
Supporting Text

Reference Energy Calculation

The referencestatefor eachresidueis chosento be an abstractionof the denaturedstatethat captures

contextualresidueinteractions.Thedenaturedstateis typically conceptualizedasanensembleof partially

unfoldedstructures. Here we usethe “expanded”stateof Elcock (1) to representthe denaturedstate

ensemble(seeFig.4 for theexpandedstateof the1rx2crystal).TheElcockexpandedstateis generatedby

increasingthevanderWaalsradii of eachatom,causingconsiderablerepulsiveinteractionthroughoutthe

protein,leadingto expansionin subsequentenergy-minimizationsteps.After anumberof radii expansions

(up to 3 Å), the radii arerestoredso that bondlengthsandanglescanrelax to their equilibriumvalues.

This typeof denaturedstateapproximationhastwo advantagesoveradipeptide/tripeptidesystem,asused

in ref. 2: first, thenumberandtypeof atomsremainconstant,andsecond,thetopologyof theproteinfold

is retainedsothatatomsthatarein closeproximity in thenativestateremainrelatively closeto eachother

in thedenaturedstate.

After theexpansion,theside-chainsareremoved(with theexceptionof proline)to generatethedena-

turedstatebackbone.Rotamer-backboneenergies
���������	��
 , rotamer-intrinsic energies

�� �
������	��
 , androtamer-

rotamerenergies
�� ��� �	����
 in thedenaturedstatearecalculatedjustasdescribedfor thenativestate.A single

referenceenergy � � �	��
 for eachresiduetype � is thenobtainedby Boltzmann-averagingthe rotameren-

ergies(2). Referenceenergies � ��� �	����
 for all residuepairsof types ����� arecalculatedsimilarly by using

Boltzmann-scaledprobabilities.With referenceenergiesin place,conformationalenergiesfor rotamersin

thenativestatecanbestandardizedto achieveconsistentcomparisonsbetweenrotamersof differenttypes.

Standardizedrotamerenergy differences� � � ����
 (whererotamer� is of type � ) aredefinedas
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andstandardizedrotamer-rotamerenergy differences� � ��� ������
 (whererotamers���'� areof types �(�)� ) are
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expressedas
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Therefore,thestandardizedconformationalenergy -/. for aspecificrotamercombinationcanbewritten

as

-/. combination  01 �3254 � � � ����
#" 076�41�3254 01�829�3:54 � � ��� �	���;
'< (3)

Identifying the Ensemble Temperature

The temperatureparameter= in the ensemblefree energy function balancesenergy andentropy andis

chosensothattheentropy of theensemblematchesthatof theproteinfamily of interest(Fig. 6a). Specif-

ically, averageresidueentropy, representedby >? , is usedasthemetricfor residue-typevariationfor both

theensembleandtheproteinfamily, andit is calculatedby thefollowing expression.

>?  $A@B 01 �C254 DFE1G 254�H � �	��
9IKJ�L H � �,��
 (4)

Thecalculationof >? ensembleis straightforwardafterthecompletionof thesecond-ordermean-fieldanalysis;

however, the calculationof >? for the protein family presentsa challengedueto the inherentsampling

limitationsof databases[i.e., Pfam(3)]. Becausedatabasesonly samplea small fractionof thesequence

spaceavailable, >? databaseis adjustedby calculating >? for a subsetof M randomlyselectedsequences,as M
increasesfrom 2 to thetotal numberof databasesequences.Theresultsfor >? arethenextrapolatedfrom

finite databasesizesto MON P , allowing the estimationof databaseentropy >?RQ describinga database

without samplinglimitation. Figure6b shows how >? increaseswith increasingsequencesetsizefor the

dihydrofolatereductase(DHFR) ( >?RQ  TS�<VU @ ) andtransformylase( >?RQ  WS�<VX @ ) families. The smaller>?RQ for the DHFR family indicatesa higherdegreeof conservation. >?RQ is thenusedasa target for the

ensemblecalculation. Temperaturesarechosenby trial anderror so that the resulting >? ensembleis near

thatof >?RQ for theappropriateproteinfamily (seeflowchart,Fig. 6c). For theDHFR andtransformylase
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families,this temperatureis equalto 1,000and1,200K, respectively. It is importantto notethat the =
identifiedhasno physicalmeaningbut rathersetstheappropriatebalancebetweenenergy andentropy in

theensemble.
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