Supporting Text

Reference Energy Calculation

The referencestatefor eachresidueis chosento be an abstractiornof the denaturedstatethat captures
contetualresiduenteractions Thedenaturedtateis typically conceptualizedsanensemblef partially
unfoldedstructures. Here we usethe “expanded”stateof Elcock (1) to representhe denaturedstate
ensembléseeFig. 4 for theexpandedstateof the 1rx2 crystal). TheElcockexpandedstateis generatedby
increasinghevanderWaalsradii of eachatom,causingconsiderableepulsve interactionthroughouthe
protein,leadingto expansiorin subsequergnegy-minimizationsteps After anumberof radii expansions
(up to 3 A), the radii arerestoredso that bondlengthsandanglescanrelax to their equilibrium values.
Thistypeof denaturedtateapproximatiorhastwo advantage®ver a dipeptide/tripeptidsystemasused
in ref. 2: first, thenumberandtype of atomsremainconstantandsecondthetopologyof the proteinfold
is retainedsothatatomsthatarein closeproximity in the native stateremainrelatively closeto eachother
in thedenaturedstate.

After theexpansionthe side-chainsreremoved (with the exceptionof proline)to generatéhe dena-
turedstatebackbone Rotametbackbonesnegiesé?’ (r), rotamerintrinsic enegieséi™ (r), androtamer
rotamerenegiesé;;(rs) in thedenaturedtatearecalculatedustasdescribedor thenative state.A single
referenceeneny ¢;(a) for eachresiduetype a is thenobtainedby Boltzmann-geragingthe rotameren-
emies(2). Referenceenepiese;;(ab) for all residuepairsof typesa, b arecalculatedsimilarly by using
Boltzmann-scalegrobabilities.With referenceenegiesin place,conformationaknegiesfor rotamersn
thenatve statecanbestandardizetb achia/e consistentomparisondetweerrotamerf differenttypes.

Standardizedotamerenegy differencesie;(r) (whererotamerr is of typea) aredefinedas
Sei(r) = €P(r) + e (r) — (a), (1)

andstandardizedotamefrotamerenepy differencesie;;(rs) (whererotamersr, s areof typesa, b) are



expresse@s

deij(rs) = e;i(rs) — €;(ab) (2)
Thereforethe standardizedonformationaknegy A FE for a specificrotamercombinationcanbe written
as
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| dentifying the Ensemble Temperature

The temperaturgparametefl’ in the ensembldree enegy function balancesenegy andentrofy andis
chosersothattheentropy of theensemblenatcheghatof the proteinfamily of interest(Fig. 6a). Specif-
ically, averageresidueentroyy, representetly S, is usedasthe metricfor residue-typevariationfor both
theensemblandthe proteinfamily, andit is calculatedoy thefollowing expression.
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Thecalculationof SensembidS straightforvardafterthecompletionof thesecond-ordemean-fieldanalysis;
however, the calculationof S for the proteinfamily presentsa challengedueto the inherentsampling
limitations of databasep.e., Pfam (3)]. Becausalatabaseenly samplea smallfractionof the sequence
spaceavailable, SyaanasdS adjustedoy calculatingS for a subsebf n randomlyselectedsequencesisn
increasegrom 2 to thetotal numberof databassequencesTheresultsfor S arethenextrapolatedrom
finite databaseizesto n — oo, allowing the estimationof databasentropy S., describinga database
without samplinglimitation. Figure6b shavs how S increasesvith increasingsequenceetsizefor the
dihydrofolatereductaséd DHFR) (S, = 1.6R) andtransformylaséS,, = 1.8R) families. The smaller
S for the DHFR family indicatesa higherdegreeof conseration. S, is thenusedasa tamget for the

ensemblecalculation. Temperaturesire chosenby trial and error so that the resulting SensemplelS Near

thatof S, for the appropriatgroteinfamily (seeflowchart,Fig. 6¢). For the DHFR andtransformylase
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families, this temperatures equalto 1,000and1,200K, respecitrely. It is importantto notethatthe T’
identifiedhasno physicalmeaningbut rathersetsthe appropriatébalancebetweerenegy andentrogy in

theensemble.
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