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We introducea quantity,the entropicsusceptibility,that measuresthe thermodynamicimportanceÐfor the
folding transitionÐof the contactsbetweenamino acidsin model proteins.Using this quantity,we ®ndthat
only oneequilibriumrun of a computersimulationof a modelproteinis suf®cientto selecta subsetof contacts
that give rise to the peakin the speci®cheatobservedat the folding transition.To illustrate the method,we
identify thermodynamicallyimportant contactsin a model 46-mer. We show that only about 50% of all
contactspresentin theproteinnativestateareresponsiblefor thesharppeakin thespeci®cheatat the folding
transitiontemperature,while the remaining50% of contactsdo not affect the speci®cheat.
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Proteinsare heteropolymers,composedof 20 types of
aminoacids,thatperformspeci®cfunctions.Theaminoacid
compositionof proteins determinestheir unique structure,
function, and folding kinetics. Understandingthe relevance
of the interactionsbetweenaminoacidsto proteinfolding is
a complex task that has been the subjectof a numberof
theoreticaland experimentalstudies@1±13#. The transition
from the unfoldedto the folded stateof a protein is accom-
paniedby a drasticreductionof the entropy.In onepopular
scenario,thefolding transitionfor shortproteinsis analogous
to thenucleationprocessat a ®rst-ordertransition@2,6,8,12#,
with competition between two free-energy minima: the
folded statewith low energyand entropyand the unfolded
statewith high energyand entropy.Thesetwo minima are
separatedby a free-energybarriercorrespondingto the tran-
sition states.

At the folding transition temperatureT f , there is an
abrupt changein the energy of the systemresulting in a
pronouncedpeakin thespeci®cheat.At T f , a small increase
in interactionenergyei j betweenaminoacidsi and j ``con-
tact strength'' resultsin rapid transitionto the folding state,
while a smalldecreasein contactstrengthresultsin transition
to the unfolded state.Temperatureis measuredin units of
kB/e @10#. However,different amino acidshavea different
contributionto the folding transition.Small variation in ei j
for differentpairsi andj hasa differenteffecton thefolding
transition.Here,we studythe thermodynamicimportanceof
each interactionduring folding by computing the entropic
susceptibilityÐtheresponsefunction to a small perturbation
of ei j .

We assumethat theproteinpotentialenergyis additivein
the pair potentials~contacts!
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whereU i j is theenergyof a singlepair, f (rWi ,rWj ) modelsthe

shapeof thepotentialandproteinat positionsrWi andrWj . We
de®nethe entropic susceptibilityx i j of a contactbetween
aminoacidsi andj as

x i j [ 2 ei j
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where dU[ U2 ^U&, dU i j 5 U i j 2 ^U i j &, and ^ . . . & is the
Boltzmannaverage,b5 1/T @14#.

The entropicsusceptibilitymeasuresthe effect of a con-
tactstrengthperturbationon thefolding transitionof thepro-
tein, thus identifying the thermodynamicrelevanceof such
contactfor the folding transition.Next, we demonstratehow
this measurecanbe usedto studycontributionsof the vari-
ouscontactsbetweenaminoacidsin theproteinfor the fold-
ing transition.We simulatethe ``beadson a string'' protein
model@12#, wherethe aminoacidsarehardspheresof unit
mass,with thecentersat thepositionsof thecorrespondinga
carbons.The potentialsof interactionbetweenamino acids
are squarewells of depth ei j . We study the 46-mer ~the
folding transitiontemperatureis at T f ' 1.44) that hasbeen
examinedin @12#. We useGoÅmodelfor thecontactpotential,
U i j : U i j is attractive(ei j 52 1) if the contactexistsin the
native ~ground! state,otherwisethe contactpotential is re-
pulsive(ei j 51 1) @15,16#. Our simulationsemploythe dis-
cretemoleculardynamics~MD! algorithmandareperformed
usingmethodsdescribedin @10,12,17#. The matrix of native
contactsof the 46-mer is shown in Fig. 1. This particular
46-meris knownto havea stablenativestateandto undergo
®rst-order-like folding 
 unfolding transitions without
stableintermediates@12#.

We calculate x i j at different temperaturesbelow and
aboveT f . A histogramof the valuesof x i j for variousT is
shownin Fig. 2. For T' T f thedistributionhasa pronounced
peakat large valuesof x i j , which indicatesthat there is a
separationof all contactsin two distinct setswith largeand
small valuesof x i j . The setof contactswith largevaluesof
x i j are ``thermodynamicallyimportantcontacts,'' since for
thesecontactsa small variationin their strengthis correlated
with a drasticchangein theentropyof themodelprotein.To
selectthethermodynamicallyimportantcontacts,we de®nea
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temperature-dependentthresholdx th(T) correspondingto the
value of x i j where the distribution has a maximum in the
spaceof all contacts.

Interestingly, thermodynamicallyimportant contactsare
not randomlydistributedin 3d spacebut are ratherconcen-
tratedwithin well-de®nedstructuralregionsin a modelpro-
tein. Figure3 representsthe intensitymapof thevaluesx i j .
In the upperpart of Fig. 3, we showonly the valuesof x i j
that are abovethe thresholdx th(T f)5 3.2 that, accordingto
our de®nition,correspondsto the thermodynamicallyimpor-
tant contacts. Although 50% of the contacts are above
threshold,the ®lteredmap of Fig. 3 shows that they are
clusteredtogetherandareamongwell-de®nedregionsof the
model protein.Further,we ®ndthat the regionsof thermo-

dynamically important interactions@x i j (T). x th (T)# in the
®lteredmapremainqualitativelythesameastheonesshown
in Fig. 3 for temperaturesin the rangeT5 T f6 5%.

To verify that the thermodynamicallyimportantcontacts
areindeedthermodynamicallythe mostrelevantto the fold-
ing of our 46-mer,we measurethe contributionof thermo-
dynamicallyimportantcontactsto the speci®cheat

CV[
1

2 (
i j

x i j . ~3!

Thus, we can interpret x i j as the contribution to CV of a
singlecontact.It is thenpossibleto partition CV as

CV5 CV
TIC1 CV

others, ~4!

where CV
TIC arises from the thermodynamicallyimportant

contacts, and CV
others from contacts below the threshold

x th (T). Figure 4 showsthat the thermodynamicallyimpor-
tant contactsgive a sharpcontribution to the speci®cheat
aroundT f . We ®ndthe numberof contactsabovethreshold
x th (T f) is about50%of thenumberof contactsin thenative
state,in agreementwith Flory-typearguments@10#.

It is naturalto inquirewhetherthethermodynamicallyim-
portantcontactscould be determinedby analyzingthe aver-
agecontactenergieŝ U i j &, which are relatedto the contact
frequency map @11#. For square well potentials, ^U i j &
5 ei j ^f i j &wheref i j is the contactfrequencyfor aminoacids
i andj. We ®ndthatthecontactswith thelargestvaluesof f i j

FIG. 1. Contactmap of the native stateof the 46-mer: dark
squaresdenoteresiduesthathavecontactsin thenativestate.Inter-
actionsareassignedaccordingto GoÅmodel@2#: all pairsof residues
that havea contactin the nativestateareassignedattractivepoten-
tial (ei j 52 1), while remainingpairsof residuesareassignedto a
repulsivepotential(ei j 51 1).

FIG. 2. Histogram of the entropic susceptibility x s @where s
indicatesarbitrary pairs (i , j )# for the 46-mer at temperaturesT
5 1.31, 1.44, and 1.55. At T f the distribution of x s has a pro-
nouncedpeak,centeredat x s5 3.2. Accordingly, we choosex th

5 3.2.

FIG. 3. The role of the thermodynamicallyimportantcontacts:
the lower corneris the intensitymapof the entropicsusceptibility
x i j obtainedfrom the simulationsof the 46-merat T f . Darkercol-
ors correspondto higher valuesof x i j . The upper corner is the
``®ltered'' map,whereonly valuesof x i j abovethe thresholdx th

5 3.2 de®nedin Fig. 2 are presented.Note that short-rangedcon-
tacts (i ' j , correspondingto near-to-the-diagonalelementsof the
matrix x i j ) do not contributesigni®cantlyto the changeof entropy
at the folding transition, while the relevant long-rangedcontacts
(ui 2 ju@1) areclusteredin the islandsin the ®lteredmap.Speci®-
cally, nucleic contactsdeterminedin @12# belongto the cluster in
the top left cornerwith i ' 10 and j ' 40.
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arethenearestandthenextnearestneighbors.Thus,in order
to accountfor the long-rangecontactswe haveto go beyond
theestimationof frequencies.An alternativeway of comput-
ing the entropicsusceptibilityis to notethat the contactfre-
quenciesarerelatedto the changein free energyF

ei j

] F

] ei j
[ ^U i j & ~5!

andthereforethe entropicsusceptibilitycanbe rewrittenas

x i j [ 2 ei j

]
] ei j

S2
] F

] TD5
] ^U i j &

] T
5 ei j

] f i j

] T
. ~6!

Thus, the information about the thermodynamicallyimpor-
tantcontactscanbe inferredfrom the temperaturederivative
of the frequencymap.

``Corecontacts'' werede®nedin @10#as thosethat form
moststableelementsof the protein three-dimensionalstruc-
ture that remains intact at folding transition temperature.
Speci®cally,they were de®nedas contactsthat are present
with frequencyabove0.5 at T f . Moleculardynamicssimu-
lationsperformedat T5 T f ~seeFig. 5! showthat thesecon-
tactsare mostly short range.~The rangefor the contactbe-
tweenresiduesi andj is de®nedasui 2 ju.! This resultis not
surprisingsincelocal contactscanform with high probability
evenin the unfoldedstateat T' T f .

In contrast,we ®ndthat the thermodynamicallyimportant
contactsaremostly long range,for which ui 2 ju@1 ~seeFig.
3!. According to our de®nition,the thermodynamicallyim-

portant contactscorrelatewith the potential energy, thus,
they arelikely to be presentin the folded statewith the low
potentialenergyandare likely to be absentin the unfolded
stateswith high potentialenergy.Therefore,we believethat
they are important for stabilizationof the native structure.
This hypothesisis in agreementwith thegeneralobservation
@18,19#that long-rangeinteractionsareimportantfor protein
stabilization.

We also®ndthat thesetof thethermodynamicallyimpor-
tant contacts contains all ®ve nucleic contacts @~11,39!,
~10,40!, ~11,40!, ~10,41!, and ~11,41!# discoveredin @12#,
indicating the dual role someamino acids play in protein
folding: the nucleic residues,which play crucial role in the
kineticsof folding transition,may alsobe importantfor sta-
bilizing proteinsin their native state.The evidencefor the
existenceof such residuesis supportedby evolutionary
@13,20#andphenomenologicalstudies@21±24#.

In conclusion,we demonstratethat by calculating the
crosscorrelationsbetweenthe potential energyof a single
contactandthetotal potentialenergyof a modelprotein,it is
possibleto identify the set of contactsthat are thermody-
namically most relevantto the folding process.The tool of
identifying thermodynamicallyimportantcontactsis simple
and can be implementedin the moleculardynamicsstudies
of modelproteins.The computationaleffort canbe directed
to aid experimentalstudiesof real proteins.
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