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Researchers Perform Monte Carlo Studies

in Globular Protein Folding Research

Introduction

The ability to predict tertiary structure
of a globular protein, given the protein
primary sequence, is an important
unsolved problem of molecular biophys-
ics.! The solution to the protein folding
problem is not only of intrinsic interest,
but could also be of practical impor-
tance by allowing for the rational design
of novel proteins by genetic engineer-
ing, and for smaller proteins by solid
state synthesis techniques.' Unfortu-
nately, the elucidation of the factors
responsible for folding globular proteins
has remained elusive, and at present,
there are a large number of unan-
swered questions. The relative impor-
tance of the various kinds of secondary
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vs. tertiary interactions in determining
the folding pathway and conformation
of a native state is controversial.? Simi-
larly, the level of detail required for ter-
tiary structure prediction is unknown.
Turning to the actual folding process,
even less is known. What is the nature
of early folding intermediates? Is there
a muttiplicity of folding pathways,? or just
one?' With regard to the late folding
events, why is it that in most cases stud-
ied so far, the transition state appears
to be close to the native conformation?
Why is the rate of folding less sensitive
to the change of conditions than is the
rate of unfolding?* Can one predict the
effects of site-directed mutagenesis on
the folding and unfolding kinetics? It is
precisely the nature of the globular pro-
tein folding process which the research
described below has attempted to
address, with the ultimate goal being
protein tertiary structure prediction.

In the following, the development of a
series of idealized models designed to
elucidate the general features of the
equilibrium and dynamic aspects of
globular protein folding is described.>"?
Our objective is to develop schematic
models in which the minimum set of
interactions required to fold a real pro-
tein topology is identified, and compli-
cations are only introduced when a
simpler realization fails to produce an
essential feature of the physics. Most
important to the validity of this approach
is the requirement that the native state
cannot be specified in advance. Inter-
actions between any pair of spatially
close residues (and not necessarily
those in the native state) must be per-
mitted. Starting from a high temperature
denatured state, (that is generated at
random) the model must reproducibly
fold to and unfold from a unique native

state whose topology is found in real
proteins. For small proteins, the thermo-
dynamics of the conformational transi-
tion that emerges from the simulation
(and which is not built in) must be
consistent with a two state model." In
short, the model should possess all the
general features of the conformational
transition of real globular proteins.

Overview of the Model

The model consists of a consecutive
sequence of n beads confined to a tet-
rahedral lattice. A lattice representation
is employed because the Monte Carlo
(MC) moves can be performed using
integer arithmetic. This provides a sub-
stantial speed-up in the calculations.
Each bead represents an entire amino
acid residue. Thus, an o-carbon repre-
sentation of a globular protein is used
in which the virtual bond angles have
been slightly distorted to fit onto a dia-
mond lattice. A B-sheet is represented
as a sequence of coplanar trans (f)
states, and a right-handed a-helix is
represented as a sequence of out-of-
plane, gauche minus (g- ) states. There
is one additional rotational state, the
other out of plane, gauche plus (g+)
state.

To account for tertiary interactions, the
model primary sequence includes
hydrophobic and hydrophilic residues.
Non-bonded, nearest neighbor hydro-
philic-hydrophobic pairs of residues
interact with an attractive potential of
mean force, hydrophilic-hydrophobic
pairs interact with a repulsive potential
of mean force, and hydrophilic-hydro-
phobic pairs can be indifferent, margin-
ally attractive or repulsive,' with no
change in qualitative behavior.™
Continued on page 15
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Tumns are modelled as weakly hydro-
philic residues. On a diamond lattice,
a tumn consists of three residues in a
g+ g+ gt conformation. Two kinds of
tums have been considered, thus far.
In the “turn neutral” case, based on
short-range interactions, the t and g
states are isoenergetic; thus, there are
27 equally likely states. Native tums are
favored only by tertiary interactions. In
the “strong tum” case, g+ and g- states
are isoenergetic, and based on short-
range interactions, a native tum is but
one of eight equally likely conforma-
tions. Finally, we emphasize that turns
in particular, and the native conforma-
tion in general, have to be found and
are not enforced by any a priori restric-
tions in the algorithm.

Folding of B-Barrel
Globular Protein Models

While early work focused on the fold-
ing of B-hairpins and four member
B-barrels,>® our first attempt to repro-
duce a native-like B-protein topology's
focused on an analog of plastocyanin.?
We examined the conformational tran-
sition fromthe denatured state 1, to the
unique six-member, Greek-key struc-
tural motif,'s side and top views are
shown in 2a, and 2b of Figure 1 (page
16). This model has the same basic to-
pology as the real plastocyanin, except
that, in the interest of computational
economy, the end-B-strands'® not in-
volved in the Greek-key, have been
clipped-off (more recent work shows
that including these extra strands pro-
vides no new qualitative insights). The
native structure contains six anti-parallel
B-strands joined by four tight bends and
one long loop. The numbering se-

quence of the strands is indicated in 2b
of Figure 1, page 16.

In the first case considered, regions that
might form a B-stretch have an altemat-
ing odd/even hydrophilic-hydrophobic
pattern of residues in the primary
sequence; the putative tight turn resi-
dues are turn neutral, and for the long
loop sans long-range interactions, the
native conformation is one of 16 equally
weighted, lowest energy, conforma-
tions. The equilibrium conformational
transition that emerges is well approxi-
mated by a two-state model. However,
there is a marginally populated four-
member B-barrel intermediate formed
from B-strands 2-5, perhaps with p-
strand 1 attached. Thus for the first time
ever, a complicated native-like topology
has been uniquely obtained on folding
from the denatured state.

Continued on page 16
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The thermal stability can be enhanced
by increasing the preference of the resi-
dues in the putative tight turn regions
for gauche states (g+ and g- are isoe-
nergetic). Interestingly, we found that
the uniqueness of the conformational
transition (i.e., folding to one particular
native state) can be destroyed by
making the loop, based on short-range
interactions, totally indifferent to the
native state conformation. While, at very
low temperature, the unique six-
member B-barrel is still observed, in the
transition region not only is the

Figure 1.

Representative denatured state
conformation (1) in equilibrium with the
native, Greek-key B-barrel shown in a
side (2a) and top view (2b).

four-member B-barrel intermediate
substatially populated, but so are out-
of-register conformation of strand 6.
Owing to loop entropy, the loop literally
tugs at p-strand 6, puiling it into out-of-
register conformations. Thus, while their
secondary structures are not as regu-
lar as a-helices or B-sheets, loops may
play an important role in determining the
conformational stability of proteins.

While the previous work employed a
series of MC moves that could distort
the time scale because both local and
longer wavelength moves are em-
ployed, recently, a series of dynamic
MC simulations'? was performed in
which only local moves that reproduce
the correct local and global dynamics
for the denatured state, in the absence
of hydrodynamic interactions, are
allowed.' It was hoped that such a
simulation could provide some insight
into the protein folding pathways. A rep-
resentative folding trajectory for the

Greek-key is shown in Figure 2. Fold-
ing initiates at the tum between strands
2-3, followed by the fairly rapid zipping-
up of a B-hairpin. Of course, the nas-
cent structure might dissolve; there is
constant competition between structure
dissolution and formation during the
entire assembly process. All of the
B-tums between strands 2-3, 3-4 and
4-5, occur as folding initiation sites, but
the tum between strands 2-3 is some-
what more preferred because, owing to
the excluded volume effect, closed
loops are more likely the closer one gets
to the chain end.'? Following folding
initiation, the remaining strands of a
four-member, B-barrel (strands 2-5) zip-
up via an “on site” construction mech-
anism; that is, the existing B-strand
tertiary structure acts as scaffolding
onto which subsequent B-strands are
built. Assempbly of the four-member
B-barrel intermediate is a relatively rap-
id process, typically taking about
Continued on page 17
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of the total folding time. The folding
process is then punctuated by a very
long pause, as the remaining random
coil tail containing the long loop
thrashes about while it hunts for the
narrow entropic pass to the native state.
Now, the partially assembled structure
can hinder assembly. For example, the
tail might be on the same side as

Figure 2. Representative folding
trajectory of the Greek-key. The times
indicated in the Figure are from the
start of the simulation run. In every
time step, on average, each bead

strands 1-2, and it must rattle about until
it goes under or around the assembled
portions of the protein. Eventually, the
loop and strand 6 find themselves near
strands 1 and 3, after which assembly
is very rapid. Unfolding proceeds es-
sentially in reverse.'? Interestingly, this
is the same pathway observed with the
longer wavelength moves included, and
more importantly, in a new simulation
on a 24 nearest lattice model which
contains sidechains."” That is, it ap-
pears that the folding pathway is
universal, independent of both lattice
representation and the choice of local
elemental moves.

For the model B-proteins considered to
date, although diffusion-coltision adhe-
sion assembly'® involving preformed
B-strands could in principle contribute

to the folding process, it has not been
observed to do so. It is simply faster,
and more probable to initiate at a turn
and zip-up on-site, by pulling the pieces
of randomly coiled chain from the
denatured state, that to wait for the
assembled, marginally stable, isolated
B-strands to diffuse together and form
a B-hairpin. Moreover, the folding path-
ways are defined in a general sense,
with the degree of definition enhanced
the closer one is to the native state.
Folding can initiate at all the tums, but
the attachment of the long loop is al-
ways the rate determining step for
Greek-key assembly. While a coarse
characterization of the folding pathway
exists, there are a multiplicity of
spatial trajectories consistent with this
description.

Continued on page 18
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o-Hellcal Protein Model

Next, we examined the equilibrium
conformational transition between the
denatured state and a-helical folding
motifs.'®"! Helical wheel interactions
are introduced to marginally stabilize
o-helical secondary structures, and the
hydrophobic/hydrophilic primary se-
quence pattern is designed to distin-
guish exterior and interior surfaces of
helices, i.e., an amphipathic sequence
is assumed. Initially, the folding of a left-
handed, antiparaliel four-helix bundle,
having three tight tumns, as shown in
structure 3 of Figure 3, was investi-
gated." This is a crude model of the
native conformation of cytochrome ¢’
and myohemerythrin'®* and bears a
close analogy to the synthetic four-
helix bundle synthesized by Regan and
DeGrado.™ The sufficient conditions
for an all-or-none collapse to the unique
native structure are found to be an
amphipathic pattern of hydrophlic-
hydrophobic residues along with a cen-
tral turn neutral region. However, unlike
the B-barrel case, the external turns
need not be tumn neutral; this is because
in the models considered, the stability
of a helical haimpin is greater than the
B-haimin, and thus, out-of-register con-
figurations of the four-helix bundle are
unimportant.

We also folded an antiparallel four-
helix bundle with one long loop between
two of the helices (4 of Figure 3) which
is the topology of apoferritin,2 and four
helix bundle with two long loops, which
Continued on page 19

Flgure 3. Representative native
state topologies (left-handed side

of Figure) and actual folded native
state conformations (right-hand side
of Figure) for a four-helix bundle
having three tight bends (3), one
long loop between two of the helices
(4) and two long loops between two
pairs of helices (5).
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has a topology close to that of methionyl
porcine somatotropin?' (5 of Figure 3).
The long loops in each case are taken
to be hydrophilic and based on short-
range interactions, can locally favor
helix formation. In addition, the tight
fums need not be specified at all in the
primary sequence. They can be part of
an amphipathic amino acid pattem that
locally favors helices, and the molecule

Figure 4.

Representative folding trajectory of
a four-helix bundle with three tight
bends. The time indicated is from
the start of the simulation run.

adopts a turn conformation there to
minimize the global free energy. Thus,
a given secondary structure is not auto-
matically built into these models. The
properties of the folding/unfolding tran-
sitions are qualitatively the same as for
the topology with tight bends.

We, next, summarize the results on the
folding/unfolding pathways of these
a-helical protein models. We began by
investigating the folding of an o-helical
hairpin where the possibility of diffusion-
collision-adhesion assembly'® of pre-
formed helices is explicitly imple-
mented.' Again, as in the B-protein
case, this mechanism doesn't success-
fully complete with the on-site mecha-
nism. Folding typically initiates at or

near the a-helical turn, and then the

remaining portion of both helices zip-up
on-site. Another possibility is single he-
lix formation followed by subsequent
on-site construction of the second
helix. Tuming to the four-helix bundle
motif, Figure 4 shows a represenative
folding pathway of the four-helix bundle
with tight bends. A punctuated on-site
mechanism of folding is, once again,
observed. Similar behavior is seen for
the four-helix bundles with long loops
and is described elsewhere."

Summary

In this brief review, highlights of results
from a highly idealized series of mod-
els of globular proteins that reproduce
all the qualitative aspects of the equi-
Continued on page 20
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librium and dynamic features of the
globular protein folding process have
been presented. The fact that these
models work as well as they do, indi-
cates that the general rules of protein
folding are rather robust, i.e., while the
local structure is dependent on the inti-
mate details of the free energy surface,
the approximate backbone folding
topology, the thermodynamics and
folding kinetics can emerge from a sim-
plified model. The basic features that
appear to dictate the overall folding
topology are a general pattern of hy-
drophobic/hydrophilic residues, plusthe
presence of residues that are, at the
very least, neutral toward tum formation
at essential regions in the amino acid
sequence. With respect tothe pathways
of assembly, for a-helical, B-motifs and
mixed o/ motif proteins, the simula-
tions indicate that assembly proceeds
by an on-site framework construction
mechanism where folding initiates at or
near a native turn, followed by the se-
quential zipping-up of the secondary
structure on-site. In the early folding
stages, the already assembled secon-
dary structure serves as scaffolding
onto which subsequent- secondary
structure is built. In the later folding
stages, the existing structure can hin-
der assembly, as the remaining unas-
sembled parts of the chain thrash about
trying to find the native state. Overall,
there are a number of well-defined, but
non-unique folding pathways. The path-
ways are independent of lattice descrip-
tion and level of detail (side chains vs.
no sidechains). Recently, we have de-
veloped a more versatile lattice descrip-
tion including sidechains that allows for
mixed o/Bproteins, B-sheet twists,
realistic B-turn, etc.”” Work is now in
progress on these more sophisticated
models. Helical hairpins, more realistic,
tour-helix bundles, plastocyanin models

and mixed o/p motif proteins have al-
ready been folded, and the new model
appears to be very promising. We have
also developed algorithms that pull
these chains off lattice and provide a full
atom representation. Work on these
latter stages of native conformation
refinement is now in progress.
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