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The folding of an extended protein to its unique native state requires establishment of specific,
predetermined, often distant, contacts between amino acid residue pairs. The dynamics of contact
pair formation between various hydrophobic residues during folding of two different small proteins,
the chicken villin head piecdHP-36 and the Alzheimer protein3-amyloid (B8A-40), are
investigated by Brownian dynamid®8D) simulations. These two proteins represent two very
different classes—HP-36 being globular whig&-40 is nonglobular, stringlike. Hydropathy scale

and nonlocal helix propensity of amino acids are used to model the complex interaction potential
among the various amino acid residues. The minimalistic model we use here employs a connected
backbone chain of atoms of equal size while an amino acid is attached to each backbone atom as an
additional atom of differing sizes and interaction parameters, determined by the characteristics of
each amino acid. Even for such simple models, we find that the low-energy structures obtained by
BD simulations of both the model proteins mimic the native state of the real protein rather well, with

a best root-mean-square deviation of 4.5 A for HP-36. BAr40 (where a single well-defined
structure is not availabjethe simulated structures resemble the reported ensemble rather well, with
the well-known -bend correctly reproduced. We introduce and calculate a contact pair distance
time correlation functionC#(t), to quantify the dynamical evolution of the pair contact formation
between the amino acid residue padirandj. The contact pair time correlation function exhibits
multistage dynamics, including a two stage fast collapse, followed &lpw (microsecond long)

late stage dynamickor several specific pairs. The slow late stage dynamics is in accordance with
the findings of Saliet al. [A. Sali, E. Shakhnovich, and M. Karplus, NatuBé9 248 (1994].
Analysis of the individual trajectories shows that the slow decay is due to the attempt of the protein
to form energetically more favorable pair contacts to replace the less favorable ones. This late stage
contact formation is a highly cooperative process, involving participation of several pairs and thus
entropically unfavorable and expected to face a large free energy barrier. This is because any new
pair contact formation among hydrophobic pairs will require breaking of several contacts, before the
favorable ones can be formed. This aspect of protein folding dynamics is similar to relaxation in
glassy liquids, where alse relaxation requires highly cooperative process of hopping. The present
analysis suggests that waiting time for the necessary pair contact formation may obey the Poissonian
distribution. We also study the dynamics ofrEt@r energy transfer during folding between two
tagged amino acid pairs. This dynamics can be studied by fluorescence resonance energy transfer
(FRET). It is found that suitably placed donor—acceptor pairs can capture the slow dynamics during
folding. The dynamics probed by FRET is predicted to be nonexponential.

I. INTRODUCTION For any real protein, if we assume the landscape para-

The nonequilibrium dynamics of folding of an extended 9i9m and the associated folding funnel as the appropriate
protein chain to its unique folded native state a highly description of the pathways leading to the native state, the
complex problem with many interesting aspects which aréluestion regarding the dynamics of folding inevitably boils
currently being intensely investigated by physicists, chemdown to a problem of evolving a microscopic framework
ists, and biologists. Recent experimental, theoretical, andescribing the dynamics of pair contact formation. The dy-
computer simulation studi&s? have unearthed and ex- namics of pair contact formation is highly a nontrivial prob-
plained many fascinating aspects of folding. The paradigm ofem because it is a highly cooperative process, involving
energy landscapéwith the idea of folding funnel directing connected residues of different shapes, sizes, interactions,
the dynamics has provided a new insight into the etc. In a qualitative sense, one can attempt to understand the
problent®~*?and has helped in generating a language to disiitial stages as hydrophobic collapse and secondary struc-
cuss the folding problem. ture formation. However, quantitative understanding of even
this elementary process is highly nontrivial. As described by
dElectronic address: bbagchi@sscu.iisc.ermet.in Gray and co-workers, the two collapsed states close to the
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unique native structure can have very different free energgequence number of the amino acids along the contour of the
barrier’® While energetic penalty for forming a wrong con- chain. Therefore, it may appear that the initial stage of rapid
tact could be negligibléeven less than kgT), the free en- hydrophobic collapse and the secondary structure formation
ergy barrier involved for correcting it could be prohibitively play no explicit role in determining the final rate of protein
large. The theoretical description based on energy landscagelding. One could, however, in principle define a riagg;to
paradigm has mostly concentrated on the equilibrium aspeaenote the rate of the initial process. In spite of the large
of folding. Although much progress has been made, we stiltlifference betweek;,;andksyq, although not discussed ex-
need to understand the long-range contacts—the often usgdicitly, these two rates can still be related, because a high
Gaussian chain model might not be the appropriate one ik, may lead to the formation of wrong contacts. A protein
the collapsed state. In this scenario, there is need to perforseems to know how to optimize,g; to arrive at the “best”
further theoretical and simulation studies to understand constructure.
tact pair dynamics, with model proteins. In addition to the relative contact orde©(), the total
Theoretical and computer simulation studies suggest thatumber of topological contacts should also be an important
when folding of an isolated and extended protein is inducedngredient. In their original analysis of protein folding, both
by sudden change of physical conditiofssich as tempera- Dill and co-workers and Bryngelson and Wolyn¥sin-
ture or urea concentratipnthe initial stage of folding is the cluded the later as one of the two order parameters—the
collapse of the chain and the secondary structure formationther being the size of the polymer chain. The native state
(particularly, helices'* The collapse is driven by hydropho- free energy minimum is characterized by small size and large
bic interactions and this stage is known as hydrophobimumber of topological contacts.
collapse® The time scale involved in this phase is believedto  An attractive way to explore relative dynamics of a hy-
be much smaller than the total time involved and may be, fodrophobic pair is via the technique of fluorescence resonance
small proteingless than 100 amino acid longf the order of  energy transfeFRET). In FRET, one measures the time
few tens of nanosecond3This time would certainly depend dependence of energy transfer from a chosen donor fluoro-
on external conditions because the slope of the landscagehore to a chosen acceptor. The rate of transfer may be due
should depend strongly on such conditi¢f@ example, hy-  to dipolar interactions and the rate of transfer is given by the
drophobic interactions are temperature depend€untrary  well-known Faster expressidf
to the fast initial collapse and secondary structure formation,
the total time required to arrive at the final native state is kf:krad(&
much longeyeven for small proteins, and is often more than R
few microseconds. It is believed that this much longer time isvvherek
used in the later stage of protein folding in forming the dis-
tant (along the chain contoumative contacts. As already
mentioned, the late stage of protein folding is slowed dow
by the entropic bottle-neck which arises due to the necessit
of cooperative motion of many groups together.
Experimentally one finds that the folding of small single
domain proteins often follow a first-order kinetic law
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rad IS the radiative rate anBg is the Faster radius.
By suitably choosing donor—acceptor pd; can be varied
over a wide range. This allows the study of the dynamics of
air separation, essential to understand protein foltfitkgyg
typically less thanbut of the order of 10° s™1. Thus
Forster transfer provides us with a sufficiently fast camera to
take snapshots of the dynamics of contact pair formation.
In this study, we have investigated dynamics of pair con-
dNy tact formation by Brownian dynamics simulations of two
at KroiaNu » D) small model proteins. The first one we study is chicken villin
head piece, popularly known as HP-36, which is one of the
whereN(t) is the number of unfolded protein at timeky,s  smallest proteir(36 amino acid residugshat folds autono-
is the rate of folding. As pointed out by othéfs,” the first  mously to a stable compact ordered structure, with a large
order kinetics, although can be justified within a two statenelix contenf? HP-36 is a subdomain of chicken villin
model, is rather surprising, given the complexity of the fold-\yhich is implicated in the formation of microvilli in the ab-
ing process. As already mentioned, the rate limiting procesgorptive epithelium of the gut and the proximal tube of the
is expected to be determined by the rate of contact formatioRidney_23 All atom simulation study on this HP-36 have re-
among distant pairs. Evidence for this is provided by theyealed at least two pathways of foldiftjEarlier, several
relation of the rateyq with the contact order 8%*° studies of HP-36 were presented using Monte Garimd
InKegq=a+ b0y, 2 quwnian dynamic_s simulat_ior?é._Some_ of the 9arlier off-_
lattice and Langevin dynamics simulation studies of folding
wherea andb are “universal constants,” an@, denotes the |;ged simple model potentiaf’?®such as bead-spring model
average sequence distance between the nonlocal hydrophgith two kinds (hydrophobic and hydrophiljcof amino acid

bic contacts and is defined By beads. These simulations identified a compact ordered lowest
S i(si—s) energy structure as the native state. Our minimalistic model
Oczﬁ, (3) is considerably more complex. Not only the backbone and
C

each amino acid are accounted for explicitly, a general hydr-
where(i, j) are the specific hydrophobic pair contadts,is  opathy scale has been used to model the effective interaction
the number of contacts whileis total number of hydropho- between the amino acids, which are also of different sizes.
bic amino acids present in the proteis}. and s; are the  Helix propensity scale has been used to model the hydrogen



bonding, which are present betweieaindi +4 amide groups
in the helices of real proteins. However, the model is simpler
than what used in the well-known work of Scheraga and
co-workers, who used more detailed and accurate poténtial.
The success of the Scheraga group in predicting protein
structure accurately is well knowfi However, the simplicity
of our model allowed us to simulate marfgbout 600 fold-
ing trajectories.

While Hp-36 folds to a globular state, the small protein
BA-40 has a nonglobular, stringlike structure in its biologi- 6. 1 The basi uction of th 4ol of HP-36 brotein is <h

: H H : 1 € pasic construction O e moael O - rotein Is snown.

cally active stateA-40 has been implicated in the Alzhe- Atoms marked as 1,2,3, etc. indicate backb@)g atom, vshereas, those

imer disease. It is pe“eved th@iA-40 aggregates to form ,.neq with 1,2/ 3’ denote the whole side chain residue attached to that
filaments and deposit as plaques to block the neural networlgarticularc,, atom.

Several experiment—=¢ and theoreticdl*® studies have

been performed on the thermodynamics and kinetics of _
plaque formation inBA-40. The aggregation of beta amyloid native state 0fBA-40. Not only Fhese, but also _t_he relat|vg

is believed to happen via its unfolded monomeric state, whil@rangement of the hydrophobic and hydrophilic groups in
the folded state is not prone to aggregafidmhe main dif- this protein makes it amenable to association, as discussed
ference between the folded and nonfolded monomer is thEer. . 20 .

presence of g bend in the former. It is the opening of this ~ AS pointed out by Snowet al,™ one needs to simulate a
BA-40 bend which is believed to makA prone to associa- V€Y large number of trajectories because only a small frac-
tion. It is thus essential to understand the relative stability ofiOn iS €xpected to reach the folded state within the available
the folded state with respect to its unfolded state, the kinetic§imulation time. In the present Brownian dynamics simula-
of folding, and energy landscape of this protein. Such undertions, we have simulated about 600 trajectories and observed

standing can then be used to understand the relative probabfl-Similar fact—typically 3%-5% arrive at a low RMSD con-

ity and rates of its association. f|gurat|on. All the successful trajectone_s.have been analyzed
Our reason for studying these two proteins together idn terms of topology and related quantities.

that they represent two very different classes—HP-36 bein%1 The organization of the rest of the paper is as follows: In

globular while8A-40 is nonglobular. We have compared not the next S(.ectlon,'we discuss the constryctlon of the interac-

only the folding of each with the respective known struc-tion potential, which, as already stated, is rather new. In Sec.

tures, but also among the two. There are not only interestingf!» We present the simulation details. Section IV contains
differences but also similarities, as discussed below. results and discussion of the folding of HP-36. Section V

The present simulations reveal several interesting recontains results on contact pair dynamics. Section VI con-

sults. We find that the folding trajectories of both the proteing@nS the folding dynamics g8A-40. We conclude the paper
exhibit multistage kinetics. The initial fast hydrophobic col- " Sec. Vil with a bru_af d|scu33|op on .the implications of the
lapse is followed by a long plateau regions during Whichresults and the possible future directions of research.
several contacts form and break. Most of the reduction in

size and also a large number of hydrophobic contacts, espd- CONSTRUCTION OF ENERGY FUNCTIONS

cially the neighboring ones, have already been formed befor@F THE MODEL PROTEINS

reaching the plateau region. This plateau region is typically  Figure 1 shows the basic construction of the model pro-

microsecond long. The breaking and formation of hydropho+tein. The backbone atoms are numberedi'aswhere i
bic contacts are reflected in small variations in size and en=1 2 3 ... etc., whereas the amino acid residues are num-

ergy of the plateau. The final approach to the native state iered ad’’s, wherei’=1',2’,..., etc. While the backbone
found to be accompanied by rather sudden ris®imand @  atoms are all of equal size, each side chain atom bears the
small but noticeable lowering in energy. characteristics of the real amino acid in a given protein. Con-

The present simulations suggest that the length of thetruction of the model protein has been described in detail
plateau is different for different proteins. If the first order elsewheré! Similar types of model(with more rigorous
kinetics is to be strictly valid, the duration of the plateauforce field have recently been introduced by Scheraga
must obey a Poissonian statistics. et al?*3°please note here, the construction of the model pro-

There are interesting differences between the foldingein is modified a bit in case of the folding studiesg#-40,
patterns of HP-36 an@A-40. First, the native state ¢fA-40  where the amino acid glycine is mimicked by only one atom
is characterized by less reduction in size from its extendedC,). Every other simulation detail is same for both the
state. While radius of HP-36 decreases on folding by aboutodel proteins discussed here.

50%, the same foBA-40 is only about 25%. A similar dif- The total potential energy function of the model protein
ference is also found for the total energy change. That is, thg';., is written as

folded state ofBA is not only much less compaétompared Ve Vet Vot Vet Ve Ve ®)

to HP-36, but the relative stabilitfcompared to its own Total™ VBT Yot YT T VLI Vhelix
extended stajds less than the same for HP-36. These are ofwhereVg andV, are the potential contributions due to vi-
course direct consequences of the nonglobular nature of theration of bonds and bending motions of the bond angles.



Standard harmonic potential is assumed for the above twiast three amino acids as the helix formation is much less
potentials. The spring constant for the bonds between twobserved at the ends of a protein ch&iiThe force constant
backbone atoms is 43.0 kJ moled 2 and that between a for the above harmonic potential is mapped from the helix
side residue and the adjacent backbone atom is 8.propensitieHp; obtained from Scholtet al,*® K= Kaanine
kdmole *A~2. In case of the bending potential, spring con- —Hp; X (Kajanine~ Kgiycine - Katanine@Nd Kgyycine are the force
stant is taken to be 10.0 kJmdlrad 2. Vi(=er24(3)[1  constants for alanine and glycine, 17.2 and 0.0 kJhol
+cos(3p)]) is taken as the torsional potential for the rota- respectively. Next, the influence of the neighboring amino

tions of the bondse;=1 kJ mol L. acids for the formation of helix has been considered by tak-
The nonbonding potentiaV, ; is the sum of Lennard- ing an averagel_oj thle spring ConStaﬂéfgz%[’CiﬂCHl
Jones pair interaction between the atoms as given by + izl and Ki "=3[Ki+ Ki1+Kis o+ Kit 3], with the

condition thatk! 3 K!“#=0 as the force constant must
©6) remain positive. The above formulation of helix potential is

motivated by the work of Chou and Fasman about the pre-
diction of helix formation thathe neighbors of a particular

wherer;; ande;; are the separation and interaction strengthamino acidshould also be considered along with its own
of the “i-j” pair. oy is the diameter of theth atom. gy

. ) . helix propensity’ That is,the model effective helix potential
=%(aii+(r”) and €;;= Ve €j;. Sizes and interactions are brop % P

. i must be nonlocal
taken to be the sam@.8 A and 0.05 kJ mot, respectively
for all the backbone atoms as t_hey represeniGhatoms in Il SIMULATION DETAILS
case of real proteins. Side residues, on the other hand, carry
the characteristics of a particular amino acid. Different sizes  The initial configurations of the model proteins were
of the side residues are taken from the values given bgenerated by configurational bias Monte CatlGBMC)
Levitt.*? Interactions of the side residues are obtained frontechnique®® Atoms attached to a single branch point were
the hydrophobicities of the amino acids. We construct thegenerated simultaneously. Then the initial configurations
effective potential guided by the well-known statistical me-were subjected to Brownian dynamics simulation to study
chanical relation between potential of mean force and thé¢he dynamics of folding. Time evolution of the model protein
radial distribution functionvﬁ-ﬁz—kBTIn gij(r).43 Strong cor- was carried out according to the motion of each atom as
relation among the hydrophobic groufebsent among the below
hydrophilic amino acidsimplies that the hydrophobic amino D
acids should have stronger effective interaction than the hy-  r,(t+At)=r;(t)+ —Fi(t)AtJrAriG, 9
drophilic groups. So the interaction parameters of the side keT
residues are mapped from the hydropathy $€alg using a  where each component afr® is taken from a Gaussian
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linear equation of the form distribution with zero mean and variancé(Ar?Z)?)
Ho—H =2DAt.*%r,(1) is the position of théth atom at timet
€= €mint (€max— €min)* (H) (7)  and the systematic force éth atom at timet is F;(t). D; is

max * min the diffusion coefficient of theéth atom calculated from the

where, ¢; is the interaction parameter of thith amino acid  relation D;=C/R;, whereC is a constant, an®; is the
with itself. eyi(=0.2 kJmol'!) and epa(=11.0 kd mot %) radius of theith atom. The unit of length is(3.41 A) and
are the minimum and maximum values of the interactionthe unit of timer=0?/Dy. Dy is the diffusion coefficient
strength chosen for the most hydrophilargining and most ~ obtained by usingr as the diameter in the above equatien.
hydrophobic¢isoleucing amino acids, respectivelf;; is the IS ~1.2 nsin the real unit for the reduced viscosity=10
hydropathy index ofith amino acid given by Kyte and which is kept fixed. The time StEﬁt is taken equal to
Doolittle? and H (= —4.5) andH,,(=4.5) are the mini- 0.001~. The simulation has been carried out fof number
mum and maximum hydropathy index among all the a_min(iWhere./\/z 600) of fOIdlng trajectories for both the model
acids. Further details are available in Ref. 41, proteins—HP-36 an@A-40.

An important part of secondary structure of the real pro-
tein is thea-helix. In the absence of hydrogen bonding, we V. FOLDING CHARACTERISTICS OF HP-36
introduce the following effective potential among the back-

o . : . It is important for any minimalistic model to first estab-
bone atoms to mimic the helix formation along the chain of

lish and satisfy several basic criteria. In case of off-lattice

residues model representation of the proteins, the success lies in re-
N-3 producing the basic structural similarity of the model protein
Vheli= .—23 [3KE 73— )2+ 3K 4(riiss—rw?,  with the real one. Our model potential seems to be fairly

®) successful in this regard. We first start with the amino acid
sequence of HP-36, which is shown in one-letter code in Fig.
wherer; ;., andr; ;3 are the distances ath atom withi 2. The solid circles indicate the hydrophobic amino acids,
+2 andi+3th atoms, respectively., is the equilibrium  whereas the open circles denote the hydrophilic amino acids.
distance and is taken as 5.5 A, motivated by the observatioRigure 3 depicts the close resemblance of the structures
that the distances of with r;  , andr;, ; are nearly constant among the real native structure of chicken villin with one of
at 5.5 A in ana helix. The summation excludes the first and the folded states of the model protein. Among several folded



DED F KAVFG MTR S FANLPLWK NLKKEKGLFE FIG. 2. The amino acid sequence of HP-36 is shown
..OOOO’O...Q‘OOO...O‘.’OO&&0.00QQO“ through one letter code. The solid circles denote the
hydrophobic amino acids, whereas the hydrophilic

amino acids are indicated by the open circles.

states obtained from the Brownian dynamics simulation, Figsuch as the total energy, the radius of gyration of the model
3(a) shows the one with the lowest root-mean-square deviaprotein, relative contact order, and also the hydrophobic to-
tion (4.5 A), calculated among the backbone atoms, from thepological contact number at two different temperatures.
native real protein shown in Fig(l3. Thus, the minimalistic These are plotted in Fig. 4. The probability distributions of
model, with the use of hydropathy scale and helix propensityenergy at high temperature equilibrated configurations and
successfully reproduces the helices and bends at the appriow temperature folded configurations are shown in Fig.
priate positions with respect to the real protein, despite thé(a). The distributions are well separated, which signify the
lack of detailed interaction such as the hydrogen bondingresence of well defined folded states. Note that the energy
among the amide groups, electrostatic interactions and therobability distribution is considerably narrower at the low
explicit water. Characteristic features of the model proteintemperature, signifying a funnel-like energy landscape.
have been described in detail elsewhrilote that the low- Figure 4b) shows the probability distribution of the
est RMSD structures are not the lowest energy structurenumber of hydrophobic topological contacts at high and low
This is a well-known price paid by the minimalistic models temperatures, both of which show, interestingly, Gaussian
for not including water explicitly and has been discussed indistribution. The distribution shifts toward higher value of
the literature?® topological contact, which characterizes the hydrophobic

Minimalistic models along with the use of Brownian dy- core formation in the folded state. Similar behavior can be
namics simulation allow one to explore the landscape obbserved in case of the probability distribution of radius of
folding in greater detail than a more microscopic treatmentgyration plotted in Fig. &). Here the high temperature dis-
for example, the full atomistic simulation, like the one car-tribution is Gaussian like, showing different possible struc-
ried out®* An ensemble\V) of initial high temperature con- tural arrangements, due to large conformational entropy. At
figurations was subjected to temperature quench and the sulow temperature, however, the distribution is peaked around
sequent folding was monitored, until each trajectory led to @.6 A. Note that this igrecisely the experimental value of
final folded state. Analysis of high temperature and the lowthe radius of gyration of real native HP-36
temperature equilibrated configurations reveals change in the The relative contact orderQ;), introduced by Baker
probability distributions of various interesting quantities, et al.*®*° denotes the average sequence separation for the
hydrophobic residuesO, is thus a good measure of the
range of contact formation. Figuréd} shows the probability
distribution of O, for both high and low temperatures. Note
the predominant formation of long-range contacts at the low
temperaturegfolded configurations, which is absent at higher
temperature.

In order to probe the distribution of amino acid residues
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FIG. 4. Normalized probability distributions are plotted for high tempera-
ture unfolded states and low temperature folded stédssmarked in the
figure9 for different parameterga) Total energy(b) hydrophobic topologi-
FIG. 3. (a) The backbone structure of the model protein with the lowestcal contact,(c) radius of gyration(d) relative contact order parameter; in
RMSD (4.5 A). (b) The backbone structure of the native state of real HP-36.this figure, the lines trace the distribution to guide the eye.




in the folded and extended states, we have calculated the 10— Ty T T T T T TTOTT
Forster efficiency distribution. The well-known Forster effi-
ciency is defined by the following expression:

ke 8

7
<

where(---) means an equilibrium average ovgrconfigura-
6

5
tions. We calculated the average Forster efficiéhag de- >
fined above using the equilibrium configurations both at the <
low and high temperatures. While the high temperature his-
togram shows peak at very low Forster efficiency, as ex- 4
pected, the distribution for low temperature folded states

5_

shows a peak at high Forster efficiensith a tail extending 3

| Hici . d ith p High Temp b
upto very low e iciengysignifying many trapped states wit il e
larger separation between donor and acceptor even at a lo 3 6 9 12 15 18 21 24 27 30 33 36
temperature. Presence of this prolonged tail toward low effi- Residue Number

ciency even at low temperature is probably an artifact of the:c. 5. Average number of contact&/CN) (obtained fromA’ folding

present scheme as one does not expect many trapped stategajectorie formed by a particular residue is plotted against residue number,
real systemg.l for both high and low temperatures. Filled and open circles denote the
hydrophobic and hydrophilic residues, respectively. Solid lines are just for
the guidance to the eye. Note that average number of contacts formed by
hydrophobic residues is much larger than that of the hydrophilic residues.

V. CONTACT PAIR DYNAMICS: HP-36
A protein possesses complicated and highly correlated
network of interactions, and the late stage of folding can be  To explore the dynamics of pair separation, it is essential
thought of as the interparticle diffusion over a rugged freeto look for a proper nucleation center, around which the pair
energy landscape, which is clearly a consequence of strongpntact separation evolves significantly at a later stage of
intermolecular correlations at high density. During the fastfolding. Figure 5 shows the average number of contéults
hydrophobic collapséwhere free energy surface is largely tained from\ different folded statesformed by a particular
smooth with a steep downward slgpeseveral contacts residue for both high temperature unfolded and low tempera-
among the amino acids could be formed which may not bedure folded states. The hydrophobic beads are denoted by
the “best” or the native contacts. Therefore, a subsequensolid circles, whereas the open circles signify the hydrophilic
cooperative rearrangement is required to replace the wrongnes. It is interesting to note that at high temperature, the
(meaning energetically unfavorableontacts and replace average contact formation is random due to high conforma-
them with the correct, native contacts. Since most contactsonal entropy. At low temperature, however, the average
have already been formed, the correction of the few wrongontact formation isnuch higher for the hydrophobic beads,
ones is a process which is entropically highly unfavorablegspecially those which are in the middle of the sequence
even the energy of activation can be significant, because The dynamics of contact formation is calculated for the
many contacts have to be opened up so that the correct cofith side residudthat is,i=9) with the other hydrophobic
tacts can form. This is a slow and gradual process and igesidues. S¢ in Eq. (11) is varied. Figure 6 shows the time
reflected in the wide separation of time scales observed in the
time evolution in most dynamical quantities. This in turn
may give rise to multistage dynamics in the macroscopic = i1 - L ' LI B -
guantities such as total energy, radius of gyration, relative 1

contact order, etc. The consequence of this multistage dy- 09 :g}g

namics is reflected in related dynamical quantities such as 08 — 922 .
survival probability for FRET. Folding can be probed micro- 07 . e 333 n
scopically by monitoring the dynamics of separation between o6 1 %

different amino acid pairs. “FoosHE

The existence of the widely different time scales of O oald”
movement of all the different pairs together gives rise to an o3
overall picture of the dynamics of folding which is reflected (PIR
in the macroscopic quantities. The effective dynamics of pair o1l §,
separation can be described by introducing a new pair corre o

y
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lation function defined beloff 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
. dij(t)—dij(oo) time (t)
Ce()= oo (11 . . . . . .
d"(0)—d" () FIG. 6. Dynamics of contact formation of different side residues with the

i .. 9th side residue is shown. The multistage relaxation process in the dynami-
Whe_re- d (t) =[ri(t)— ri ()]. Fi andr; are the positions of ¢4 quantities originates from the diverse dynamics of the contact pairs. The
theith andjth atom, respectively. time is scaled byr and 7= 1.2 ns for an aqueous solution.
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FIG. 7. Time evolution of energy of five different trajectories is shown.
Inset shows the change in the energy of the local minima corresponding to

the respective time evolved configuratiofisne evolution of energy and among the total\VV simulations. Each of the five trajectories
mini)mum energy for a particular trajectory is shown by a particular line corresponds to a complete érownian dynamics simulation
lype.

for a particular CBMC generated initial configuration. All the
trajectories show the first initial collapse within 300-600

éls). The next stage of folding is long and takes about 1-10
. ; . . s, varying for different trajectories. The particular trajectory
that is C'%](t) along the fpldmg trajectc_)ry .that leads to the leading to the lowest energy state is shown. Note that, all the
'O‘Q’VeS‘ energy state._MuItlstag_e dynamics is also observed fo[Fajectories do not lead to the same lowest energy state, or
Cp(t). The side residues, which are close to the tagged on?Fey do not follow the same path to go to the folded state.

. . i q\/lany of them are trapped at an early local minima, where
show the plateau in the long time dedht correlates with they stay infinitely. This is reflected in the long tail of the

the similar plateau observed in case of other dynam'c"’uFi')rster efficiency distribution at the low temperatdfeEn-

i nedl
quantme; S ergy of the local minima corresponding to a particular time
Survival probability in fluorescence resonance energy,

; . evolved configuration was calculated with the help of conju-
transfer(FRET) also shows the signature of multistage dy-

cs. Survival probabil lculated using th gate gradient technique at some time interval for all the tra-
namics. survival proba _||ty was caicu ate L.'S'ngt esI_F'@ jectories. Inset shows the change in the local minima for all
energy transfer raté&; given in Eq. (4). During the time

luti £ the foldi . ith a di . the folding trajectories. During the initial collapse, each tra-
e;/oAutmn 0 :j eto mgg)trajec'F;)ry vlwtd_a _t;scre;[ebtlme SteF())jectory goes over many different local minima. After the col-
of At, a random number, uniformly distributed between lapse, the long plateau in all the trajectories correspond to a

and 1, Ij gentla(rateld at .;aahchdUme StepijF&)’ tranifer wasl articular local minima. Any change in the energy is accom-
assumed to take place if the drawn random number was e%sanied by the change in the local minima as shown in the

than or equal tkyAt. The survival probabilityS, remains inset. This signifies a large conformational barrier faced at

unity unti_l the Faster transfer occurs, after which it bgcomesthe later stage of folding when folding probably is driven by
zero. This process was repeated fog pgmper of times the need to form correct native contacts. Wrong contacts lead
(whereN,= 105.) " So the survn_/al probability IS the average , 5 wrong path and misfolding, and probably entanglement.
of many He_zaV|_5|de step functions. The equation of survival The dynamics of relative contact order and hydrophobic
probability is given by topological contact plotted in gives further insight into the
1 Ns dynamics of folding in the model proteins. We have plotted
Sp(t)= N_E H(t—t), (120 the time evolution of the above quantities in Fig. 8 for the
si=1 trajectory leading to the lowest energy state. The multistage
where,H(x) is a Heaviside step function, which is 1 for its folding dynamics observed in the previous figure for the time
positive argument, and 0 otherwide.s the time of Foster  evolution of energy seems to sustain in the time variation of
transfer at theith observation. Time dependence of FRET both O. andNq,,. There is an initial rapid formation of the
shows the signature of multistage decaySp{t),% similar  topological contact, and relative contact order, followed by a
to the dynamics of other dynamical properties such as erslower late stage dynamics. The change in energy, and the
ergy, relative contact order, etc. discussed later. Although theorresponding changan the energy of the local minima is
survival probability could capture the dynamics of folding accompanied by the change in contact formation, evident
for appropriateRg, it is found to be relatively insensitive to from the increase iy, and the contacts are long ranged,
Krag->° as denoted by the increase @. Note that, theO, is the
Figure 7 shows the multistage time evolution of energyaverage sequence separation. So increas. isignifies the
of model HP-36 for five representative folding trajectoriesformation of long-range contacts. The contact formation and

dependence of contact formation subsequent to quenchin
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Og_ 0 2000 4000 6000 8000 10000 7 FIG. 10. Sequence of theA-40 and its different fragments are shown. The

hydrophobicity of the amino acids is shown by the open and filled circles for
the hydrophilic and hydrophobic amino acids, respectively. The gray circles
denote the neutral glycine residues. The coarse grained hydrophobicity is

also shown.
0 100 200 300 R T IR T T ApBis derived from the COOH-terminus of a 695 residue
time (t) precursor protein, known g@APPsgs.%® The sequence of A

includes the first 28 residues of the extracellular domain and
FIG. 9. Dynamics of contact formation of 9th side residues with otherthe rest 11—14 residues of the transmembrane region Figure
hydrophobic side residues. The result is an average &Veonfigurations. 10 sh th f thdAnd its diff tf ' t
The multistage dynamics is reflected even in thisrage-microscopiquan- shows the S?quenlce 0 _6 nd Its difteren ragme_n S.
tity. Inset shows the long relaxation dynamics of 9—35 pair contact. The hydrophobic amino acids are shown by filled circles,
whereas the open circles denote the hydrophilic amino acids.
Glycine is almost neutral, so it is indicated by gi@phaded

breaking seem to continue even after the protein has reached A8 1S @ small protein without large stability for the na-

the folded state. Similar picture was provided by @alallt tive state. It has no unique native structure. The interatomic
All the individual simulation shows multistage dynamics distances, obtained from two-dimensioriaD) NMR, and

for the dynamical variables such as energy, radius of gyrat-he constrained minimization result in 20 different structures

. . 57 . .
tion, topological contact, relative contact order etc. HoweverOPtained from protein data baiRDB).”" Individually all the _
the average dynamics looks very different. In order to get atVMR structures show a sequence of secondary structures:
idea about the average kinetics of protein folding, we havéandom coil- helix— bend-— random coil- helix— bend.
averaged the energies at a particular tinjEy)) after the Interestingly, when plotted together, all the native structures,

temperature quench &0, for all the A trajectories. Time ~oPtained from NMR, show the pronouncg@ibend in the

variation of this average energy shows an overall nonexpomiddie (@round residue 24—28or all the folded forms.
Brownian dynamics simulations of the modgA-40

nential dynamics, with very low stretching coefficient. The o )
signature of fast initial collapse and slow late stage dynamicBrotein yield low temperature states, some of whiolith

is reflected also in this highly nonexponential average dy-IOW RMSD values compared to one of the NMR structure of

namical behavior. the real proteif"?) are shown in Fig. 1%&). Here also note the
Figure 9 shows the average of the contact pair dynamic§ame p_ro_nounc_e,d bend. The two structures are statistically

obtained from\/ different contact pair trajectories. Note that, dUit¢ similar. Figure 1) shows the conformations of the

even after the average ovef trajectories, the dynamics of Model BA-40 equilibrated at a high temperature. The high

contact pair still shows widely different time scales for dif- [€MPerature configurations assume a bent-rod str.uaure.
ferent pairs. Figure 12 shows the multistage decay in the time evolu-

tion of the energy ofs-amyloid for the representative folding

trajectory, in this case the particular one leading to the lowest
VI. FOLDING OF BA-40 AND MULTISTAGE DYNAMICS RMSD structure. T_his sh(_)ws th_e similar features as observ_ed

in case of the folding trajectories of model HP-36. There is

The multistage dynamics discussed in the previous se@n initial ultrafast hydrophobic collapse, which is followed

tions is observed for other model proteins as well. In order tdy a long plateau. This indicates the slower rearrangement of
illustrate the scope of the off-lattice model of proteins dis-the side residues necessary to form the rate determining
cussed here, we have implemented the same model ahohg- range contacts. Inset of Fig. 12 shows the change in
Brownian dynamics simulations to stu@A-40 protein and local energy minima corresponding to the configuration at a
its different fragments, all of which are of enormous impor- particular time along the path of foldinghe overall mono-
tance due to their implications in the misfolding related dis-tonic decease in the local minima is a direct signature of
eases. The misfoldedA-40 are prone to associate and they folding. Note that, the model showing multistage dynamics
form large aggregates, polymerize to insoluble fibrils andcontinues to exist even in case of the nonglobular proteins.
deposit as plague. One of the major cause of Alzheimer disSo it can be regarded as a general phenomena observed in
ease is this plaque depositions. A number of structural modease of minimalistic model, which can infer some insight
els of amyloid fibrils have recently been proposed that arguesito the dynamics of folding.
for both parallel?®®and anti-paralle3-sheet* organization. SinceBA-40 is a nonglobular protein, the stability of the
Multiple quantum solid-state nuclear magnetic resonanceative state or the decrease of the radius of gyration is ex-
(NMR) experiment indicated an in-register parallel arrangepected to be much smaller than that of the globular HP-36
ment of AB.>® protein. Figure 13 shows the decrease in radius of gyration
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FIG. 13. Radius of gyration per amino acicRX/NAA) for different
proteins—HP36 8A-40, B(1-28), and 3(25-35. Note the relatively smaller
decrease irR’;‘/NAA for nonglobular proteins.

Based on the above results, we propose the following
model of aggregation and subsequent depositioBA#0
FIG. 11. (a) The 10 different foldedquenchegibackbone structurgplotted  protein. Basic physical concepts that determine the aggrega-

with Rasmol softwareof the model A3 obtained from Brownian dynamics tion of Ag are the following.(i) Interactiongwith nucleation
simulations with the minimalistic model. The turn is clearly visible.(b)

The configurations at high-temperature show an extended bent-rodlike stru(‘s'—it(:"3 am‘?”g th? hydmphopic reSid.ueS. decrease the energy

ture. by association(ii) the entopic contribution comes from the
randomization of the hydrophilic tail. These two factors can
lead to a rich and complex free energy landscape. The dimer

_ _ itself can have two alternating arrangemeéhtss shown in
per amino acids for globular HP-36 and nonglobyb#-40 g 14 |n these two arrangements;stacking interaction

and its different fragments. The fragmentsg#-40 are also among phenylalanine groups and other such strong hydro-

important in misfolding related diseases and they are welh,qpic interactions would favor parallel arrangement, but at

studied. The peptide containing the first 28 agi“Q acidgnhe cost of entropy loss at the hydrophilic chain end. The
[B(1-28] of BA-40 has been enlisted in the PBBwith | qrophilic tails would favor anti-parallel arrangement due

. O . .
pdb-id 1amt? whereas the one with 25th to 35th residuesg e larger accessible degrees of freedom. However, in the

[5(25g135] of BA-40 exists in the PDB with the pdb-id ,n harallel arrangement, the hydrophobicity remains frus-
1gcm?” Both the fragments show string like structure. The

decrease is much more for the globular protein, while the
fragments having string like structures show least decrease ir Trimer
radius of gyration per amino acid.
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FIG. 12. Multistage dynamics is shown for the time evolution of energy of

BA-40. Inset shows the monotonically decreasing energy of the local

minima corresponding to the time evolved configuration at a particular timeFIG. 14. Schematic representation of the proposed aggregation model. The
Time is scaled by, wheretau is ~1.2 ns for aqueous solution. possibility of both parallel and anti-parallel arrangements is shown.



trated. Such arrangements have indeed been predicted ansgerved that faster scale dynamics of the individual contact
observed in the rod-coil diblock copolyméfswhich lend  formation is beyond the time scale of observation employed

support to our argument. in the current experiment.
We finally address the issue of the observed first-order
VIl. CONCLUDING REMARKS kinetics in the folding of small proteins. As observed in

In this work we have used the newly developed mini_present simulations, the waiting time for the contact forma-

- : .. tion is different for different trajectories. A simple, straight-
malistic model to study several dynamic aspects of folding Inforward but microscopic explanation of the exponential ki-

two small but important proteins—HP-36 aiA-40. The ;.o emerges if this waiting time distribution for contact

minimalistic model is sufficiently simple to allow BD simu- air formation obevs a Poissonian distribution as aiven b
lation of large number of folding trajectories, yet it retains aP y 9 y

few of the complexities of the real protein. Contact pair dy- 1 (—ti)
namics and the time evolution of energy, radius of gyration, P(7)= ;e : (14)
relative contact order formation, etc. bring out the rich and ) . L .
diverse dynamics of protein folding. The initial ultrafast hy- 1€ reason for the Poissonian distribution for the waiting
drophobic collapse signifies that the upper part of the funneliMe could be a severe entopic bottleneck, whose *width” is
is steep—followed by a change in slope. Tae determin- npnflgctuatmg, and the waiting time |tsel_f has a narrow dis-
ing step, however, arises from the final stage of folding on a{nbunon..These are of course t_he classic conditions for the
flat and rugged energy landscape marked by large conforma@Pservation of an exponential kinetfts.

tional entropy barrier, but with little energy changeThis _The origin of the(on the averagemicrosecond long
entopic bottleneck arises from the necessity to form |0ngyva|t|ng time is due to combination of two factors. One is of

range hydrophobic contacts, as envisaged earlier by Dill angourse the narrow entopic bottleneck. The second one is that
Wolynes>!2 This separation of time scale was earlier sug-m the collapsed state the effective diffusion coefficient of
gested by Sakt al' The dynamics in the flat rugged energy 2Min0 acid monomer is sm_all _because of _the high density.
landscape is rather similar in nature to the slow dynamicd NS concept can be quantified in the following way. When a

observed in computer simulations on relaxation and transpoR@'ticle escapes from a cavity through a narrow window, it's
in glassy liquids survival probability decays as a single exponential, in spite

The present work also brought out several detailed fea0f the fact that no energy barrier is involved. For example,

tures. The atoms modeling the whole side chain of thdN® €scape rate of a particle of diffusion coefficieDt
real protein play important role in structural and dynamicalt"fough a r4ound hole of radiusfrom a cavity of volumev
aspects of folding. Moreover, the contact pair correlation'> 9'V€N by

function introduced can probe the folding events in minute  k=4Da/V. (15)

detail. The dynamics of contact pair formation can be ex- In th I d stat t onlv th valengdV i
plored by FRET. It is interesting to note that our minimalistic IT bet iﬁ ap?re t's a zzﬁno_ only eteﬁ(iu_lva Ien ISII
model can reproduce several features observed experime mafl, but the efrective diltusion constalit IS aiso small.

tally, not only the structure but alsgsomewhat surprising)y bhe_treatrrtl(;ntt of tl\t/lr?ki'mett' al. Ed?rebf’sez the fre(_a er(;e(:jrgy
the known time scale of folding for HP-36. arrier part but not the kinetics. Notable advances in address-

The study ofBamyloid reveals several interesting fea- ing the dynamics has recently been made by Wolynes and

tures. Our model correctly reproduces tfebend in the co-workers.
folded state and predicts that the high-temperature form of
BAis a bent-rod extended structure. Depending on this strucACKNOWLEDGMENTS
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