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Full Paper: A reducedmodelof polypeptidechainsand
protein stochasticdynamicsis employedin Monte Carlo
studiesof the coil-globule transition. The model assumes
a high-resolutionlattice representatiorof protein confor
mationalspace.The interactionschemes derivedfrom a
statisticalanalysisof structuralregularitiesseenin known
three-dimensionalprotein structures.It is shown that
model polypeptidescontainirg residuesthat have strong
propensitiegowardslocally expandectonformationscol-

lapseto B-like globularconformationswhile polypeptides
containirg residueswith helical propensitiesform glo-

bulesof closely packedhelices.A more cooperativetran-

sition is observedfor B-type systemslt is also demon-
stratedthat hydrogenbondingis an importantfactor for

protein cooperativity although, for systemswith sup-
pressedydrogernbondinteractionsahighercooperativity
of B-type proteinsis alsoobserved.
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1. Intr oduction

The confamational spaceof globular proteinsis enor
mous®™ A direct searchfor both the denatued stateand
folded stateby means of traditional molecularmechaics
(Molecular Dynarics or Monte Carlo method for all-
atomdetailedmodels)is, at presentnot feasible®? Thus,
simplified modelsare very helpful in understandiig the
general principles of protein dynamts and thermody
namicsandmay cortributeto a partial solution of the pro-
tein folding problem — the theoreticalprediction of the
protein’s threedimensimal structure from the sequace
of amino acidsin its polypepide chain. There arevarious
levels of simplification of proten-chain representatios
describedn theliterature;theserangefrom simple lattice
copolymeBs® to more conplex lattice and off-lattice
models*® The simplestmodelscould be treatedin an
exact(or almostexac) fashon, therebyproviding valu-
ableinsightinto the mostfundamenmal aspectof protein-
folding thermodyamics.On the other hand, meanngful
studiesof the effectsof sequaceon specfic proteinfea-
turesmay require more detaled models®™® For exanple,
this is the casefor the abinitio predicion of the approxi-
mate three-dinensiaal protein structurd” and protein
folding pathways.

Recenly, we havedevebpeda simplified lattice model.
The simplifications were the result of a compiomise
betweencomputationaltractabiity anda meanindul, low

resdution represetation of specific polypegide
sgjuenceskorsomevery simple,andrelaively smallpro-
teins (in therangeof 100aminoacids)this modelenalles
the ab initio simulation of the entire folding trajectay
from arandomcoil stateto awell defined, low-resoluion
collapsechativestate’® Formore complexproteis,it was
possble to assembleapproxmate structureswith the aid
of some experimemally or theaetically derived
restaints!® % The modelwasalsoemgdoyedin a detailed
anajsis of the thermodyamicsand dynamcs' of the
assemblyof C-termind -hairpinof the B1 domainof pro-
tein G. Theresultsof the simulaionswerein semiquanti-
tative agreementwith recentexperimendl studieg™

The modelemployed hereassunesa lattice representa-
tion of a virtual chan connecthg the centersof massof
the sidegrouys of a polypegide chain The forcefield of
themodelhasbeendevelope by mears of statistcal ana-
lysis of various structural regularities seenin known pro-
tein structures.Similar to our previous work, the Monte
Cailo processwith local conformationaltransitionssimu-
lates the stochasticdynamicsof the model chairs. In con
trast to the previousapplicatons, here we analyze simpli-
fied (realisic, butexagyeratedsequenesandthe coil-to-
helix (or coil-to-beta shee} transitions. Effects of the
sgjuence-secific short- and long-rangeinteractionsand
the strengthof the modelhydrogenbondson the collapse
transitionis modeledandanalyzed.
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2. Protein representationand model of Monte
Carlo dynamics

The majority of reduced protein models assune a C,-

represetation of the polypeptide chain, i.e., the main-
chainbackbor is reducedto the alphacarbontrace, i.e.,

the chain of virtual bondsconnectng subsequentlpha
carbong®!? In more detdled models reducedrepreseta-

tions of the side grous were sometines introduced*?!

Here,we proposea slightly differentphilosgohy. Namel,

the chan modeledin anexplicit way connectghe centers
of massof the side groups.A number of argumerts sup-
port such an appraach. First, it is known that the
sequene-specift interactons in polypegides involve

their side chains rather than the main-chain units. Side
groupsare closely packal. Thereis a well-defined peak
from the first coordnation spherein the radial distribu-
tion function for side groupsin folded proteins. This is

not the casefor alphacarbons;contads betweenvarious
elements of seondarystructureleadto very broaddistri-

bution of distancesbetweenclosestalpha carbons.The
main-dain, long-rangeinteractonsin proteinsare rather
generic,andto a large extent,sequene indepemlent.Sec-
ond, having reasonatd positions of the side chairs in the
folded structure the rebuilding of a goad approimation
of the main-chaingeomety is quite easyand straghtfor-

ward. The oppositeprocedue, i. e., rebuildingof the side-
chainpositiors from analpha-carbm trace is signficantly

more difficult. In othe words, when assuning a single,
explicitly treated unit per amino acid, centersof side
groupsseemso be a betterchoice thanmain chainunits
(alpha carbons). The side chain option enables more

straighforward simulaions of closdy packel protein-ike

structuresMoreovwer, dueto well-definedpacking of side
groups,simple contact potentialsare bette justified and
moreaccurae.

The model of a polypeptice chain composedof N
aminoacidresiduesconsstsof N + 1 vectas connecting
the centersof massof sidechairsin their actud rotational
isomert state.Two additionalvectas on the chan ends
defineorientationsof the N-terminal and C-terminalcaps
of the polypeptide The ceners of massof the original
side chairs are computedfor all heavyatoms(all atoms
excepthydrogenatoms)of the side chains+ alpha car
bons. For instance, the cener of interacton for glycine
coinddeswith C,, for alarine it is locatal in the cener of
the C,-Cs bord and for valine the interacton centeris
placedat the C; postion. The coordnatesof the interac-
tion centersare restrictel to the neaest knots of the
underlyirg simple cubiclattice with a lattice spacirg cor-
responihg to 1.45 A (Angstroms)in real proteins To
cover a wide distribution of the allowed distances
betweenthe neaest (along the chain) centersof interac-
tion, the chainvectorshavethe form of r; = (xj, =k, =I),
with j, k,1=0,1,2,3,40r5and9 <!r;| < 30,in lattice

Fig.1. |lllustration of the model chain design.Two fragments
(expandedp-type in the upperpartof the pictureandhelical in

the lower part) are shownin a projectionalongthe Z-axis. The
expandedragmentis placedin the XY plane,the helix axis is

along the Z-axis of the lattice. The larger gray sphers corre-
spondto the side chaininteractioncenters.Smaller dots illus-

tratethe excludedvolume clustersassociatedavith eachresidue.
The black dots indicate three occupiedlattice points along the
Z-axis, the gray onesindicate single pointsin the XY planeof

the interadion center Eachexcludedvolume clusterconsistsof

19 lattice pointsthat are subjed to single-occupacy testsin the
Monte Carloalgorithm. The spacingof the underlying cubic lat-

ticeis equalto 1.45A.

units. Thereare 646 possitbe bond vectas. The shortest
vectors,type of (2, 2, 1) or (3, 0, 0) correspndto a dis-
tanceof 4.35A. Thelongestvectas, type of (5,2,1), cor-
respondto 7.94 A. Thus, the wings of the distribution
seenin real proteinshave beencut off. This doesnot
introduce any sigrificant error, although it somewhat
reducesthe excessentrogy of the model chan. A hard-
core excludedvolume is associatd with eachcenterof
interacton. It hasthe form of a symmetricclusterof 19
lattice points;the centralone,six neaestneighborsof the
simplecubic lattice,and12 secondneighbas on distance
2'2]attice units from the centralone (seeFig. 1). The dis-
tanceof closestapproachof two suchclustersis equalto
3 lattice units andthe numter of relative orientdions for
theclosestappro&his equalto 30. Forlargersidegroups,
the hardcoreis supplenentedby a soft repulsive spheri-
cal envelopewhich exterds (dependingon the pair of
aminoacidsinvolved) up to 12'2attice units. For a num-
ber of purposesit is importantto know the approxmate
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Fig.2. lllustration of the procedureusedfor appoximation of
the alpha carbon positions Given the side group chain (gray
spheresand thick solid virtual bondsof the model chain) Ca
positionsare placedon the bisectorof the chain fragment, and
are not restrictedto the lattice nodes.The distancefrom the
appropriate side chain is residue dependentand could be
extractedfrom the statisticalanalysisof the databasef protein
structuresFor alanire suchdistarceis equalto half of thelength
of a C—C bond (about1/2 of alattice unit), for valineit is two
timeslarger, etc.

positiors of the alpha-carbm atoms.It could be shown
thatfor a givenamino acid sidechain,the positionof the
C.s could be approximatedfrom the positiors of the three
consective units of the model chain. The systeméc and
randomerrorsof sucha procedire are below the resolu-
tion of themodel. Theideais expainedin Fig. 2.

Monte Carlo samping emgdoys a random sequace of
single-residie (interaction center) moves,movesof two
and three subsequenthain units and small (rigid body
like) shifts of larger ranrdomly selectedchan fragmens.
All movesare subjec¢ to bond length restricions. Long
sequenes of such movesconstitite the numeical solu
tion of a stochast equation of maotion andtherebysimu-
latethe coarse-graind dynamtsof model polypeptides.

The model outlined above somewhatresemblesthe
“fluctuating bord” model** that is widely emgdoyed in
studiesof polymer dynamcs?*® It is assumedhat the
fluctuating-bond model significantly reducesthe effects
of lattice anisotropy (when compaed to simple lattice
models)andis emodic in proper Monte Carlo samping
schemesThe presentmodel is of higher resdution with
some important geometricalpropertes of polypeptides
encodedn the chainrepresentatio andin the force field
of the model. Thus, by analogyto the fluctuating bord
model, it is ratherunlikely that this model exhibits any
noticeabé lattice anisdropy or experieres ergodcity
problemd?®

3. Interaction scheme

When taken at the athernal limit, the model outined
abovehasall of the propertes of a randomcoil chain

with excluded volume. However proteins are quite spe-
cial polymers;their chainsarerelatively stiff with specit

fic shortrangeconfarmationalcorreldions. Someproper

ties of proteinsarerathergereric, while othersdependon

the sequene of amino acids in the polypeptide chain.
Also, long-rarge interactonsneedto be designedin such
a way that specific, proten-like packingin a globular
statecould be achievedat low tenperaturesAll of these
potentialsarederivedfrom a properstatisticalanalysis of

known folded structuresof globular proteins The under-

lying assumgion is that suchknowledge-basedtatistcal

potentialscould be alsoappliedto the deraturedstatesof

proteins.This suppsition is difficult to provein a rigor-

ousway; howeer, this procedue is commonly acceptd

in studiesof proteins and there are strong reasonsto

believe that at leastqualitaively this assunption is cor

rect Various comporents of the model force-field are
briefly outlined below.

3.1 Modelingprotein-likechainstiffness

Gereric (sequene indepenent) short-rame interaction
potentialsweredesignedto mimic proten-like chainstiff-

ness Details could be found elsewlerd® 2!, Here,a short
summary is providedfor the reader's conveniee. Short
fragmeris of polypeptide chairs in proteinstendto adopt
two types of conformations:compactones,chamacteristic
of helicesandturns,andexpandednes, charcteristicof

B-sheetsand expandedloop regons. As a result, the dis-
tribution of the distancebetweenthe endsof five residue
fragmeris (connecta by four virtual bonds)in proteinsis

bimodal. This shoud be contrastedwith the singe-maxi-
mum, Gauss-typ distributions seen in flexible polyme

models. Thus, a bias towards either of thesecorforma-
tionsis introducedinto the models.The enegy gain (—&g)

associatedwith proteiniike conformdionsis the samefor

the right-harded helical turns and for expandedconfor-

matons, with the proper rangesof specific seconary
structuregeomety extractel from a statistcal analysisof

known protein structures. Additionally, the systemis

awarded the samenegativeenegy increment,—gg, when
such geometry extends by the next chain unit. For
instance, this is the case when, for a given four-vedor

helical turn, the nextvecta alsoformsa helical turn with

the threeprevious vectas. Suchbiasesinduce a bimodal

distribution of the distancebetweenthe i-th and i+4"

resdues,and,in absece of the sequene-speific interac-
tions, they enforce protein-ike distributions of other
shortrangegeometrich properties(bondangkes,dihedral

andes,anddistances).

3.2 Sequencéependenshort-rangeinteractions

Short-range, sequencalependent,corformational prefer
encesof modelpolypepticeswere encaledin four poten-
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Tab.1. Shortrangepotentialfor the mostspecifc interactionsbetweeni-th andi+3™ residuesNegativevaluesof R¥.3(Ai, Ai.s)
arefor left-handed confomationof three-vecto fragmentswith appropriateesidueson the endsof the fragment.

Rangeof R¥i.3(Ai,Aisz) (in Angstroms)

-12 -12,-10,-10,-8, -8,6 -6,-4 -4,-2 -2,0 0,2 2,4 4,6 6,8 8,10 10,12 12
VALTHR 1.75 -160 -091 101 18 200 200 200 200 -0.80 -0.53 0.25 -0.10 2.00
THRVAL 147 -168 -0.75 099 200 200 200 200 200 -0.81 -058 034 010 195
ALA SER 200 -0.80 -097 087 200 200 200 200 200 -162 -0.01 -049 0.13 2.00
LEUALA 138 -0.72 -066 146 2.00 200 200 200 200 -122 -157 051 057 2.00
SERALA 200 -0.75 -0.73 124 189 200 200 200 200 -1.70 -0.60 0.01 0.07 2.00
SERSER 2.00 -105 -0.81 082 167 200 200 200 18 -133 -0.37 -048 -0.12 2.00
ALA ALA 200 -035 -061 125 200 200 200 200 200 -208 0.04 006 095 200
ALA LEU 196 -046 -061 138 173 200 200 200 200 -195 -0.64 048 0.76 2.00

tials contolling shortrange distancesbetween chain
units. Distancesetweeni-th andi+k (k =1, 2, 3, 4) resi-
dueswere constdered for all possille combirations of

end residuesin corresponthg fragmens. The distances
betweenthe i-th andi+ 3™ residueswere assumedto be
“chiral” i. e.,the handednsssign of the three-veobr frag-
ment definedthe distanceas being negativeor positive,

respectiely. The statistcs from the datalase of protein
structuredor all pairsof aminoacidsat appropiate posi-
tionswerecollectedin the form of histogramgqthreebins
fork =1 andk = 2, 14 binsfor k = 3 and7 binsfor k = 4)

and related to flat referencestate distributions. The
resultirg potentials reflect the seconary-structire pro-
pensitiesencodedn protein sequ@éces.Forinstancewith

valine (Val) resduesat positioni andi+4, the r;;.4 (Val,

Val) has negaive values for larger valuesof the corre-
spondimg distance, typical for B-sheas, while ;.4 (Ala,

Ala) for the helix-forming residuealanne (Ala) hasa
minimum for smalker distancescorrespnding to helical

conformations. Numerical datafor all potentals can be
extractedrom our web site*®! Exampledatafor the most
specificshort-ramge potentialsaregivenin Tab. 1.

3.3 Long-rangepairwiseinteractions

Long-range pairwise interactionsare distancedependat
(seeFig. 1). Distancesup to 3 lattice units are prohibited
Thenthereis a finite-strengthrepulsive core, appicable
to pairsof largeraminoacids.Next, thereis a squarewell
of the pairdepeneént interactons. The cut-off distance
dependson the pair of aminoacidsinvolved. The values
of the sequace specific part of the pairwise potential
dependon the mutual orientation of the interactng units.
Thereare separatevalues of thesepotentias for parallel
contacts, acue/orthogonakontacts,and antiparallel con-
tacts.For somepairsof amino acidsthis effect of orienta-
tion is large. There are several reasonsfor this effect
First, our modelis reducedto a singe interacton center
per side chain. Side groups, especidly larger, are not
spherical When they are closdy packed,some mutual
orientaions could be enegetically favorable. Second in
folded structures,polar and chaged amino acids are

located on the protein surface,with most side chains
interacthg in a parallel fashion Sinceour modelneedgo
discriminat not only againstincorrectlyfolded structures
but also againstunfolded randomstructures sucha pre-
ferencetowards parallel packng needsto be accownted
for in theinteracton schemelndeed statisttal potentials
for pairs of amino acids having opposite chages are
strongly attractive for parllel orientdions but repulsive
for antiparallel contacts. The antiparllel packing of
chagedresiduesn proteinsis extrenely rare. The orien-
tation dependentconfact potental can also accountfor
some more complex effect in protein packing like the
acute orientation of aramatic rings, etc. Of course,the
statisticsfor the derivation of such potentials is about
threetimesworsethanfor simpleorientation-independast
pairwise potential. Fortunatéy, present database of
experimenally detemined protein structures are large
enoughto provide (on average)hundrals of exanplesfor
every pair of amino acids and evely mode of mutual
packing. The numeical dataare enclesedin Tab.2. To
increasethe strengh of tertiary interactions all valuesof

Tab.2. Valuesof the pair-specfic potentid of the long-range
interactiongfor theresidue includedin thedesignedsequence.

Parallelcontads

ALA SER VAL THR LEU
ALA -0.1 -0.2 -0.4 -0.1 -04
SER -0.5 -0.2 -0.5 0.0
VAL -1.0 -03 -10
THR -05 -03
LEU -1.2
Acute/orthgonalcontads

ALA SER VAL THR LEU
ALA 0.1 0.3 -0.2 02 -02
SER 0.1 0.4 0.2 0.4
VAL -0.2 03 -04
THR 0.3 0.4
LEU -0.5
Antiparallel contacts

ALA SER VAL THR LEU
ALA -0.1 0.3 -0.5 02 -04
SER 0.3 0.3 0.5 0.3
VAL -0.6 03 -04
THR 0.6 0.3
LEU -0.4




Helix-coil andbetasheet-coitransitionsin a simplified, yet realisticproteinmodel

11 F[
fau. . \\
™~
—p~——{" hard core
\\ .
~~_ soft repulsion
L ™ pair specific
Al G T<//
N
A \ N
/ N

Fig.3. Long-rangeinteradions betweenside-clains. The cen-
tral gray spherecorrespondgo the hard-coe excluded volume,
the white envele correspondgo the finite-strengthrepulsive
interactions(for larger residus) and the gray envelpe illus-
tratestherangefor pair-specificsquarewell potentid. Examples
of threetypesof contactsareshownin the graph:antipaallel for
F andV residus, acute/orthogoal for G andT residue andpar
allel between A andG residus, respectively

pairwise potential have beenshifted by a constantvalue
of —0.5. This accountsin avery approxmateway for the
average chan-collapsng, hydrophdic effect of the sol-
vent. A specifictype of the contactis definedby thevalue
of the angle betweenthe bisectorsof two virtual chain
covalent angles correspndingto the residuesn cortact.
Three types of side-ctain contacts are illustrated in
Fig. 3.

As mentionedbefore,postions of sidegroupsallow an
estimdion of the alpha carbon coordnates. Finite-
strength the sameas for pairs of side chairs, repulsie
interactdbns (e, are associatd with side group-alpha
carbonandalphacarbon-gbhacarkon overlaps.

The sepaation of the hard-ore and the soft-core
excludedvolume was dore for techrical reasms. The
same size and shapeof the hard core clusters for all
amino acidsenabledast (and chain-lengh indepenlent),
and a look-up type of detecion of closel situaed chain
units.

3.4 Modelof hydiogenbonds

Strongly directional, main-chainhydrogenbonds play an
important structure-reglarizing role in protens. Instead
of calcuating hydrogen bond electrastatics, we opt for
modelingthe resulting structural regulariies on the level
of Ca and side group packing. Hydrogen bondirg
betweentwo chainunits implies a closespatid proximity
of the correspndingalphacartonsandan almostparallel
orientation of the planes definedby two-bondfragments
of the chain Theideais explainedin Fig. 4. The system
gains in enegy (—¢q) for each such interacton. The

Fig.4. Geomdry of the model hydrogenbonds. ResiduesA
andG are“hydrogenbonded”becausehe following geomerical
criteria are satisfied. First, the alpha carbonsof theseresidues
are closeto eachother (with a distarce lessthan 4.5 lattice
units). Secondtheir correspondig chainfragmentsnterad in a
“parallel” fashion.Namely the vectorfrom the G's alphacarbon
(solid arrow) lengthof threelattice units, orthogonalto the local
chainplane,pointsinto closevicinity (into asphereof radius2*?
lattice units aroundthe alpha carbonof residueA) of the A’s
alphacarbon.Onesuch“hydrogenbond” vectororiginatesfrom
ead Ca.

“hydrogen bord” network was designedto be weakly
cogperative in an explicit way. Namely an addtional
enepgy gain (—0.5 &y) is assignedo eachcasewhentwo
fragmers of the chain,eachcomposedof threeconsecu
tive units, form a net of three parallel contacts. Suc a
patern is charateristic of helices as well as of -
sheeg ]

3.5 Total conformationakenegy

Total conformational enegy of the model systemis a
sum of the above-outlined contibutions. The scalirg
coeficients for particar interactionswere adjusted by
trial-and-eror proceduesin abinitio folding of a numbe
of small globular proteins The total enegy read asfol-
lows:

E=1.0E,+0.375E,+ 4.0 Ep+ 2.0 Epai
+1.25E,+0.1255(S) 1)

Where: E; is the genericchan stiffnessenepy, Es is
the contribuion from the shortrange sequene-speific
interactions ., denoteghe effect of soft (generic)repul-
sive interactons, Ey.: is the sequace-depedent enegy
of pairwise interactbns of the side groups, E4 is the
enepy of thehydrogenbondnetwolk, andé(S) is a small
enegy contribuion from a centrasymmetric potental
which dependsonly on the radiusof gyration (S) of the
model chain The centosymmetricpotental hasa shal-
low minimum for compactglobular states.All generic
parameters(e) havethe samevalues equalto 1.0. The
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centrosynmetric potental contibutes very little to the
total enegy; however it acceleatesthe folding process
therebypenalzing extremdy expandedtonformations.In
somesimulaions, the strengthof hydrogen bonds(—ep)
wasmodified asdiscussedater.

4. Resultsand discussion

The modeloutlinedin previoussedions can be usedfor

modelng naturaland artificial proteins To someextent,
each natual protein is different and the differences
amongthemare sometinesdifficult to quantify Thereby

studiesof designedsequencesnay be a usefulmears for

better undersanding of general apects of protein
dynamtcs and thernodynanics. In designedsequenes,
one may usea smallernumter of amino acids,exagger

ated sequene paterns, and desigh otherwise similar

“proteins” coniaining a differentnumberof residuesegtc.

Consegently, compute modeling experimers for these
polypepide sequenescould be better contolled. Some,
more genegal but certainly not all, findings for suchsim-

plified co-polymeic systemsmay also apdy to natural
proteins

4.1 Modelpolypeptidesequences

Two artificial polypeptidesequeneshavebeendesigied
for the purpcse of this study The first (Seq) could be
written as (-Val-Thr-), and constitues an exampleof an
exaggerted B-forming sequene patern. Valine and
threonineresidueshave strong propensitiesto appear in
B-sheetstructures. Valine is hydrophdic while threo-
nioneis polar. Thus,thereis a possilility of a phaseseg-
regation into B-sheet-like compact globular conforma-
tions. The seconddesighed sequere (Seqg2) could be
expressdas(-Ala-Leu-Se-SerAla-Ala-Ser),. It hasthe
charateristics of helical structures: a 7-residue repeat
period, with well defined hydrophdic (alanineand leu-
cine) and polar (serineresidues)facesin helicd confor
matiors. Alanine and serineresidue hawe a strongten-
dencyto appearin helical fragmeris of globula proteins
Short range potentids for the maost specific interactions
betweeni-th andi+3“ residuesare comparedin Tab.1.
Numeiical data for the remahing potentials can be
extractedfrom our homepage*® The leucineresiduesn
Seq?2provide a similar strengthof tertiaty interactionsas
valine in thefirst sequene. Tab.2 contans the values of
the pair-specific potential of long-rangeinteractons for
the residue included in the designedsequenes. All
numericaldataarefor the potentialsbeforescalirg given
in Eq.(1).

Both sequene patterrs wereusedto build polypeptices
of lengths varying from 56 residuesto 224 residues.
Monte Carlo experimets conssted of a numter (10 or
more) of indepen@nt simulations at various tempen-

tures.In eachcase simulaions startal from a relatively
high tempeature, correspnding to the rardom coil
regime.In subsegentruns,the tempeaturewaslowered
up to a tempeature charateristic of high-densityglobu-
lar states.

4.2 Effectof sequence

As expected, the two designedsequenesexhibit qudita-

tively differentbehaviorin the Monte Carlo experimens.
At a sufficiently low tenperature,both sequaces col-

lapseto a high-dendly globular state.In the collapsed
states,the model chans exhibit a high level of local

ordering. For SedL, the packing is charateristic of j-

globular protens, while Se® adgts a packing pattern
typical for helical proteins. Since both sequenes have
the repeatingpatternsof a few residuesalong the chain,
the “folded” structuresare not unique There are no
sequene signduresfor turnsor breaksin the secondry
structure propersities of the model polypegides. How-

ever it shodd be notedthatthe averagelengh of the sec-

ondary structure elements does not charge very much
from expeimentto experiment.This is dueto on-awerage
attractive pair-spedfic interactionsbetweenside chains
that act as a compacing force. Fig.5 and Fig. 6 show
represerdtive snapshotsf the alpha-carbn tracesfor

Seql and Seq2 polypegides at various tempentures
(abovethe folding transition, at the transition, andbelow

thetransition, respectively).

Interesingly, the collapsetransition for Seqlpolypep
tidesoccus at a highertemperaure andis steepe indi-
catinga morecoopeative characteof the transition. This

Fig.5. Exampleconfomationsof the SedL polypeptidecon-
sistedof 112 residuesA- abovethetransitiontempeature,B- at
the transition temperatureand C- folded structure below the
transitiontemperatureN = 112.
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Fig.6. Exampleconformationsof the Se® polypeptidecon-
sistedof 112 residuesA- abovethetransitiontempeature,B- at
the transition temperatureand C- folded structue below the
transitiontemperatureN = 112.
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Fig.7. Averageconformation& enegy as a function of tem-
peraturefor Seql(solid line) and Seqg2 (dashedline), respec-
tively. N = 112.

is truefor the entirerange of chainlengthstudiedhere In
Fig. 7, the conformational enegy is plotted versusthe
temperdure for two types of amino acid sequenesand
the samechain lengh. Indeed the B-type polypeptide
folds into a globula state at higher temperatures the
changeof conformationalenenpy is larger andthe transi-
tion is narrower Inspection of heat capadty curves
(Fig. 8) alsoindicatesa more cooperdve transition for
Seqlchairs. A possble explanation of this difference
could be ascribedto the different characteistics of the
hydrogenbondnetwak in two typesof protens.Namely
the main-dhain hydrogenbonds in helical proteinshave

25000
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15000 |

Cv

10000 |
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14 15 16 17 18 19 20 21 22
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Fig.8. Heat capacity of polypeptide chains computel from
fluctuationsof conformationh enegy asa function of tempea-
ture for Seqgl(solid line) and Seq2(dashedine), respectively
ChainlengthN = 112.

chamcterigically shortrangeinteractons,while in B-type
proteins the hydrogenbords involve resduesthat are
farther apat along the chan. Consegently, in spite of
havng approxmately the same number of hydrogen
bordsin both structuresandsimilar magniudesof attrac-
tive interactbnsbetweenthe side grous, the larger frac-
tion of long-range interactionsstabiizing the globula
corformations of B-type protensleadto a morecoopera
tive collapse transition. The drop of confornational
enegy is associatd with arapid decreasef the averae
chain dimensons. This is illustrated in Fig.9A, where
the mean-squar radus of gyrationfor both sequenesis
plotted agairst tempenture.Again, the effect is stronger
for B-type proteins, since more interactons are strictly
dependenton the spatial proximity of the polypegide
fragmerns. For the helical sequene, Seqg2, the chain
dimersionsgradualy decreaseover a quite broad range
of temperature On the contrary, for Seqlthe decieaseof
the averaye chain dimensims is very rapid at a narrow
range of temperaure aroundthe collapsetransition. The
smal increaseof the averaye dimensims for p-type glo-
buleswell below the transition is associatedwith a small
shift of the equilibrium betweeralmostsphericalglobules
and more elongated globuleswith a smaller number of
longer secondey structure elements. As shown in
Fig. 9B, at high temperaturesoth sequacesexhibit very
low (a few percent) helix cortent. The properties of the
random coil state are very similar for both sequaces.
During the collapsetransition, the helix contentfor the
sgjuencecontaining helix-forming residuesin a helix-
like sequene patern (Seqd increasegapidly. The for-
maton of the majority of the secondry structurecoin-
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Fig.9. Meansquareradius of gyration (A) and averagehelix
content(B) as a function of tempeature for Seql(solid line)
and Seq2(dashedline). The dataare for the samesystemsas
presentedn Fig. 7—8. ChainlengthN = 112.
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cideswith the folding transition. For B-forming Seql,the
folding transition leads to the decreaseof the helix con-
tentfrom a small (but nonzero)value at the random coil
stateto essentilly zeroin globular state.

The medanismof folding could be abbrevated by a
combiration of collision-diffusion*® and sequential on-
site assemb.'¥ The secondnechanism- wherealrealy
assemi®d fragmeris providea scafold for the folding of
the remaning portion of a model polypeptide — domi-
nates,especidly for the B-type sequace. lllustration of
sucha mechanismcanbe foundin the intermediae tem-
peraturesnapsbts (B) in Fig.5 andin Fig. 6. Indeedthe
shapshot(a typical one) for Seql shows an alrealy
asseml#d threestrandedsheet The fourth strandis in

the procesof assembyl, with conformation of the restof

the chain beingmore-orlessrandom.Compaison of var-

ious trajectaies showsthat the folding nucleus canform

at any positionalong the chan. A similar mectanismof

assemby canbe observedor helical structuresFig. 6B

showstwo loosely defined helices that zip-up to opena
helical hairpin. Inspectio of severalrajectaiesindicates
thatthe elenentsof sequetial assemby andthe diffusion
collision mechaism could be seenin all simulationsfor

this sequence.

Fig.5C and Fig. 6C show snaghotsof low-tempera-
ture folded structures.Thesebelong to the lowestenegy
globular confarmations for Seql and Se®, N = 112
chains.The structuresof the globulesarenot unique. For
instance Seqlin a fraction of simulatonsformedtwo (-
sheetsthat crossedat almost straight angles.In these
structures,the averagenumber of p-strandg was larger
than in the conformation shown in Fig.5, allowing a
saturatio of the tertiaty interactonsin suchorthogoral
structures.For Se®, three-merber, four-member, and
five-menber helical bundles were observed In some
simulations(about1/3 of thetotal), othe typesof packing
were observed.Interestindy, a small fraction of folded
structurefrom Se showael intrusionsof -type packing
of smal chainfragmers betweerhelices.

4.3 Effectof chainlength

Tab.3 contans the numeical valuesof the folding transi-
tion tenperaturefor various values of the chain lengh.
Transitin temperatureswere read as postions of the
maximain the heatcapaciy curves. With an increasig
numberof resduesin polypeqide chairs, the transition
temperatue increasedgor B-type polypeptices(the helical
sequene chargesarebelow the resolutionof our simula-
tions), i. e., the globular structuresbecomemore stable
While the trendis ratherclear over the entire rangestu-
died here,it cannotbe extraplatedto longerchains.For-
mation of a hydrophobic core is an importantaspectof
proteinfolding. Above somecritical chainlengh, forma-
tion of a single hydrgphobic core could be impossile or
not plausibledueto compettion of variousinteractons.
One may expecta division of long chairs into domairs.
This possilility will beaddresedin futurework.

Tab.3. Transitiontemperaturesor variousvaluesof the chain
length.

Sequence T

Seql 56residues 1.80
Seql 112residues 2.00
Seql 224residues 2.05
Seq2 56residues 1.60
Seq2 112residues 1.60

Seq2 224residues 1.60
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With increasing chain lengh, the transition becomes
somewhatsharperfor both sequenes (larger jump of
conformdional enegy in anarrover rangeof tempeature
and higher peak of specfic heat). This indicatesmore
cooperaive folding.

Increaseof the chain length from 56 to 224 residues
slightly increaseghe averagelengh of seondarystruc-
ture elements. In all folded structures,the turns were
locatedat the surfaceof the globule. This is alsoa com
mon feature of naturalglobular proteins.With increasimgy
chainlength,the fraction of globulesexhibiting the non
parallel packng of helices or B-sheetsincreased How-
ever for all studiedsystemsthe parallel modeof packing
dominates

4.4 Roleof hydiogenbonds

The model of hydrogenbondsemgoyed here stabiizes
both types of regularsecondarystructure. The formation
of a particdar secondry structureis triggered by short-
range interactions that may locdly favor either very
expandedor more conpact helical confarmations. The
interplay between conformational stiffness and long-
rangeattractive interactonsitself providessomecoopen-
tivity of the folding transition® The increaseof the scal-
ing factor for shortrangeinteractons leadsto somevhat
augmened cooperaivity. However, a modelwith signifi-
cantly stronger short-rage interactons than employed
herewould be lessphysical.Namely the leve of second
ary structure at tempeatures above folding transition
would be higherthanobserve in unfoldedglobular pro-
teins. It is interestng to seeto what extert the obsened
collapsetransition is cortrolled by the interplay between
the local conformational stiffness and the long-rarge
interactbns betweenthe side chains,and to what extent
the directional properties of hydrogenbondsare impor-
tant. To addressthis problem, two addtional seies of
simulationswere peiformed;the first with the strengthof
the hydrogenbondstwice reduced,and the secondwith-
out any hydrogenbond interactons. When the original
seriesof simulations was done,we employed a certdn
scaling of the magnitude of hydrogen bord interactions
that appeardo be closeto an optimal value for simula-
tions of the folding processf naturalproten sequenes.
Simulatins with reducedstrengthhydrogenbondsshow
thattheseinteractonssigrificantly contribute to the fold-
ing cooperatvity. The collapse transition tempeature
decreaes with the deceasing strength of hydrogen
bonds.Sinceit leadsto anoverall deceaseof the strength
of the long-rangeinteractions(at least for B-type pro-
teins),it seemsto bearathertrivial effect

Howeve, the situation is more conplex. The lower
scalingof hydrogenbond potential, or the lack of these
interactons, makes the collapsetransiion more diffuse
This is furtherillustratedin Fig. 10, wherethe conforma-

Energy

Temperature

Fig. 10. Averageconformationalenegy asa function of tem-
peraturefor Seql (lower/right side curves in triangles — no
hydrogenbonds, squares- half-strengthof hydrogenbonds,and
in circles — full strengthof hydragen bonds)and Seq2(upper
curves, hexagns — no hydrogen bonds, diamonds — half
strengthhydrogenbonds,triangles — full strengthof hydrogen
bonds) for three valuesof the scaling factor of the hydrogen
potential.ChainlengthN = 112.

Fig.11. Snapshotf globular confomations of B-type pro-
teins for three valuesof hydrogen bond potentid: A- without
hydrogenbondinteradionsat T = 1.5, B- with 1/2 of the original
strengthof the hydrogenbond networkat T = 1.6, and, C- with
thefull strengthof hydrogenbond interadions, for temperature,
T = 1.8 (thesameconditionsasfor snapshbC in Fig. 5).

tional enegy curvesare conparedfor various systems.
The relative conent of regular secondary structure
(helices or B-sheets) noticealty decreases,especidly at
temperatureshelow the collapsetransition. The effect is
stronger for the helical sequene. This is illustrated in
Fig. 11 where three represerdtive snapsbts of folded
corformations of B-type proteinsare presentedor three
values of the hydrogenbond scaling factor A similar
conmparisonfor Se@ is givenin Fig. 12. Cleaty, charges
of hydrogenbond interactons influence the behavior of
helical polypegidesin a qualtative fashion while for p-
type sequenesthe chargesare significantly smaler. In
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Fig.12. Snashotsof globular conformationsof B-type pro-
teins for three valuesof hydrogenbond potential: A- without
hydrogenbondinteractionsat T = 1.0, B- with 1/2 of the original
strengthof the hydrogenbondnetworkat T = 1.2, and, C- with
the full strengthof hydrogenbondinteractions for temperéure,
T = 1.4 (thesameconditionsasfor snapshoC in Fig. 6).

order to sepaate the effect of hydrogenbonds,all glo-
buleshaveapproximaely the sameaverae packng den-
sity asmeasued by their radii of gyration. Consegently;
the temperaturedfor particular structuresare different —
lower for the systens with reducedstrengh of the hydro-
genbondinteractions.

Monte Carlo expegiments with a reducedstrengh of
hydrogenbond interactbnsindicatethat thesedirectional
interactons are necessar to achieve the highly regular
local packing in a globular state.Strongsecondarystruc-
ture shortrange conformational propersities and a very
regularpatten of hydrophobicandpolar residuesare not
sufficient to induce protein-ike packng. This hasto be
contrastd with findingsfor very simplelattice models.In
suchmodels,propersegquencepatiernsand/orchain stiff-
ness led to highly ordered structures.The difference
could probalty be asaibed to the muchlarger numker of
possitbe conformations per chain unit in the present
model. The effective number of degees of conforna-
tional freedomper amino acid in the model studiedhere
is closeto that calculktedfor real polypeptides. Thus, it
appearghat the intergay betweenthe short-rame inter-
actionsand sequene-specift long-rangeinteractons of
the side groupsandthe main chain hydrogenbondsseen
in the preseit modelmimics, to a certin extent, the com
plexinteractonsdeterminirg real proten structures.

The effects of solvent andresuting hydrophdic inter-
actions are pattially encodedin the side-chain interac-
tions. Nevatheless,hydrophobic interactons may need
more explicit treatment.This aspectof reducedmodeling
of proteinswil| beaddressdin theforthcomingwork.

5. Conclusion

In this work we descibe a reducedmodel of protein
structureand stochast dynamics. The resoluton of the

lattice represeration of polypegide conformationsin this
model(about1.5 A) allows oneto modelsomedetailsof

protein structures. The interactionschene of the model,
derivedfrom statisticalanalsesof the structural correla-
tions sea in real proteins mimics the local stiffnessof

polypepides, the meaneffects of side-chan interactons,
andthe main-chain hydragen bords. Here, two artificial

sequenes of amino acids were studied. Both were
designedusing idealized and exaggeated patterns of

beta-formirg and helix-forming residues.Monte Caio

simulationshave shown that indeedthe two sequ&ces
undego collapse or folding transifonsthatleadto highly
orderedglobular structures.The B-type model polypep

tidesexhibitedsharperapparetly more coopeative fold-

ing transifons. For these polypegides, their rapid col-

lapse,as measuredoy a steepdeceaseof chain dimen

sions,was acconpanied by the fast formation of regular
secondey structuredn the densey packedglobular state.
For helical proteins,the transition occus more gradually,

and the formation of secondary structure (helices) pro-
gressesver a broade range of temperaturesMoreover
the assembly of helicesis somavhat lesscoupledto the
onsetof chaincollapsethanin the caseof B-sheetforma-
tion.

Varying chain length (polypeptidescomposedof 56,
112 and224residus were studied)hada small influence
on the folding transition. For longer chairs, the folding
temperatue slightly increasedandthe collapsetransition
wassharper

The folded structureswere not unique; however the
distribution of the size of the globule was quite narrow
Few types of structureswere observed— mostly parallel
B-sheets and helical bundles.For longer chains, more
complex folds, with orthogoral packng of seconary
structureelementswerealsosonmetimesobsened.

While the sequace of amino acidsusedhere,andthe
resultingshortrangeandlong-rangepacking preferences
dictatedthe type of folding patten, it wasalsofoundthat
interactonsmimicking the orientationaleffects of hydro-
genbordsarenecessar for a high level of packing order
in the globular state. The effect is stronger for helical
sequenes.

Folding transitions observel in simulaions occured
by a combination of two mechanisms The B-type
sequene folding was dominded by a sequentiafolding
mechanismwhere alreadyfolded fragmens saved as a
scafold for “on site” assenbly of the rest of the chain
For helical proteins a “collision-diffusion” mechaiism
was sonewhatmore pronouned, where loosely defined
helices,fluctuating (in time and space),sometines col-
lided andsubsequety adjustedtheir geometryandpack
ing patterns.

In theforthcoming work, we will attemp to modify the
sequenesto achieve more uniqueglobular structures.In
particulay the effect of turnloop inducing sequace pat-
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ternswill beinvestigated. Also, a more exgicit treatment
of the solventeffect and hydrophobicinteractionsin the
frameworkof the reducedmodel will be introdued and
its effect on cooperaivity of the thermodynamicsof fold-

ing transitionswill be addresed. The purpcse of these
studieds to establshaminimal modelof molecularinter-

actionsin proteinsthatis sufficient for semi-quantitatve
studiesof the dynamicsand folding thernodynamicsof

globular proteins, multidomain proteins and multimeric

proteinassenblies.
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