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structure and dynamics of a protein model
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The 46-bead, three-color model of3ebarrel-forming protein is modified by the addition of a single

side group, represented by a bead which may be hydrophilic or hydrophobic. Molecular dynamics

and quenching simulations show how the nature and location of the bead influence both the structure
at the global minimum of internal energy and the relaxation processes by which the system finds its

minima. The most drastic effects occur with a hydrophobic side group in the middle of a sequence

of hydrophobes. ©1999 American Institute of Physids50021-96069)50931-§

I. INTRODUCTION bal minimum and low-energy configurations of complicated

. - . multidimensional potential surfaces. One usually begins MD
That small changes in the sequence of protein’s aming

. . L . ) . runs (constant temperature or energy, or with annealing
acids may drastically affect its biological functions is well ) . )

. from randomly selected configurations and finds, by the

known. Much theoretical effort has been expended to under- . - s .

stand(or, even better, to predicthe kinds of changes and quenching procedure, the minima visited along the trajectory

the points of the polypeptide chain to which these functionsOf the run. This method does not guarantee, however, that

are most sensitive. The protein’s biological activity is be.One will find thg g_lo.b.al minimum. Trgjectories of systems of
lieved to be determined by its geometrical structure at théome.complexny initiated at rather high temperatures or total
minimum (or at one of several suitable miniinef its mul- energies may well take far too long to enter the basin con-

tidimensional potential enerdyr free energysurface. Con-  taining the global minimum, due to the enormous number of
sequently finding the global-minimum structure of the foldedtN€ir accessible configurations. On the other hand, at low
chain and the rate at which the system finds this minimunj€mperatures the system may be trapped at some local mini-
from an unfolded configuration have been goals of most offUm and never reach the global minimum.
those studie&™® If we had some idea what the geometry of the global
In the present paper we use molecular dynamics simul@Minimum might be, we could use a variety of “close-to-
tions and the vehicle of the three-color 46-bead model tdninimum” (CTM) structures as starting configurations for
study how the addition of a side group to the main chain ofMD runs, hoping that they will bring us to the real global
46 amino acids affects the relaxation rates and structure ghinimum faster and with greater probability than runs from
the lowest minima of the protein potential energy. A singlerandomly chosen initial configurations. In such an approach
bead attached to one of the beads of the chain represents the should, however, keep in mind that runs starting from
side group. We have chosen that protein model for the folsome low-energy configuration may very well explore that
lowing reasons. The model, with its tuned sequence of beadsitial basin only, which may not be the one where the global
and bead-bead interaction parameters, was developed byinimum is located. So if there are several “suspicious”
Skolnick et al®° as a lattice representation and then wasCTM configurations, all of them should be checked, espe-
extended by Thirumalast al®!to be a continuum model. cially those separated by high barriers. Surely the closer the
It was then shown that this model reaches ghlearrel struc- assumed CTM structure is to the real global minimum, the
ture of the polymer guided by the staircase nature of théetter the method works; however we have fousde be-
topography of its potential surface, as structure-seeking sysew) that even when the assumed structure appears not to
tems seem to b&:**Later the model was used to investigate belong to the global-minimum basin, this method finds the

how the topography of the potential surface is linked to theglobal minimum more effectively and faster than MD runs
dynamics of its folding* It was then modified for a study of from unfolded configurations.

the self-%ssemb!y of separated strands into fhbarrel We take here, as initial configurations for MD runs, both
structure™® A similar model for a 38-residue chain was the high-energy unfolded configurations and already folded
object of a study by Hao and Scherada: CTM configurations, which we suspect are close both in en-

How might we use molecular dynamics to find the ef- ergy and geometry to the real global minimum. We have
fects _of mutations on the struct_ures gnd dynamic behavior_oéhosen CTM configurations assuming that adding a short
proteins? One standard way is using 2rlnole_cular dynamicgpne-pead side chain is unlikely to make great changes in the
(MD) with Stillinger—Weber quenchirig*!to find the glo-  gtrycture and energy of the lowest configurations of the main
46-bead chain. This 46-bead structure is formed by four
3Electronic mail: berry@rainbow.uchicago.edu strands. Two of them, beads 1-9 and 24-32, contain hydro-
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FIG. 2. A structure withB strands ordered almost as in Fig. 1, but with the

FIG. 1. Thep-barrel global minimum structure of 46-bead chain. ! o )
two hydrophobic—hydrophili¢BL) strands interchanged.

phobic(B) beads only, while the other tw@d2—-20 and (36—

46) are constructed of alternating and hydrophilic (L) have similar energies, which implies that one may wish to
beads. These four strands are connected by three sharheck related structures to establish their proximity to the
“bending junctions” constructed of neutraN) beads(10—  real global minimum.

12, 21-23, and 33—-35Hence we have chosen as a CTM What are the effects of docking the side bead at different
configuration the structure whose 46-bead core has thsites? The three-color 46-bead model has many ways to add
“pure” B-barrel form (in the global minimum of the free a single-bead side chain: the side chain can bB,df or N
46-bead chain, see Fig),land with an extra bead added to type, and it can be added to any of the 44 beads within the
some docking site of the main chain at the distaR® main chain. We are most interested in situations that maxi-
which minimizes the local bond energy, and in the geometrymize the effect of the side bead, so we should determine the
which minimizes the local dihedral angle potential. The“weakest” (most sensitive sites in theB-barrel structure.
B-barrel core has, in addition to the structure in Fig. 1, an-Because the twd® strands buried inside the folded protein
other stable configuration with almost the same ordering of constitute the core of the ordered structure, the protein
strands, but with the positions of the tvBL strands inter- should be very sensitive to chang@sutations involving B
changed; this is shown in Fig. 2. Because the main contribustrands. On the other hand, the “easy-bendifgjoints are

tion to the total potential energy comes from the interactioncrucial for the folding, so mutations in their vicinity may also
of the B strands, these two configurations of the 46-bead corenfluence greatly the whole picture. For these reasons we
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Figure 4 shows time histories of the “quenched ener-
gies” from typical low-temperature MD runs; that is, the
sequences are those of the energies of the minima around
which the system is oscillating each time the system is inter-
rogated. In these runs, the interrogations occurred every
2000 time steps. The time is a scaled quantity; if masses of
all the beads are fixed at 40 D, each time step corresponds to
10~ *s. The time per step varies with'fh The temperature
scale is also fixed by the choice of mass and interaction
energy. The energy parameters are those of Thiruneaial.

With these and a mass of 40, the temperature values given
here are in K.

The runs were all initiated from initial CTM structures,
and were done witlB, L, andN side beads. They illustrate
that all three types of augmented structures of the protein
model do have stable configurations whose geometries and
energies are close to those of the initial structures. Moreover
the results show that the protein model finds these configu-
rations by almost barrierless relaxation from those initial
CTM structures. However these examples alone do not re-
veal the most significant consequences of the side bead.

For B, N, andL cases the energies of these minima are
—0.51, —0.50, and—0.49 eV, respectively; again, the con-
figurations withB and BL strands interchanged have very
similar energies. The sequence of these energies is simply
related to the interbead potentials: attraction Bbeads,
repulsive forL (to assure that they stay on the outside of the
barre), and neutral forN. At a moderate temperature, the
system visits higher-energy configurations, which corre-
spond to the screw-type, rotation—translation structural trans-
formations found previously for the 46-bead motfelAs
Fig. 4 shows, the model with an addBdbead has a higher
probability of occupying an excited configuration than the
or N mutations, despite the lower temperature of the run; this
is a result of a higher density of excited states for Be
mutation. We discuss this important featureBnutations
FIG. 3. An assumed close-to-minimut€TM) structure of the 47-bead 1N SOMe more detail below.
protein model with bead 47 attached to the core 46-h@hdrrel structure For L and N cases, neither high-temperature MD runs
at site 5. from CTM configurations nor relaxation from unfolded con-
figurations, as shown in Fig. 5, reveal any minimum with an
energy lower than the energy of configurations close to CTM
sa%ructures. This strongly suggests that the global-minimum
structure forL and N mutations is very close indeed to the
initially supposed CTM configuration of Fig. 3, the almost
perfect free 46-bead folded core with a side bead at position
which minimizes local bond energy and local torsion-angle

We summarize the results by examining the effects ofenergy.
placement of the side bead, beginning with the placement With B structures the situation is quite different. Al-
that has by far the greatest effect on the structures and dyhough low-temperature runs indicate that there is a stable
namics of the model. Within each section, we discuss the€onfiguration very close to the initial CTM structufEig.
influence of the side bead on both structure and dynamics.4(@], some high-temperature runs reveal the existence of
configurations with still lower energies, as shown in Fig. 6.
Some of the MD runs that start from unfolded structures also

We present the results for a side bead attached at site fihd the same lower-energy states; see Fig. 7. We conclude
to the(1-9 B strand. Adding the side bead to site 6 or to thethat the structure generated by direct relaxation of the ini-
(24-32 B strand produces essentially the same effects. Ongally supposed CTM configurations corresponds to a local
of the corresponding CTM configurations is shown in Fig. 3.minimum while the global minimum has quite a different
Having chosen the docking position, we may select any obtructure with the adde bead ‘buried’ inside th® strands,
the three kinds of beaB, L, or N. as in Fig. 8. Figure 6 illustrates how the transition from a

have concentrated in the present paper on the effects of
side chain attached either to the middle @ atrand or close
to a bending area.

Il. RESULTS

A. Mutations in the middle of B strands
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CTM structure to the global minimum occurs by a ratherrather high, to keep the strands stretched and stiff. This
complicated structural transformation with a rather high barmodel was designed specifically to imitate solvent contribu-

rier. tions in the effective potential. The force constants are, as a
result, not particularly close to those of a solvent-free, iso-
1. Coexistence phenomena lated chain of amino acid residues. Because of the nature of

. this force field, the angular degrees of freedom become un-

Many polyatomic systems, clusters for example, may ex- .

hibit coexisting phases over ranges of temperature and prefr_ozen only at temperatures much higher than that tempera-
re of the folded—unfolded transition(This is a well-

sure, due to the small differences between free energies . o )
different phase-like forms. As in all phase transformationsrecognlzed limitation of the particular model, and we are at

that become first order in the large-system limit, one phasewOrk now on a version that W'”, overcome .th|s restnc.tqon.

like form gains its stability from its low energy, and another,  However the 47-bead protein model, with the addition of
from its higher density of states and consequent higher ertS €xtra side bead in the middle of & chain, loses that
tropy. (Such coexistence “sharpens” as the number of parPrecise s.t.ruct-ural tuning of the-barrel model. A; a result of
ticles in the cluster increases, so that in systems of macrdhis modification, the augmented model has “distorted” con-
scopic size, this coexistence is observable only undefigurations for which the destabilization energy due to
conditions in which the chemical potentials of the téar changes in the torsion angles is comparable with the stabili-
more forms are equal, the condition giving rise to the tradi- Zation energy accompanying changes in the bead—bead in-
tional first-order phase transitionWe may expect such teractions. This circumstance effectively unfreezes the
finite-system behavior also for proteins and many other polytorsion-angle degrees of freedom, and so makes phase coex-
mers, in the form of the folding—unfolding transition. When istence possible. We have indeed found the signature of
a protein unfolds, we might expect many “extra” torsion- phase coexistence; it is most evidentBnmutations, illus-
angle degrees of freedom to become unfrozen, creating #ated in the time history of the potential energy of the
bulge in the density of states at moderately high energiegjuenched structures shown in Fig. 9. This phase coexistence
However MD runs for the 46-bead model have shown nooccurs in the temperature interval from 39 to 52(i the
evidence of such behavior. The reason, we believe, is that thenits of the calculation The excited configurations with en-
model is “too well tuned” insofar as it is designed to have ergies around—0.50 correspond to structures with totally
the B-barrel structure as its global minimum; in particular the reconstructed(‘melted’) cores; see Fig. 10. Each of the
torsion-angle force constant fBrandL beads has been made “large-scale” phase-like forms shows evidence of some sub-
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results of MD runs starting from both unfolded and folded
CTM configurations have shown that the side bead in such
locations has considerably less effect on the folded structure
of the core 46-bead protein than if it is in the middle dBa
strand. The reason is that in the bending regions the energy
required to change torsion angles is rather small and allows
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in the (1-9 B strand, the structural flexibility of that part of
FIG. 5. Typical isothermal MD runs at 33 K f¢e) L and(b) N mutations  the chain shows itself in that the added bead can either par-
in the B-strand region starting from unfolded configurations and ending at,. . . . .
the global minimum. ticipate in coupling betwe_en twe st_rands[Flg. 11(a)] or
provide an extra nonbonding attraction betweenBhstrand
_ and one ofBL strands[Figs. 11b) and 11c)]. Adding aB
structure: energies fall betvyeen abou0.518 and—0.512  pead to site 9 makes tH@—9 B strand effectively longer,
for the global minimum region, and between abet.495  providing opportunity for an extended two-step sliding of
and —0.487 for the first pronounced set of excited structuresthat strand along anoth& strand, in contrast to the original
46-bead chain in which a one-step screw motion is appar-
B. Side bead near the bending region ently the lowest-energy path for sliding one strand against

In another series of simulations, an extra bé@dN, or the others.

L) has been added to eithB+site 9 or toN-site 10 or 11. The
1. Relaxation rates from unfolded configurations

042 ‘ ‘ L We used both isothermal and annealingntrolled cool-

ing) MD from different unfolded initial configurations to ob-
serve the relaxation of the bend-substituted models. As al-
ready mentioned, the presence of the extra bead destroys to
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FIG. 8. Geometry of the global minimum structure ®mutations in theB
strand region showing strong rearrangement of CTM structures of Fig. 2.
The energy for this structure is0.518. This figure has the added bead at
site 5, but the results are similar foBebead anywhere in the middle part of

a B strand.

We have observed thati) a B-substituted chain folds
faster tharL- andN-substituted chains; the moBebeads the
model contains, the stronger the forces are that cause col-
lapse of the chain(2) whether by annealing or by moderate-
temperature isothermal relaxation, protein models Wwitnd
N mutations attain their global minimum structures much
more often than dd@-mutated models. Proteins with muta-
tions in bending areas fold faster than those with an extra
bead in the middle of 8 strand and usually find their global
minimum structure readily.

2. Conclusions and discussion

As we have already mentioned, and as Fig. 3 i”'_JStrateSFlG. 10. Structure of excited configurations with energy abeQt49 for an
attachment of an extria or N bead has a rather small impact extraB bead at site 5.
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FIG. 11. Low-energy configurations with the exBabead at site 9; due to
the flexibility of the bending area the side bead can participate in bonding
(a) with the otherB strand, energy-0.526; (b) with the right BL strand,
energy—0.499; and(c) with the left BL strand, energy-0.515.

(b)

upon the folded structures, in the sense that the cores of thepbobic kernel of thes-barrel, it would increase the system’s
structures resemble the global minimum structure of a 46energy considerably. Even a neutibead pushing into the
bead polymer. This is because the low-energy conformationg-barrel would also increase the energy. Since the interaction
have the hydrophilid. bead protruding out of the protein of anN bead with any of the other beads is weak, the result-
into the solution; were it to “point inward,” into the hydro- ing energy change would be determined by the energy loss
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due to distortion and breaking of nonbonded attractions ohonviable effects in proteins. However it must be remem-
the ideal barrel structure. The excited configurations whictbered that this study is based on a simplified, rather unreal-
contain those distortions have rather high energies comparastic model, and that the results must be considered sugges-
with those of B mutations. That is whyL- and N-mutated tive rather than demonstrative.
structures remain predominantly in their global minimum ba-
sins unless the tempgrgtures are rather lsgle Fig. 4 and ACKNOWLEDGMENT
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