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Biological catalysts and regulators have assumed major in- 
dustrial importance, primarily in the production of pharma- 
ceuticals and foodstuffs (King, 1989). Heavy industrial use of 
proteins requires detailed knowledge of their thermodynamic 
stability, so that processes can be designed that will not dis- 
rupt the biological activity of the proteins. Proteins can be 
“denatured” with loss of biological activity through nonphysi- 
ological conditions such as high temperature, acidic or basic 
pH, or the presence of some nonaqueous solvents (Cantor 
and Schimmel, 1980). 

A theoretical understanding of protein stability is desirable 
but presently not complete (Chan and Dill, 1993; King, 1989). 
We have been studying simple protein models to determine if 
some features of the experimentally observed thermodynam- 
ics of denaturation of real proteins can be captured by such 
models. The first model we have investigated-the Dill 
model-represents a protein as a connected series of hy- 
drophobic and hydrophilic beads on a lattice, with nearest- 
neighbor interactions between the constituent beads (Lau and 
Dill, 1989). Much work has been done on this and similar 
simple models of late (Chan and Dill, 1989, 1990, 1991; Miller 
et al., 1992; Shakhnovich and Gutin, 1989; Shakhnovich et 
al., 1991; Gutin and Shakhnovich, 1993). These models sub- 
mit themselves to extensive analysis, at least for short se- 
quences of length 14 to 27. For instance, it has been found 
that the folding kinetics of 14-bead sequences of the simple 
Dill model are strongly dependent on the strength of attrac- 
tion between hydrophobic beads, with intermediate strengths 
providing the fastest folding through identifiable intermedi- 
ates (Miller et al., 1992). Shakhnovich and co-workers have 
examined a model that allows a greater variety of model 
beads, and have found that only one out of 30 sequences of 
length 27 fold to the global minimum in a reasonable amount 
of time (Shakhnovich et al., 1991). They have also found that 
the lower the energy of the global minimum in their model, 
then the lower the degeneracy of this state will be (Gutin and 
Shakhnovich, 1993). In our previous work on the simple Dill 
model which allows just two model residue types, we have 
found that the thermal denaturation curve for ,some se- 
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quences of length 48 of this model approximates the sharp- 
ness observed for real proteins (O’Toole and Panagiotopou- 
los, 1992). However, there are some shortcomings in the ther- 
modynamic behavior of this model. In particular, the low-en- 
ergy states corresponding to “native” states in real proteins 
are never destabilized at very low temperature, contrary to 
experiment, and there are no unique low-energy structures 
for many sequences (O’Toole and Panagiotopoulos, 1993). A 
key omission from the model is an orientable solvent which 
interacts with orientable beads on the model backbone in such 
a way as to make stable conformations in which beads that 
interact unfavorably with the solvent are oriented away from 
it and beads that interact favorably with the solvent attempt 
to surround themselves with solvent. Native protein confor- 
mations exhibit this sort of ordering. Also lacking from the 
model are directed interactions between the model beads that 
stabilize ordered, regular structures, in much the same way 
that hydrogen bonding between amino acids-the basic 
monomer units of real proteins-stabilizes structures such as 
a-helices and P-sheets in proteins. 

From the results we have obtained with the Dill model 
(O’Toole and Panagiotopoulos, 1992, 19931, it seems that by 
replacing such orientationally-dependent interactions with 
interactions that depend solely on the number of nearest- 
neighbors some important physics is lost. In this note, we 
describe a model which attempts to include the directional 
interactions omitted by the Dill model. We also briefly de- 
scribe the modified Rosenbluth and Rosenbluth and 
Metropolis methods that we use to study this model. Finally, 
we give some preliminary results obtained from the model. 

Model and Methods 
This model is based on previously available lattice models 

of water (Bell, 1972; Meijer et al., 1981). These models at- 
tempt to capture several characteristic properties of real wa- 
ter-directional bonding which depends on the orientation of 
the solvent molecules, tetrahedral coordination, and the den- 
sity maximum seen in water at around 4°C. While the original 
work on these models (Bell, 1972; Meijer et al., 1981, 1982; 
van Royen and Meijer, 1984, 1986) suggested that they pro- 
duced results in good qualitative agreement with experimen- 
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Figure 1. Hexagonal lattice, distorted for clarity. 
This lattice consists of layers of hexagons stacked in the z 
axis so that the hexagons align; individual hexagonal layers 
are corrugated, but appear flat for clarity. The layers have 
also been separated; there are hexagonal structures in the 
x-z and y-z planes, but they do not align. Layer B is the 
mirror image of layer A. 

tal results for water, more recent work (Borick and 
Debenedetti, 1993) has shown that the behavior of the low- 
temperature density maxima does not agree with experiment. 
This unphysical behavior is attributed to the repulsive inter- 
action in the models responsible for the density maxima. 
However, the anomalous low-temperature expansion of water 
is not of interest to us. The models do incorporate a simple 
directional-bonding mechanism which we may use as the ba- 
sis for a protein model which will allow for directed bonding 
between model backbone beads. In addition, the model sol- 
vent can assume structure analogous to that seen in water, 
with the solvent capable of forming a maximum of four di- 
rected bonds with its nearest neighbors. The lattice that forms 
the basis for our model is the 3-D hexagonal lattice, a tetra- 
hedrally-coordinated lattice that allows for helical structures. 
This lattice is illustrated in Figure 1. Each vertex of this lat- 
tice is occupied by either one of two entities: a model back- 
bone bead, or a model solvent, both of which are illustrated 
in Figure 2.  To define orientation, each model bead has 
“arms” which point towards the vertices of a tetrahedron and 
which are labeled as positive or negative. Overlap between 
arms of opposing sign on neighboring beads will result in an 
interaction as explained below and described in Table 1; if 
the overlaping arms are of the same sign then there is no 
interact ion. 

There are four arms extending from each lattice site on 
which a solvent is located, as indicated in Figure 2.  Two of 
these arms are designated positive, two are designated nega- 
tive and there is a favorable interaction when a negative arm 
on a solvent overlaps with a positive arm on a nearest- 
neighbor solvent. Each model backbone-bead has two arms, a 
single positive arm and a single negative arm. There are two 
types of backbone bead, designated hydrophobic and hy- 
drophilic, with favorable interactions between constituent 
backbone beads when a positive arm extending from a back- 
bone bead overlaps a negative arm extending from a 
nearest-neighbor backbone bead. A “bond” formed in this 

Backbone Solvent 
~~ ~~~ ~ ~~ ~~ ~ 

Figure 2. Model backbone bead and a model solvent. 
Appendages from both types of bead are in a tetrahedral 
orientation; leftmost appendages from both beads in the fig- 
ure, extending in the - y direction, do not lie in the plane 
of the page. To give a sense of perspective, lines projecting 
into the plane of the paper diminish in thickness; thick lines 
through the backbone bead represent the backbone links. 
The arrows on these links define the direction along the 
backbone from beginning to end, as described in the text. 
The positive arm on the backbone bead extends to the left 
as one looks down the backbone in the direction indicated 
along the backbone. 

way can stabilize regular model protein structures on the 
beads which is independent of their orientation similar to the 
simple Dill model. This attraction is of equal strength to the 
favorable interaction between two backbone beads when a 
positive arm on one bead overlaps a negative arm on a near- 
est-neighbor bead. 

Two methods are used to examine the behavior of this di- 
rectional protein model. The modified Rosenbluth and 
Rosenbluth (19.55) method described in a previous publica- 
tion (O’Toole and Panagiotopoulos, 1992) has been adapted 
to study only the vacuum variation of the model described 
above. Extending the technique to incorporate the solvent is 
problematic, and has not been attempted. This technique in- 
volves generating a sample of protein conformations. Each 
conformation is generated using a step-by-step growth of the 
protein on a lattice in multiple-bead sections, with the con- 
formation of each successive section being chosen with prob- 
ability proportional to its Boltzmann weight. Because of this 
generation process, every conformation in the sample has an 
associated statistical weight. Average properties are calcu- 
lated from the sample and its correcting weights, as described 

Table 1. Interactions between the Entities Possible in the 
Model: Hydrophobic Beads (H), Hydrophilic Beads (PI and 

Solvent S 

Interaction Strength 
P - P  - 1  
P - H  - 1  
H - H  - 1  
P - s  -1 
H - S  +1 
s - s  -1 

*A negative sign indicates attraction and a positive sign indicates repul- 
sion; interactions are scaled with the hydrophobic-hydrophobic attrac- 
tion. 
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elsewhere (O’Toole and Panagiotopoulos, 1992; Szleifer et al., 
1992). 

The method of Metropolis et al. (1953) has been applied to 
the full model incorporating both orientable solvent and di- 
rectional backbone, and also to the vacuum variation where 
the orientable solvent is removed. To apply the Metropolis 
method, we use a set of moves to perturb a starting confor- 
mation with each perturbation being accepted or rejected ac- 
cording to the probability given in Metropolis et al. (1953). If 
a perturbation is accepted, the resulting conformation be- 
comes the basis for all subsequent perturbations until the next 
successful change. A new backbone conformation is pro- 
duced by rotating the shorter end of the model protein a ran- 
dom amount in a random direction about a randomly chosen 
bead. We should note that our previous work with the Dill 
model using a similar algorithm demonstrated sampling prob- 
lems for chains longer than 48 beads. New solvent orienta- 
tions are derived by selecting an individual solvent molecule 
at random and attempting to randomly change its orienta- 
tion. This second, solvent “flip” move, is also applied to sol- 
vents displaced during a backbone rotation move. Annealing 
simulations that mimic denaturation are performed as de- 
scribed in previous work (O’Toole and Panagiotopoulos, 1992) 
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Results and Discussion 
Three sequences were studied: a short 15-bead sequence 

(P,H,P,H,P,) and two 48-bead sequences-(H,P,), and 
P,(H,P,),H,P,. The 15-bead sequence was constructed ran- 
domly, and is 40% hydrophobic. Both 48-bead sequences have 
been studied previously using the simple Dill model (O’Toole 
and Panagiotopoulos, 1992). All three sequences were stud- 
ied in vacuum; the fifteen bead sequence was also studied in 
a solvent bath. As with our previous work on the Dill model, 
the modified Rosenbluth and Rosenbluth technique is found 
to provide efficient sampling of model protein conformations 
in vacuum at all temperatures. Equilibrium thermal denatu- 
ration transitions for two of the three sequences in 
vacuum-P, H, P, H , P3 and (H jP3)8 -calculated using this 
technique are plotted in Figure 3. These calculations were 
performed on a CM-5 parallel supercomputer at NCSA in 
Illinois. The statistical uncertainty for the transition curve 
calculated with the modified Rosenbluth and Rosenbluth al- 
gorithm is of the magnitude of twice the line thickness. The 
uncertainty was determined from independent runs at identi- 
cal conditions. The transition for sequence (H3P3l8 is the 
sharpest we have calculated thus far with the directional 
model, and is significantly sharper than the transition calcu- 
lated with this sequence for the Dill model (O’Toole and 
Panagiotopoulos, 1992). However, it is not as sharp as the 
sharpest transition calculated with the Dill model. There is a 
“bump” in the transition at approximately T* = 0.8. This 
“bump” is independent of sample size, within the error of 
our calculations, and separates the denaturation transition 
from the single low-energy state found for this sequence into 
two stages. Two-stage denaturation of this sort is unique 
within our experience of both this directional model and the 
simple Dill model (O’Toole and Panagiotopoulos, 1992, 19931, 
and may disappear with a much larger sample of generated 
conformations. However, multistage thermal denaturation is 
well-known experimentally (Privalov, 1982) and indicates that 
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Figure 3. 
T 

Thermal transition for two sequences in vac- 
uum, calculated using the modified Rosen- 
bluth and Rosenbluth technique. 
1 -P2H2P4H4P;; 2-(H3P3), cnsemble averaged reduced 
energyperresidue ( ( E * ) / ( n , ,  + n p ) =  ( E ) / ( n l , +  n p k l , H )  
is plotted against reduced tempcraturc (T: = kT/ ~ F l i , ) ;  c l i F ,  
is the dirccted hydrophobic-hydrophobic intcractton; nil IS 
the number of hydrophobic beads; n p  is thc number of hy- 
drophilic bcads. 

some sections of the protein are more thermally stable than 
others. 

The thermal denaturation transition for the sequence 
P2(H4P4)5H4P2 has also been calculated in vacuum. It is less 
sharp than the transition for (H,P,), shown in Figure 3. The 
transition for the sequence P,(H,P,),H,P, of the Dill model 
(O’Toole and Panagiotopoulos, 1992) is significantly sharper 
than the transition calculated with this sequence using the 
directional model. Both 48-bead sequences were found to 
have just one low-energy state in our simulations. Thc single 
low-energy state found for the (H,P,), sequence is shown in 
Figure 4. This compact conformation has an energy of -34. A 
reasonable amount of ordering is seen in the structure, with 
most hydrophobic beads gathering at the core of the struc- 
ture. The low-energy state found for the sequence 
P,(H,P,),H,P, has an energy of -33 and does not exhibit 
the same amount of ordering as the structure of Figure 4. 

The simple solvent “flip” algorithm allows calculation of 
accurate average energies for solvent baths without model 
protein backbone. The change in average bath energy with 
temperature is much more gradual than any of the thermal 
transitions we have calculated for model proteins in vacuum. 
The presence of model protein has no detectable effect on 
the average bath energy. However, the solvent bath appears 
to have a significant effect on the thermal denaturation tran- 
sition for the short sequence P,H,P,H,P,. The transition 
calculated in a solvent bath of 403 solvents for this short se- 
quence is noticeably less shap than the corresponding vac- 
uum transition. Sampling inefficiencies experienced with the 
Metropolis algorithm described here for significantly longer 
model proteins in solvent prevent us from making any state- 
ment about the general effect of solvent on model protein 
denaturation transitions. There are reasons why we might ex- 
pect a decrease in abruptness of thermal denaturation transi- 
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quence lengths described here. The Metropolis algorithm 
used provides effective sampling for the short sequence. Sharp 
thermal denaturation transitions are possible in vacuum, al- 
though none of the sequences examined thus far displays a 
transition as sharp as the most abrupt transition calculated 
with the Dill model. Single low-energy conformations were 
recovered for both 48-bead sequences in vacuum. A simple 
solvent “flip” algorithm does provide efficient sampling for 
the solvent bath, which shows a more gradual reduction in 
the calculated average energy with increasing temperature 
than does either sequence in vacuum. The presence of an 
orientable solvent makes the transition calculated for the 
short sequence less sharp when compared to the transition 
this sequence displays in vacuum. Sampling inefficiencies 
prevent us from drawing any conclusions about the generality 
of this effect. It is possible that with the interaction set de- 
fined for the model may, in general, result in model protein 
energies in solvent that are less dependent on conformation. 
More work is needed to investigate this. However, the work 
described in this article shows that the model strategy out- 
lined here provides a simple means of testing hypothetical 
mechanisms of protein stabilization in solution. 

Single low-energy structure found for the se- 
quence (H3P3I8. 
Arms extending from the beads have been omitted for clar- 

Figure 4. 

ity. 

tion for most sequences in solvent baths. It is possible that 
the interaction set defined above does not represent a proper 
balance between the interaction of model protein beads with 
themselves and with solvent. While the model hydrophobic 
beads interact with the model backbone differently to sol- 
vent, the hydrophilic beads do not. In vacuum, a disruption 
in backbone conformation may result in a significant change 
in interaction of both hydrophilic and hydrophobic beads with 
their environment. A similar configurational change in sol- 
vent might only result in significant energy change for the 
hydrophobic beads. Since it is possible for a model hydropho- 
bic bead to be completely exposed to solvent with no result- 
ing repulsion, the net hydrophobic-solvent interaction may be 
equivalent to  the hydrophobic-vacuum interaction. Thus, the 
energy of the model backbone in solvent may be much less 
dependent on conformation than is the case in vacuum. More 
work needs to be done to demonstrate that the model as cur- 
rently defined will in general result in less abrupt denatura- 
tion transitions in solvent, and to investigate the possible ex- 
planation offered for such behavior. 

Conclusions 
In this article we have outlined a directional lattice protein 

model which includes an orientable solvent, and a vacuum 
variation where the solvent is removed. We have presented 
some preliminary results obtained for three sequences: a short 
random 15 bead sequence, and two 48-bead sequences stud- 
ied previously with the simple Dill model. Thermal denatura- 
tion transitions have been calculated for all three sequences 
in vacuum, and also in solvent for the short 15-bead se- 
quence. The modified Rosenbluth and Rosenbluth technique 
is found to provide efficient sampling in vacuum for all se- 
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