approximation, which circumvents the lo-
cal minimum problem found in all atom molecular dy-
namics (MD) simulations. The spherical microdomain
chemical kinetics approximation does not allow the in-
troduction of a detailed residue representation to imple-
ment step 5. However, because it provides kinetic infor-
mation with relatively small computational cost, it was
used in the present preliminary calculation. All atom
MD (step 5) allows the inner-side-chain interdigitation
characteristic of a native, folded protein structure.
The a-helices in four-helix bundles are robust second-

ary structures, which lend themselves to physical charac-
terization. They are used with steps 1-4 of the folding
algorithm to predict time scales, schematic folding path-
ways, and concentrations of kinetic intermediates ofthe
designed four-helix bundle. Previous work with the dif-
fusion-collision model ( 1 ) has described folding kinetics
and pathways for the all a-helical proteins myoglobin
( 11 ) and the operator-binding domain ofthe X-repressor
( 12), both having known x-ray structures.

METHODS
A model ofthe designed bundle (4) was built, starting from the known
x-ray structures of hemerythrin (13) (2MHR) and myohemerythrin
( 14) ( IHMQ A chain), using the homologous model-building pro-
gram COMPOSER (Sutcliffe et al. [10]). Schematically, the sequence
is HA-Tj-HB-T2-Hc-T3-HD, where Hi is [Gly-Glu-Leu-Glu-Glu-Leu-
Leu-Lys-Lys-Leu-Lys-Glu-Leu-Leu-Lys-Gly] and Ti is [Pro-Arg-ArgJ].
The helices are labeled A, B, C, and D in order in the sequence. They
are considered to be the microdomains that diffuse, collide, and co-
alesce into higher aggregates in the diffusion-collision model. To con-
struct the model, the hydrophobic packings of 2MHR and IHMQA
were examined to identify the important residues in their helix-helix
contacts, by determining the solvent accessible contact area ( 15, 16)
loss upon packing for each helix-pair in the x-ray structures. The model
sequence was fitted to the average structure for the C" atoms of the
x-ray structures, placing the centers of the model helices at the centers
of the identified hydrophobic packing interactions. The loop sections
were selected from structural fragments of correct length and with
roughly correct end-point geometry. The preliminary structure was
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tures may be caught in local minima (during the feasible simulation
time) if all atom MD is used immediately after step 3. A kinetics step
(step 4) based on a simplified representation ofthe structure from step
3 is introduced to overcome the local minimum problem. The diffu-
sion-collision model (1, 11, 12) was used for the simplified kinetics
(step 4). The model suggests that the principal, early dynamical events
of the folding process are concerned with the properties of microdo-
mains and their interactions rather than with the individual amino
acids of the polypeptide chain, as in a random search. In this applica-
tion, the chemical kinetics approximation for calculating diffusion-col-
lision dynamics was used in the simplified dynamics of the folding
algorithm. The approximation (11, 19) is essentially analytic and simu-
lates the dynamics of folding by a set of diffusion equations that de-
scribe the motion of microdomains in aqueous solution, and by cou-

pled boundary conditions that provide for their collision and possible
coalescence. Solving the diffusion equations provides the rate constants
to be used in a set of first-order rate equations. The geometric parame-
ters in the rate constants (see reference 11 for a complete description)
were evaluated in a spherical approximation of the type often used to
simplify diffusion calculations. Only collisions leading to the principal
helix-helix native contacts (AB, BC, CD, AD) were followed.

FIGURE I Backbone CG trace of the model-built four-helix bundle
after step 3 of the folding algorithm.

refined using the energy minimization program CHARMM (17) to
remove bad contacts. The backbone C' trace of the resulting model
structure is shown in Fig. 1. Using this model, the helix-helix hydro-
phobic interactions, as measured by contact area loss (16) were found
(see Table 1). These contacts stabilize the secondary structure of the
microdomains in their helical conformations. The equivalent helix-he-
lix contact area losses in 1HMQA chain and 2MHR are also listed in
Table 1. Because the interacting residues in the interfaces of the helix-
pairs are different in the three cases, the contact area losses and, hence,
the hydrophobic interactions are not identical. However, in all cases,
the BD pair contact area loss is much smaller than that of the other
pairs, and the pair (AC) not mentioned has negligible packing area loss.
One of the problems of modeling starting with homologous struc-

tures is that there may be relative movements ofup to 7 A and rotations
of up to 300 of secondary structural elements (18) in different
members ofthe homologous family. Because oflimitations in potential
energy functions and computing power, this means that starting struc-

RESULTS
The four-helix bundle microdomains and their physical
properties are listed in Table 2 and the possible states of
the folding protein (neglecting the BD pairing) are given
in Table 3. Using the parameters for the microdomains
and microdomain pairs in Tables 1-2, and the diffusion-
collision rate equations (see reference 11 ), the probabili-
ties of states 1-16 (Table 3) were determined numeri-
cally as a function oftime for several choices ofthe stabil-
ities of the individual helical microdomains and
microdomain clusters (see Fig. 2 for the results ofa typi-
cal simulation run). From the simulations, the sche-
matic folding pathways shown below (the numbers refer
to Table 3) have been deduced.

CD(9)

1/ >AB-CD(IO)
unfolded(1) -* AB(2)

AB-BC(6)
BC(5)

AB-BC-CD(14) -0 AB-BC-CD-AD(16),

which correspond to four competing, parallel pathways:
1 -* 2 -*6 -> 14 -* 16, 1 -- 2 -* 10 - 14 -* 16, 1 --

TABLE 1 Contact area loss of helix pairs in four-helix bundles

Residue range Contact area loss (A2)

Helices Designed 1 HMQA 2MHR Pairs Designed 1 HMQA 2MHR

A 1-16 (16) 21-37 (17) 18-38 (21) AB 211 310 325
B 20-35 (16) 41-64 (14) 40-65 (16) AD 130 200 241
C 39-54 (16) 41-64 (14) 40-65 (16) BC 156 301 296
D 58-73 (16) 90-103 (14) 92-115 (24) BD 77 50 97

CD 206 143 250

Residue ranges ofthe A, B, C, and D helices and contact area loss in A2 ofhelix pairs in the designed four-helix bundle and in the x-ray structures of
1HMQA chain and 2MHR.
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TABLE 2 Properties of four-helix bundle microdomains

Masst
Label Radius* (A) (amu) D (A2/ns)
A 9.07 1702 36.19
B 9.06 1700 36.22
C 9.06 1700 36.22
D 9.08 1716 36.15
AB 11.42 3402 28.73
AD 11.43 3418 28.71
ABD 13.08 5118 25.09
BC 11.42 3400 28.75
ABC 13.07 5102 25.10
ABCD 14.39 6818 22.80
BCD 13.08 5116 25.10
CD 11.43 3416 28.72
ACD 13.08 5118 25.09

* Radius in A of the spherical approximation to the microdomain;
$mass (in amu) of the microdomain; §relative diffusion coefficient in
A2/ns of the microdomain or microdomain cluster.

5 -- 6 -- 14 -- 16, and 1 -* 9 -- 10 -* 14 -* 16. The
multiple pathways are a result of the similar physical
properties ofthe four helical microdomains, the assump-
tion of similar stability (helix-coil equilibrium) for each
ofthem and the central role played by the microdomains
and their interactions in diffusion-collision folding dy-
namics. In each pathway, the steps involve a pair ofadja-
cent microdomains and microdomain clusters, as ex-
pected by consideration ofthe size ofthe available diffu-
sion space, when other factors are equal. Multiple,
equivalent pathways suggest the "jigsaw puzzle" model
of folding (20), a possible realization of the diffusion-
collision model ( 1 ), which proposes that proteins fold by
a large number of relatively equal, parallel pathways
rather than by a single defined sequence ofevents. It will
often be true, however, that "other factors" are not
equal. In particular, the stabilities of the individual heli-

TABLE 3 Folding states

State Helix pairs

I none
2 AB
3 AD
4 AB AD
5 BC
6 ABBC
7 ADBC
8 AB AD BC
9 CD
10 AB CD
11 ADCD
12 ABADCD
13 BCCD
14 AB BC CD
15 ADBCCD
16 AB AD BC CD

Connection between state number and type of helix pairs.
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FIGURE 2 An example of a chemical kinetics approximation, diffu-
sion-collision folding run. In this run, the individual helices were as-
sumed to be marginally stable (equilibrium constant 10-2), helix pairs
to be more stable (equilibrium constant 10-'), and clusters ofthree or
more helices to be as stable as helix pairs. The time scale is determined
by the microdomain stabilities.

cal microdomains and microdomain clusters will gener-
ally be different. This will affect the relative probabilities
ofthe folding pathways, and perhaps cause a single path-
way to dominate the folding kinetics. The relative im-
portance of individual pathways could change in evolu-
tion by mutations that affect the stabilities of microdo-
mains and the stability of their pairings. Determining
physical properties ofmicrodomains, in particular, their
intrinsic stabilities, is important in -differentiating fold-
ing pathways in the model. The spherical, analytical ap-
proximation to the rate constants used here does not
allow detailed molecular dynamics (step 5) to compute
the final positions of residues in the native structure of
the artificial four-helix bundle. It does provide the time
course of the kinetic intermediates (microdomain clus-
ters listed in Table 3) formed during the folding reaction
(for example, see Fig. 2) and the associated parallel path-
ways.

In future work, the Langevin kinetics method (21-24)
will be used for the dynamics, on a simplified representa-
tion of the modeled peptide chain derived from the first
three steps in the algorithm. The helices, sheets, and
loops in the model structure will be allowed to explore
conformational space to approximate the large move-
ments observed in the comparative structures ofhomolo-
gous family members ( 18 ). The resulting structure will
then be used in an all atom molecular dynamics simula-
tion (step 5) to allow the detailed inter-side-chain inter-
actions characteristic of a native, folded protein struc-
ture.

The authors would like to thank Suhail Islam, Martin Karplus, and
Michael Sutcliffe for useful discussions, Tom Blundell for the hospital-
ity of his laboratory, and the National Institute of General Medical
Sciences (grant 29553) for support.
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