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Theaimof thiscomprehensivereviewistocriti cally eval uatetheprogressinresearchintheareaof protein
folding. Inthefirst section, wediscussthevari ousmodelspro posedtoex plaintheproteinfolding paradox. In
thesucceeding sectionof thereview, adetail ed ac count of thedevel op mentsinour understandingof thefolding

pathwaysof b-sheet proteinsisprovided.

Thefoundationfor proteinfoldingki neticswaslaid
about thirty five years ago. Christain Anfinsen showed that
proteincanfoldreversibly andthe nativestructuresof pro-
teinsarether mody nami cally stablestatesrepresentingthe
global minimaof their ac cessi blefreeener gies.” For most
proteins, theinfor mationfor foldingiscontainedintheamino
acidsequence.® How ever, apro tein sequence needsto meet
twocri teriaduringfolding—onether mody namicandtheother
kinetic. “**Thether mody namicrequirementisthat theprotein
mol ecul eneedsto adopt auniquefolded confor mation(native
state), whichisstableunder physi ologi cal conditions.”>* The
ki neticrequire ment isthat the pro tein should fold back from
itsunfolded statetoitsnative confor mationwithinareason-
able time frame.?*3* In prin ci ple, apolypeptide chain (inits
unfolded state) can adopt numerous conformations.® %
Hence, if the pro tein needsto sam ple out all the possi ble con-
for mationstodecideonitsglobal mini mum,thenforaprotein
con sisting of 100 amino acids, it would take the age of earth
(about 10® yearsif oneassumesthat only 10! sisrequiredto
convertfromoneconfor mationtotheother) tofoldintoitsna
tiveconformation.?*° This puz zleis the crux of the pro tein
folding problemanditispopularly calledtheLevinthal par a
dox.** Levinthal postu lated that the ther mo dy namic and ki-
neticcontrolsarethetwomutually ex clusiveoptionsfor a
folding molecule. Thermodynamic control meant that the
folding mol eculereachesitsglobal mini muminenergy and
thereby foldingispathway independent. Duetotheex tensive
search in volved in thispro cess, it takesalong timefor apro-
teintofold under ther mody namiccontrol. Theki neticcontrol
meant that fold ing oc cursonaphysi ologi cal timescalebe
causeitispathway depend ent.****Un der theki netic control,

thefi nal structureof theproteincould dif fer dependingonthe
denaturant condi tionsfromwhichfoldingisini ti ated.**>* For-
mulationof theL evinthal par adox ledtothesearchforfolding
pathways.

Thesearchfor foldinginter medi atesbeganin1971.
Tanfordand cowork ersreported stableinter medi atesalong
the equilibrium-unfolding pathway of hen egg white ly -
sozyme. >>% | denti fi cationof equi libriuminter medi atesinbo
vinepancreaticribonucleaseconsol i datedthenotionthat pro-
tein-folding proceedsthroughdef i nitestructural inter medk
ates.®*® Thesereportstrigerred thelargemodernenter priseof
proteinfoldingki neticsex peri mentswhichincludesthestud
iesontheslow ing of folding by prolineisomerization and use
of thiol reagentstotrap and char acterizevari ousdisulfidein
termediates.®®

Many phenomenol ogical mod elsde scribetheeventsoc-
curringduringproteinfolding. Thesemodelsgenerallyfocus
ontheL evintha par adox andintro ducewaysinwhichonly a
very small fraction of thetotal num ber of conformerspartici-
patein fold ing from the un folded state to the native state.
Herein, wedescribesomeof thepopularandclassi cal protein
foldingmodels.

Diffusion-Collision Model

Thismodel was postu lated by Karplus and Weaver.
The basic ten ets of thismodel stem from one of Anfinsen’'s
proposal todescribethespontaneousfolding of staphylococ-
cusnucleasein so lution. He pro posed that por tions of apro-
teinchain could “flicker” inand out of their nativeframework
and serveasnu cleation cen tersthat co al esce through non-
covalentinter actionsto giverisetothenativestructure(Fig.
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1). Thedif fusioncol li ssionmodel viewsaproteinmol eculeto
be di vided into sev eral parts (mi cro do mains), each short
enough for al conformational a ter nativesto be searched rap-

idly. Thisob vi ously meansthat the mi cro do mainsare so

small that they areunlikely tobeindependently stable. Twoor
moresuchmi crodomainsneedtodif fusetogether,andcol lide
inor der to co alesceinto astruc tural entity that isstable (Fig.

1). Theprocessof proteinfoldingisenvisagedtoinvolvenu

mer oussuchcol li sioncoalescencestepstogener atethenative
struc ture. These steps are ought to fol low aunique or der to
yieldasinglestructurefortheprotein.

Framework Mode

The frame work model pro posed by Kim and Baldwin
has elements in common with the Diffusion-Collision
model.”"" It isas sumed that cor rect hy dro gen bonded sec-
ond ary structureisformed prior to thefor mulation of theter-
tiary structure(Fig. 2). According tothe Framework model, it
isenvisagedthat foldingisahi er ar chi cal processinwhich
simplestructuresareformedfirst whichinter act to givemore
complexstructures.”®® Theoccur renceof thestable, partially
structuredinter medi atescalledthe” mol tenglobule” states(to

Y\ Diffusion and
Formation C?_alescenge
of micro : <{ of mi‘fr °
domains domains ’

Unfolded state Intermediate state Native State

Fig. 1. CartoondepictingtheDiffusion-collisionmodel.
Upon ini ti ation of fold ing from the un folded
state sev eral microdomainsare postu lated to be
nu cle ated. These micro domainsarenot in de
pend ently stable and hencethey are believed to
dif fuseto gether by acol li siontoastableand
uniquethree-dimensional structure.

[}

Unfolded state Molten globule state Native state

Fig. 2. Representation of the various steps in the
Frame work model of folding. Proteinsare pro-
posedtofoldthroughinter medi atesthat possess
distinct secondary structural framework. Com
pleteter tiary structural contactsareestablished
subsequentlytoformthenative, biologi cally ac
tivestate.
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bediscussedlater) intheequi libriumandki neticfolding path-
waysof proteinval i datestheframework model #°

Jigsaw Puzzle Modél

Har ri sonand Durbinproposedaconceptual description
of proteinfolding.® Pro teins are viewed to fold by anum ber
of dif fer ent, par a lel pathwaysin stead of by asingledef i nite
sequenceof events. Thisaspect wouldensurefoldingtobero-
bust to mu tationsthat would not drasti cally af fect thenative
structure. The Jig saw model showsstrong resem blancetothe
dif fusion-collisionmodel. Itisar gued that if all theel emen-
tary mi crodo mainshavesimi lar prop er tiesthenthe multi-
microdomaininter medi ateshavesimilarfoldingandunfold
ingrates. Giventhissituation, evenasmall proteinwithonly a
few mi crodomainswill havemul ti pleal ter nativepathways
(Fig. 3). How ever, astheki neticsof foldingissensi tiveto
changesinfreeener gies, only asmall number of pathwaysare
ex pected to domi natewith theremainsonly turning out to be
redundant.

NucleationM odel

Thismodel wasorigi nally pro posed by Wetlaufer.”* The
model postulatesthat apor tion of apolypeptidechain, un sta-
bleby it self, servesasthenu cleusfor chain prop agationlead-
ing to the for mation of the native struc ture. Thismodel re-
quirestheexistence of anucleation unit small enoughfor a
ran dom search and once thisbasic unit hasthe native struc-
ture, a sequential and independent folding of subsequent
amino acid residues is possi ble. Theorigi nal “nucleation
model” was fur ther mod i fied by Go and co-workersin a
Growth- mergemodel .*2 The nu cleation model wasex trap o-
lated to a“cluster” model by Kanehisaand Tsong.%%% At a
early stageof thefolding pro cess, the polypeptide chainisas
sumed to be com prised of sev eral o cally or dered regions
(called“clusters”) con nected by ran dom coil chain por tions.
Thus, inthede natured state, the size and distri bu tion of the
“clusters’ arepostulatedto bedepend ent ontheex ter nal con
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Fig. 3. Schematic representation of the folding
events as perceived by the Jigsaw model.
Foldingisbelieved to pro ceed through mul ti-
ple, mutually reversiblepathways. Thefold
ingiterationcul mi nateswiththefor mationof
aenergy minimumnativestate.l 4, I,, I;and 1,
arethevar i ousintermeditesinthefolding/urn
foldingpathway(s).

Folded state

Unfolded state
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di tionsused. Duringthefoldingpro cessthesesmall “ clusters”
associ atetoyieldthenativestate of theprotein. Thenative
stateisper ceived asamax i mum size cluster with possi ble
fluctuationsites. The" cluster” hy pothesishasmany el ements
in com mon with dif fu sion-collision model. How ever, anim-
por tant dif fer ence may riseastowhat gov ernstheki neticsof

thefolding pro cess. Isit growth of asingleem bryo (mi cro
domain) or the coming together (diffusion-collision-
coal escence) of two or more of theseel ements?Ev ery thing
elsebeing same, the near est neigh bor mi cro do mainshave
higher prob abil ity to co alescefirst, ei ther by “growth” or
by “col li sion”. Rapid folding of small proteinshasbeenra-
tional izedintermsof nucleationlikemechanism. % Ex-
tensivemutational anal y sisonchymotrypsinin hi bi tion2 (Cl

2) hasprovided evi dencefor thenucleation col lapse mech a-
nism. **1%*1% Fersht and co-workers have pro posed that cer-
tainresi dueshavemost of thenativesecondary structurefully
formedinthetransi tionstate(TS) ascom paredtoothers, %
How ever, itiscur rently not possi bletoestablishif thetransi-
tion state (fold ing nu cleus) is unique or non-specific. Elab o-
rateprotein-engineering ex per i mentsof Serranoand cowork-
ers on a-spectrin SH3 do main'®"*® and also the ther mal un-
foldingsimulationsby Daggett andcoworkersproved that,
thenucleationsitesarenot specific.

Nucl ation-collapse mech anism al so draws strong sup-
port fromlat ticemod els.*®**®*? Using cubiclat ticemodels
of proteins, it hasbeen pro posed that for “highly op ti mized”
sequences, thefolding nu cleusisspecific. In other words, the
formationof tertiary structural contactsbetweencertain“hot”
resi dueswithunit probabil ity isanec essary and suf fi cient
condi tionfor folding. Guo and Thirumalai using off-lattice
mod els of a se quence showed that there are nu mer ous de-
localized nu cle ation siteswith some more prob able than oth-
ers.*®

Oneof thewaystodecreasetheef fectivenumber of corr
for mationssearchedistoem ploy two-stageki netics. Thefirst
stage being compactization of the polypeptide chain into
structurelessglob ule. Thesearchfor thenativeconfor mation
takes placein the sec ond stage among the com pact glob ular
confor mationswhosenumber isdrasti cally lessthanthetotal
num ber of possi bleconfor mations. Thetwo-stageki netics
wasalso ob served in com puter simulationsof proteinfold
ing. ™ It was pro posed that compacti zation of the polypeptide
chainintheburst phase easensthe sub se quent ran dom search
foratransi tion state.1**1% How ever, thislogicisnot likely to
beappli cabletoproteinswithlargechainlengthssinceinlon
ger polypeptidechains, thenumber of com pact confor mations
isstill ex ponentially large. Compactinter medi ateshavebeen
observed in the burst phase of refolding of many pro-
teins.'""12 Hy drogen-deuteriumex changeex per i mentshave
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indi cated that the com pact states(identi fiedintheburst phase
of folding) lack specificstructure.***3? K horasanizadeh et
al . study ing the tryptophan-containing mu tant of ubiquitin
at 25 °C, showedthat burst phaseinter medi ateisacompaction
with few specific contactsand somesec ond ary struc tureand
ispossi blyfluctuatingwithoutany specificlocal ization.

Sosnick et al ***inarecent study questionedthegener al-
ity of inter medi ate(s). They demonstratethat cytochromeC at
pH 5.0representsessentially atwo-stateki neticswhereinall
observed proper tiesbecomenativelikesi mul taneously. Jack-
sonand Fersht, study ing thefoldingki neticsof chymotrypsin
inhibi tor (Cl 2), showed that the pro tein foldswith no detect-
ableintermedi ate(s).'®® Inter estingly, ki neticstudiesof the
fold ing be hav ior of ubiquitin re veal ed that the ab sence or
pres ence of com pact statesin the early stages of fold ing de-
pendsonthefi nal concentrationof thedenaturingagent af ter
dilution.**%

Gutin et a.”*® examined the relevance of the non-
specifichy drophobiccol lapse, inthevery early stagesof fold-
ing using acu bic lat tice model (Fig. 4). Inthismodel, apro-
teinchainisconsideredtobeposi tionedonacubiclattice. An
amino acidispresented by structurelessmonomer occupying
alatticesiteandresi duescon nected by aco valent bond oc-
cupy neighboring lattice sites. Their simulation studies
showedthat dependingonthevalueof theav er ageinter action
betweenmono mers, twodif fer entregimesof folding arepos
si ble. A two-stageki neticsisob served when strong in ter ac-
tionbetweenmonomersdomi nates.

Camacho and Thirumalai sug gested athree-step so lu-
tion to the Levinthal paradox®** In the first step, the
polypeptide chainispro posed to un dergo compactization. At

Hydrophobic Secondary
Clustering structure

SEEE

Formation of secondary  Folded
structure elements State

Unfolded state Initiation of Folding

Fig. 4. Depictionofthehydrophobic-collapseversion
of thenu cleation model. Theear li est fold ing
eventispro posed to bethe cluster ing of remote
hy drophobicresi duesintheprotein. Suchclus
ter ing of the non-polar resi dues (intheini tial
phase of folding) is believed to de crease the
conformational search dur ing folding. Sub se
quent re or gani zation of theback boneispro-
posed to yield the nativefold.
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the sec ond stage, the col lapsed (or com pact) chainisenvis
agedtofall into one of themini mum en ergy com pact confor-
mation. Thenativeconfor mationissearched over arel atively
small num ber of mini mumen ergy compact confor mationsin
thefi nal stage. Thishy poth esishow ever ig noresthefact that
thoughthenumber of rel evant confor mationsaredecreased
by chain compactization, en ergy barries be tween them grow
toanextentthatinter con ver sion betweenthesefewer confor-
mationsslowsdowndramati cally.Indeed, several simplified
proteinmod elsdemonstratethat bar ri ersbetween|ow energy
misfol ded statesrep re sent deep trapsand escapefrom theseis
ex tremely slow. Thus, the pro posal based on the step wise de-
crease of thenum ber of avail ableconfor mationsmay not pro-
videan ad equate pictureof thefoldingki neticsasthey ac tu-
allyreplaceentropicbar ri ersby equally unsur mount ableener-
getic ones.

The New View of Protein Folding

Thenew view isbased ontheen ergy land scape per spec-
tive.**?2131% The new view rec og nizesthat “fold ing path-
ways” arenot thecor rect solutiontotheki netic puz zle posed
by Levinthal. Theland scapeper spectiveunambiguously ex-
plainsthe pro cess of reachingaglobal mini muminfreeen-
ergy (satisfying Anfinsen’ sex peri ments) andachievingit
quickly (ex plaining L evintha’ sconcerns) by mul ti plefolding
routesonfunnel likeen ergy land scape. Thenew view of fold-
ing shedsthecon ventional view of proteinfolding asapro-
cesswherein all polypeptide chains per form essentially the
eventsin the same sequence, to reach thenative state. Thenew
view postulatesthatfoldingrepresentsanensembleav er age
of processwhereinismi croscopi cally heterogeneous. Thus,
eachproteinmol eculecouldfol lowitsowntrajectory across
the en ergy land scapeto reach the global mini mum (native
state).

Theenergy land scapes(for proteinfolding/unfolding)
figuratively couldberepresented by twolat eral co-ordinates,
(Fig.5). Theseco-ordinatesrep re sent the de greesof freedom
of thefolding chainsuch asthetor sion anglesof theback bone
and side chains. How ever, in prin ci pleaprotein could have
thou sandsof |at eral co-ordinates. Thever ti cal co-ordinatesof
theenergy land scaperepresent theinter nal freeenergy of the
polypeptidechainasitfolds/unfolds. Inpracti cal terms, inter-
nal free energy represents the sum of all the intra-chain
enthal piesand sol ventinter actionsof amol eculeinany given
conformation. Inanalogi cal terms, theki neticprocessof fold
ing/unfolding (as per the new view of fold ing) of aprotein
couldbevi sual ized asroll ingaball onarough energy “ter-
rain” (Fig. 5). Uponini ti ation of fold ing, the pro tein moulds
itsconfor mationinpossi bleways, whichtendtodecreasethe
energy. Duringitsen ergy-decreasing en deavor, it isalso buf-
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fetedintodif fer ent confor mationby Brownianmotion. This
aspect ensuresthat folding/unfolding stepsagainst theenergy
bar rier do oc cur but at very low frequency.

Thereareclear dif fer encesbetweenthenew mod elsand
classi cal modelsincapturing someof themolecular natureof
proteins.’*! Unlikethe phenomenol ogical mod els, which treat
only afew macro scopic-symbol states, thenew mod elsrec og-
nizethebond connectiv ity con cept of apoly mericchain (such
asin pro teins) built from many monomeric unitsand pro tein
com pact nessisonly limited by ex cluded vol ume. Thesefea
turesper mitanunbi asedex ploration(s) of thefull ensembl eof
all confor mationsavail ableto the polypeptidechain. In ad di-
tion, thenew mod elsstrik ingly dif fer fromtheclassi cal mod-
elsinnotassumingsingleor mul ti pleex ponential behaviour.
Thesemod el salsodo not assumethat folding/unfolding path-
wayspro ceedthroughtheaoc cur renceof identi fi ableinter me-
di atemacroscopicstates. Unliketheclassi cal models, thenew
modelsdonot assumethat macroscopicinter medi atestates(if
they exist) areindependent of envi ronmental condi tionssuch
asthenatureof denaturants, tem per ature, pH, etc. It should be
recog nizedthat new modelshavetheir ownlimitations. These
modelsneglect atomicdetail and of teninter pretfoldingbased
onshortenedchainssimplifiedener giesandchainrepresenta
tions. Inthiscontext, it should bereal ized that mod el ing pro-
teinfoldingthroughenergy funnelsisjustaconceptual ization
of theeventsand prob ably not truly ap pli cabletoany real pro-
tein. How ever, thesemod el ing pro cedurescould be useful
toolstoil lustrateprinci ples, designing new ex peri ments, and
posing new questions.

-~
Unfolded state

Internal free energy

Folded state

v

Degrees of conformational freedom

Fig. 5. Graphicrepresentationof theproteinfolding
land scape. Unfolded protein mol eculesarebe
lieved to mould their confor mationinall possi-
bleways, which tendsto de crease the en ergy.
Folding/un fold ing steps against the en ergy bar-
rier dooc cur but at very low frequency.
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On and Off Pathway Intermediates

For productiverefolding/unfolding of proteins, itisinm:
por tanttoen surethat theac cumulatedinter medi ate(s) areon
the path way lead ing to the native or de natured state(s). If the
foldinginter medi ate(s) areon-pathway then, thefolding pro-
cesscouldbeeluci datedby char acterizingtheinter medi ate(s)
(Fig. 6). How ever, inthecontrary, very littleinfor mation
couldbegained by char acter izingthestructuresof inter medi-
ate(s) which have drifted away from thefold ing/unfolding
pathway(s).'*® Recently, ki neticinter medi ateshavebeenchar-
acterized that havemany structural featuressimi lar tothein
ter medi ate(s) whichhavebeenreal ized alongtheequi librium
unfoldingpathway(s) of proteins.'®®**"**° Theseresultsim ply
that theinter medi ate(s) areon-pathway. Peng et al.*recently
reported that the molten-globule intermediate of the a-
lactalbuminal phadomain, not only possessesanativesecond
ary struc ture, but also hasanativeter tiary fold. *Simi larly,
Fersht and co work ersusing the frac tional changein free en-
ergy of thetran si tion/nativestate pro duced by mutation (f )
val uesobservedthatinthebarnasefoldinginter medi atewhen
plotted against residue number as those in the transition
Sta[e.151'155

Formation of off-pathway intermediate(s) are well-
documentedintheliter ature.**¢ Thefor mation of in cor rect
disulfidepairinginthedisulfiderefolding pathway of proteins
isagood ex ampleof thefor mation of off-pathway inter medi-
ates(Fig. 5, Ref. 157). Simi larly, li gation of hemedur ing the
folding of cytochrome C by non-native side-chain, isan other
instanceof accumulationof of f-pathway inter medi atesduring
proteinrefolding. In general theon- and of f- path way mod els
of proteinfoldinginter medi atescouldberepresentedas,
on-pathway model,

U« T« N
off-pathway model,

l« U« N

I; |— Off-pathway intermediate

Native State | «——| I, I, |«<—> | Unfolded state

>
On-pathway intermediates
Fig. 6. Schematicrepresentationof the'on’ and‘ off’
pathway inter medi atesoccuringduringprotein
folding.‘ Off’ pathwayinter medi atesareconsid
eredtobeunproductivedead-endinter medi ates,

whichin many caseslead to ag gre gation of the
protein.
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wherein, I, U and N represent theinter medi ate, unfolded and
nativestatesof theprotein. Recently, Laurentsetal **® devised
apulsechasecompeti tionex peri menttodeter mineif afolding
inter medi ateison or off-pathway. They useamodi fied ver-
sionof thetradi tional pulse-chaseex peri mentinmolecular bi-
ol ogytodecideif theinter medi ateis* on” or “of f” pathway. ™
Thenativeproteinwithitsamideprotonslabeled with*H is
com pared when sep aratesam plesof * Hlabel edinter medi ates
() andunfolded proteinareal lowedtorefoldinD,O at an
appropiate pH tothenativestateunderidenti cal condi tions.
ThepH isadjusted in such away asto a low theproteininthe
unfolded statebut not the of f-pathway inter medi atetorapidly
ex changeitsback boneamide protonswiththesol vent. How-
ever, if theinter medi ateison-pathway, then more 'H labd is
ex pected to beretained with the test sam ple start ing fromthe
inter medi atethaninthecontrol samplestartingwiththeun-
folded state. Using this ap proach, Laurents et al.**® dem on-
stratethat theinter medi ateaccumulatedinlow concentrations
of guanidinium hy drochloridein RNaseisapro ductiveon-
pathway inter medi ate. It shouldbenotedthat twocri terianeed
tobemettosatisfactorily employ themodi fied pul seex per i-
mentstodeter minewhether therapidly formedinter medi ateis
‘on’ or‘off’- pathway: (1) Theki neticsof for mation of thein
ter medi ate(l) must bemeasur able, (2) Simulationof thefold
ingand ex changeki neticsinstep 2 ought tobemadetodecide
if thetest for an on-pathway inter medi ateispossi ble. Onthe
whole, themost posi tive as pect of themod i fied pulse-chase
ex per i mentsisthat they do not give afalse-positiveresult.
Theinter medi ate, “1” could becon sid ered on-pathway, if a
significantdif ferenceisfound betweentheretainedlabel in
thetest sam pleandthecontrol.

Hi er ar chicand Non-hierarchical Modelsof Proteins
Folding

Inprinci ple, folding pathway(s) of proteinscould be
classi fiedintotwobroad cat egories—hi er ar chi cal and non-
hierarchical. Hi erar chi cal foldingof proteinscouldbedefined
asapro cessfolding startswith struc ture(s) which are of mar-
ginal stabil ity andlocal inthesequencecontext.*® It is pre-
sumedthat theselocal structuresinter actresultingininter me-
di ateswithincreasing degree(s) of structural complexity,
whichfi nally formthenativeconfor mation.*®! In the non-
hierarchical processthetertiary structural inter actionsnot
only stabi lizethelo cal struc turesbut also deter minethem
(Fig. 7,and Refs. 88, 160). In short, in hi er ar chi cal folding,
protein secondary structure(s) is determined by local se-
guenceinfor mation. How ever, innon-hierarchical folding,
non-local ter tiary structural inter actionsdictatethenatureof
secondary structural inter actionsthat formduring protein
folding.1®
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Therearethreelinesof ex peri mental evi dencetoindi-
catethat proteinfoldingisahi er ar chi cal pro cess. Firstly,
many pep tide frag mentsex cised from pro teinsei ther pos-
sesses or show a strong ten dency to adopt the “ native fold”
evenintheab senceof longrangeinter actions.**°For example,
the N-terminal heli cal 1-13resi due peptidein RNase (C-
peptide) hasproper tiesex pectedfromthepar ent proteinstruc-
ture, inwhichthehelix ex tendsfrom Thr3to His12. Inter est-
ingly, theheli cal segment ter mi natesat resi due12eveninthe
lon ger S-peptide (resi dues 1-20) frag ment from RNase. This
findingfocussedattentiononthelocal side-chaininter actions
that serve ashelix-stop sig nals. The salt bridge between the
charged side chains of Glu2 and Arg10 and the pseudo hy dro-
gen bond between Phe8-Hisl2 stand as good examples
wherein,local side-chaininteractionscontrol thepropagation
of secondary structural el ementsinpeptides/proteins.’® The
secondlineof evidencefor thehi er ar chicfolding stemsfrom
theex peri mental observationthat helix-stopsignals, which
deter minethebound ariesof heli cesinproteinsareinlocal se-
guenceswhich sur round each helix ter mi nusrather thanin
resi duesthat maketertiary structural interactions® Analysis
of 1316 proteinheli cesby Creamer et al **reveal ed that prac-
ti cally ev ery helix hasitsownter mi nationsignal. Most of the
heli cal segmentsin proteinshaveadistinct hy drophobiccap
ping at theN- and C-termini and back bone hy dro genbonding
isevidentinnearly half of theheli cal segmentsanalyzed. In
general, theini tial four NH groups and fi nal four CO groups
lackintraheli cal hy drogenbonding part nersthereby weak en
ing the helix ends. These end-effectsaresig nif i cant and en-
com pass more than two-thirds of theresi duespresentina
a-helix of anav er agelength of 12resi dues. Inad di tion, the
helix geometry at thehelix N-terminusseverely hinderssol-
vent ac cessto am ide groups. These re sults clearly dem on-
stratethat helix in pro teins could be stabi lized and/or ter mi-
nated by hy dro gen bonds be tween aside chain or main chain

T N

Unfolded state Non-native helix Native state

Fig. 7. De piction of the non-hierarchial model of pro-
teinfolding. Non-nativesecond ary structural e+
ementsareformed in the early stages of fold ing
of pro teins. Asfold ing pro ceeds, these non-
nativesecondary structuresreor ganizeanddis
appear toyield nativesecondary structural el e
ments.
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group and back bone pep tide groups at the he lix ends. The
thirdlineof evi dencefor thehi er ar chi cal folding pro cessco-
mesfromthechar acterizationof foldinginter medi ates. *****
Anal ysisof thestructural inter actionsof thefoldinginter me-
diates sug geststhat proteinfoldingisahi er ar chi cal pro-
cess. Amongtheinter medi ateschar acterizedto-dateare

those, which oc cur along the equi lib rium un fold ingpath-
way/(s).****%® Using two-dimensional NMR hydrogen ex-
change in conjunctionwith quenched flow pulselabel ing
mea sure ments of ex change, it wasfound that the ki netic and
equi libriuminter medi atesarestructurally equiv alent %172
Thesefoldinginter medi atespossessnativesecondary struc-
turewiththeabsencepersistingtertiaryinteractions. Inter est
ingly, thenative sec ond ary struc turesrangefrom par tial to
completeintheseinter medi ates. For example, theacidformof
Cyt Chasall threemajor heli cespresentinthe native state,

whereas the pH 4 intermediateof apomyoglobin has only
three out of the eight helices present in the holomyogle
bin 117184 Thus, thesere sultswherein nativelike sec ond ary
structuresareformed eventhoughter tiary structural inter ac-
tionsareab sent, represent themost convincingev i dencefor

hierarchicalfolding.

Theob ser vation that seg mentsof identi cal sequence
couldadopt dif fer entconfor mation(s) indif ferent proteins
providesamajor chal lengeto the pro po nents of the heri-
archical model. Mi nor and Kim de vised an 11-residue se-
guencecalledthe” Chameleon” sequence. 1™ Theyintroduced
this se quence at two sites (A and B) inprotein G. Protein G
consistsof acentral helix (resi dues 23-25) sur rounded by a
four-stranded b-sheet. Site A com prisesof 11 resi dues span-
ningresi dues23to 33. Site B, consisting of resi dues42-52
over lapsapart of penul ti mateb-strand, aturn and part of an-
other b-strand. When placedinsite A, the*Chameleon’ se-
guenceadoptsheli cal confor mation. Inter estingly, the” Cha
meleon” sequenceformsastrand turn strand confor mation
whensituatedat siteB. Thus, it ap pearsthat theconfor mation
of the“Chameleon” sequenceisdeter mined by itscon text
withinthetotal proteinand notby local inter actions.

b-lactoglobulin, aproteiniso lated from milk sourceis
yet an other ex am plewhich doesnot fitinto thehi er ar chi cal
model.****"* b-lactoglobulinis a 162 amino acid pre dom i-
nantly b-sheet protein containing two disulfide bridges. The
protein also hasonefree cysteineresi due. The sec ond ary
structural el ementsintheproteinincludenineantiparallel
b-strandsand allresi duehelix. It hasbeen shownthat during
the pro cess of b-lactoglobulin refolding from a denaturant-

induced un folded state, thefar UV el liptici ty (219 nm) tran-
siently ex ceedsthenativeintensity (the* over shoot” phenom-
enon). Itisar guedthattheCD “over shoot“ phenomenonisre-
lated totheaccumulationof aa-heli cal (non-native) interme-
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diate.!™ Thenon-nativeheli cal inter medi ateformedduring
the burst phase of foldingisbelieved to helpinreducing the
conformational search for theglobal mini mumby decreasing
thenumber of accessi bleconfor mations. Asfoldingproceeds,
the non-nativea-heli cal confor mationisproposedtobetrans
formed to the native b-sheet confor mation, asthisismoresta-
bleintermsof global freeen ergy. Itisworth whileto notethat
the“over shoot” of the CD sig nal hasbeen also ob servedinthe
burst phaseof sev eral other proteins. Chaffotteet al 1™ opined
that the CD “over shoot” isan spectral ar ti fact and stemsfrom
thefar UV contri butionsof thear o maticaminoacidsandthe
disulfide bondsin the pro tein.*™ Sivaraman et a.,'"®recently
study ingtherefolding of cardiotoxininanaloguelll, CTX 111,
fromthevenom of Tai wan Co bra(Naja naja atra) found that
CD “over shoot” phe nom e non isdueto the asymetrization of
the disulfide bonds dur ing the refolding of the pro tein. De-
spitetheexistentcontradictions, theex peri mental evidence
on b-lactoglobulin strongly sup portsthat thefold ing of the
protein (b-lactoglobulin) pro ceedsvia a non-hierarchical pro-
cess. Inaddi tion, thechar acter ization of thestructuresof in-
ter medi atesof sev eral proteinssuchasCheY andlysozyme
sug geststhat non-nativein ter actionsbut not non-native sec-
ondary structure(s) play rolesinstabi lizingthefoldinginter-
medl ates. 175,177

Tendamistat and CTX Il aretwo all b-sheet proteins
whoseunfolding/folding pathwayscould stand out asex am-
plesof non-hierarchical folding. Char acter ization of apar-
tiallyfoldedequi libriuminter medi ateintendamistat at pH 2-3
reveal edinduction of native-helical segments(25%)in3-6 M
trifluoroethanol " Theinducedheli cal segmentsappear tobe
concentratedinregionscor respondingtoloopsor random
structureinthenative state of theprotein. Simi larly, astable
inter medi atehasbeen char acterizedintheal cohol induced
equi lib rium-unfolding path way of CTX 111."° 25% of the
back boneof theproteinisfoundtoexistinaheli cal confor ma
tion (by cir cular dichroism). Since, most of the native b-sheet
interactionsarepresentintheinter medi ates, itisbelievedthat
someof theresi duesintheloop or randomcoil region(s) inthe
native state of the proteintransformintohelix confor ma
tion.'"® It should be noted that ex istence of iso lated, non-
nativesecondary structureinstructure-lessregions(inthena-
tive state of the pro tein) does not per seinvali datethehi erar-
chi cal mechanismof proteinfolding.*® Only when the non-
nativestructuresobservedintheinter medi atestructuresinter-
act productively with other lo cal structurestoyield higher or-
derfolding (intheinter medi ates), thefolding of theprotein
could beconsidered non-hierarchical .*®

Transition States in Protein Folding
Itisgenerally believedthat foldingpathway of aprotein
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will be solved, when the struc tures of all the stable, meta-
stableandtransi tionstatesof protein, “on” and“ off” the path-
way inter medi atesarechar acterized bothstructur ally and en
ergetically.** Theconventional def i ni tionof aninter medi ate
inachemi cal reactionisthat it rep resentsastructural enitity
whichisatamini muminapotential energy surface, andif any
of thebondsarebrokenor reformedwouldresultinastructure
whichisenergiticaly lessstable(Fig. 8). Incontrast, atran si-
tionstateinareactionpathway isrepresentativeof aphysi cal
statewherein any changeinbondswouldleadtothefor mation
of struc tureswithin creased stabil ity. Thus, in terms of the
three-dimensional energy surface, transi tionstateinchemi cal
reaction pathwaysisat asad dlepoint being atamax i mum
alongthereaction co-ordinate. It should be noted that thetran-
sitionstatesinsimplechemi cal reactionsandinproteinfold
ing pathwaysdif fer signif i cantly. Only few bondsneed to be
brokenorformedinthetransi tionstateof ssimplechemi cal re-
ac tionsand in con trast many bonds have to be bro ken and
madeinthetransi tionstatesof proteinfolding pathways. This
subtledif fer encecouldac countfor thetransi tionstatesinpro-
teinfold ing to be at very wide and long sad dle points, with
slight vari ationsin struc turelead ing to only small changesin
energy.

Theonly optiontochar acterizetransi tionstatesisbyin-
fer encefrom ki netic measurementson proteinswhereinthe
structure—activity relationshipisal tered by site-specific mu-
tationsusing protein-engineeringmeth ods.***%2 The logic of
em ploy ing protein-engineering meth odsto under stand the
struc tureof tran si tion state(s) inproteinfoldingisvery sim-
ple. f anal y sishasbeen usedto quantify theex tenttowhicha
givensidechainstabi lizesatransi tionstate, rel ativetotheex-
tent towhichit destabilizesthe native state.*> Thef ; valuefor

t TS

Free energy

F

v

Reaction co-ordinate

Fig. 8. Free-energy ver susreaction co-ordinate plot
for thefolding of aproteinvia afoldinginter
medi ate. Thereaction co-ordinaterepresents
thepath adopted asthereaction pro ceeds. The
unfolded state (U), theinter medi ate(l) and
the folded state (F) lie at the bot tom of the po-
tential energy wells, whereasthetran si tion
state(TS) isatamax i mum.
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afoldingreactioncouldbedefined by theequation,
[DG*(WT) - DG* (i)]

T =BG (WT) -Donp (V]

“WT” and“i” represent thewildtypeand mutant respectively,
DGn.p isthefreeen ergy dif fer encebetween thewildtypeand
thedenatured protein and DG®representstheacti vationen
ergy.

Inthef;analy sis,most of mutationsinvolvethereplace-
ment of resi dues by alanine be causeit hasamini mal side
chain. How ever, other re placementscould al'so a low theesti-
mation of thef ; value. Ingeneral, if themu tation destabilizes
the folded struc ture (F) by DD Gr.y units of en ergy (which
could be measured from the changeinfreeen ergy of folding
rel ativetotheunfolded state (U)), then thefreeen ergy of a
transi tionstate(T) (measuredrel ativetoanunfolded state)
changes by DDG ;. The f valueisgiven by theex pression,

f= DDGT.u/DDGF.u

Thisex pressionisanal o gousto the Bronsted equation fre-
guently usedinphysi cal-organicchemistry.

log k = con stant + blog K D

wherein, “k” isthe rate con stant and “K” isthe equi lib rium
constant for thereactionandb isthe Bronsted co-efficient.
Thevalueof “ b” isameasureof thesimi larity of thestructure
of thetransi tionstatetothenativestate. Interestingly, f andb
arethe sameat thetwo ex tremes zero and one when measured
inthedi rection of bond mak ing (folding).f (or b) isequal to
zero for the de natured state(s) and it as sumesavalue of “1”
whentheproteinisinthenative state.

f canalsoassumefractional val ues."***> Thefractional
f val uescouldbeduetoweak enedinter actionsinasinglespe-
cies(of thetransi tionstate) or duetothetransi tion statebeing
in a mixture of states, with some of the interactionscom-
pletely formed and oth ersfully disrupted. Them

ixture could arisefrom aequi lib rium between thevar i-
ousstructural statesof theinter medi ateor duetotheexistence
of par a lel folding pathwaysgiv ing riseto an en sem ble of
transi tion states. Inad di tion, ar ti factscould arisedueto dis
tor tion(s) inthestruc ture of thefolded mol eculeupon muta-
tion. Thestructural distor tionscouldintroducevari ousreor-
gani zationener gies(introduced by mutations) whichdonot
cancel.However, anal y sisof thestructural ef fectsof anumber
of mutationsat the same sitewould al |ow the de tec tion of
abovementionedarti factsinthef val ues. Thereisideal grada
tion of the f val uesfrom 1.0tocloseto 0’ upon mutation
of residues in the middle to the edge of the b sheet in
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barnase. 151-154,181
TheBronsted equation could also berepresentedinfree
energy termsas

DG? = con stant + b DGeq

“DG™istheacti vationenergy and “DGe" isthe free en ergy
changeat equi librium. Thisequation could be suc cessfully
usedtoidentify groupsof resi duesthat co-operateinforming
thetransi tionstate. If theresi duescontributetothestabil ity of

thetran si tion state (T) to the same ex tent asthe native state,

then their Bronsted plot (DG" ver susDGg) isex pected to be
linear. The posi tion of thetran si tion state coul d be gauged
from the slope (m) val ues of the plot of Ink (rate con stant of

folding/unfolding)ver susthedenaturant concentration. This

plotispopularly calledthe” Chev ronplot”. The Cheveronplot
for atwo statefoldingis“V” shaped (Fig. 9). Ini tially therate
constant of folding(k:) decreases with the increaseinthe
denaturant con cen tration (with aslope of m;) and beyond
equi libriumtheratecon stant of unfolding (ku) showsalinear
in crease (with aslope of m,) with the con centration of the
denaturant. Theex tent of fold inginthetran si tion state (T) is

givenby,

T =m¢ /me-my

Theposi tion of thetran si tion stateisgener ally definedin
termsof theamount of sur faceareaburieduponD® T folding.
Despitesomeinconsistencies, thetransi tionstateap proxi ma
tionisvalidfor proteinfolding asit pro videsadef i nitelink
between mutationsandtheconsequent changesinthestabil ity
(of thetran si tion state) and thefolding and un fold ing rates.

F N

In rate constant

v

Concentration of denaturant

Fig. 9. A model of the Chev ronplot. A per fect 'V’
shaped Chev ron curvein di catesthat the pro-
tein foldsin atwo-state (Native U Unfolded)
mech anism. A cur vature(indi cated by dot ted
lines) ob served sug geststheac cumulation of
foldinginter medi atesduringproteinfoldingat
low denaturant concentrations.



Pro tein Folding and b-Sheet Proteins

Re cently, Munoz et al 3% based on the re sults ob tained by
moni tor ingthether mal unfolding of anisolatedb hair pin ex-
aminedthetransi tionstateap prox i mation. Thedataobtained
ontheunfoldingki neticswasfittedtostatisti cal mechani cal
model, which could spec ify the en tire range of partly folded
speciesobtained asafunction of tem per aturefromthetimeat
whichtheunfolding of the pep tide starts. It isfound that 99%
of theen sem bleof thetran si tion state speciesfol low amini-
mal freeen ergy path3

Baldwinand Roseinarecentreview ar ti clead dressan
inter esting questionwhether thetransi tion statesobtainedin
dif ferentfoldingreactionsaresimilar.®® They opine that the
transi tionstatebar ri ersob servedinfolding pathwaysarelow
and broad, incontrast tothosefoundintheor di nary chemi cal
re ac tionswhich are high and sharply peaked. Thisopinionis
sup ported by ex peri mental resultswhereinsinglepoint muta
tions have been shown to cause large changesin the po si tion
of thetransi tionstatealongthefolding/unfolding pathway(s).
Milla et al.*? re cently showed that point mutationsinthe Arc
repressor causes achange from 0.92t0 0.69 inthe po si tion of
thetransi tionstateinthedi rectionof folding. Inad di tion, the
f val ueswhichyieldsinfor mationontherel ativeinter action
strength of each residue shows a good correlationamong
struc tures of thetran si tion stateswhich oc cur along the fol d-
ing pathway of barnase.’*****

To-date, thestructuresof thetran si tion stateshave been
char acterizedinlimitednumber of proteins. Barnase, chymo-
trypsininhibi tor (Cl 2),Arcrepressor, SH3do mainsof sr¢ and
a-spectrin arethe only few ex am ples of pro teinswherein the
transi tionstateshavebeenstructur ally char acterizedalongthe
foldingpathway(s).'® These pro teins show alin ear Bronsted
plotforall resi duesimply ingthat ev ery resi dueaf fectsthe
transi tionandthenativestatesproportionally.

Transi tionstateanal y sisbased onchar acterizationof
mu tants pro videsasnap shot picture of aninter medi atestate
at onestageof thefoldingprocess. It cannot giveany infor ma
tion on the chro nol ogy of eventslead ingto thefor mation of
thetran si tion state. Baldwin and Rose at tempted to track the
structural eventstodeter minethehi er ar chy of thestructural
inter actionsinthetransi tion state (in Cl 2) usingthe LINUS
program™®? by sup pressingthenon-local inter actions.”® The
resultsof thisstudy reveal ed that large por tion(s) of the struc-
tural frame work isin-built in the amino acid se quence of the
proteinandit could bereleased in the ab sence of non-local in-
teractions.

Molten Glob ulesin Protein Folding

Twenty yearsago Tanford and co work ers®° dem on-
stratedthat proteinsundergoreversibleunfoldinginthepres
enceof strong denaturantssuch asguanidiniumhy drochloride
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(GdnHCI). Thisled to aspurt in the search for in ter me di ate
state(s) along the unfolding/foldingof protein.*®* Aune et
al ** providedthemost defini tiveevi dencefor thepresenceof
residual structureintheacid and tem per aturedenatured pro-
teins. How ever, thecon cept of presenceof inter medi ateswith
residual structureswascontested by Privalov et al #+1% |t was
dem on strated that the changes of enthal py, en tropy and heat
capacity uponunfoldingaremostly thesamefor pH, tem per &
tureand GdnHCl induced unfolding. Based ontheseresultsit
wasar gued that thepH and tem per atureunfolded proteinsdo
not possessresid ual structuresimi lar totheGdnHCl and urea
denaturedproteins. Prival ov andMakhatadze'® demonstrated
theheat capacity changesdur ingtheacid andtem per aturein
duced un fold ing of apomyoglobin, cytochrome C, RNase A,
lysozyme are those ex pected for the com pletely unfolded
polypeptide chainswherein the non-polar groupsare ex posed
towater. Based on the ther mal melting studieson small pro-
teins Prival ov sug gested that pro teinsun fold and refold re-
versiblyinan“all or none” fashionwith out stableand defined
intermediates.*® Kuwajima et al.”” and Nozaki et al.> pro-
videdthefirststrongevi dencefortheexistenceof stableinter-
medi atesinthe GdnHCI in duced unfolding pathwaysof the
bovineandhumanlactalbumin, respectively. Detailedchar ac-
terization of the physi cal state of theprotein mol eculesin
thesestableinter medi atestatesusingavari ety of biophysi cal
techniquesrevealedthattheinter medi atestate(s) withsimi lar
struc tural features have been called the “mol ten glob ule”
state(s).*"*%® Al thoughtheex act physi cal char acteristicsof
the“mol ten glob ule” statesare still asub ject of in tense de-
bate, therehasbeen somecon sensusonthephysi cal def i ni tion
of a“mol tenglobule” state(s). ** Proteinsinthe*“mol ten glob-
ule” stateareex pectedto possessthefol low ing physi cal char-
acteristics.® (1) Theproteinmol eculeneedsto be con densed
with aStokesradiusequal or not greater than that of thefolded
protein, (2) shouldex hibit substantial nativesecondary struc-
turewithreducedstabil ity of thecon stit uent hy drogenbonds
(3) should have lost most of the side-chain ter tiary struc tural
inter actionsstabilizingthenativestate. Small angle X-ray
scattering, viscosity,sedi mentationvelocityandgel exclusion
chromatography are some of the important techniques to
probethe com pact nessof the* mol tenglob ule” state(s). Most
proteinsintheir “mol ten glob ulestates’ possessaradius of
gy ration to be about 10% greater than that of the native pro-
teins.*® Assumingthat if themol ten glob ulestruc ture(s) were
empty with no water mol e culescontained inthem, then the
par tial specific vol umeisex pected to be greater than 50% of
thenative (or of theunfolded) protein mol ecule. How ever,
sincethein creasein par tial specificvol umeinthemol ten
glob ule state (as com pared to the native or un folded state) is
only about 5-10%, thereislit tle doubt that the mol ten glob ule
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stateshave alot of water. Thein creasein the proteinvol ume
inthe“mol tenglobule’ stateissug gestive of water pen etrat-
inginsidetheproteinstructure.

Secondary Structure in Molten GlobuleStates

Thereisalot of debate con cerning theex tent of native
second ary structurethat isretained inthemol ten glob ule-
state. Cir cular dichroism spectrainthefar UV region of a
num ber of proteinssug gest ahigh content of secondary struc-
tureinthemol ten glob ulestates of var i ousproteins.**?* |n
human car bonicanhydraseB, thenegativemolar el liptici ty at
210 nmisnearly four timesgreater in theacid mol ten glob ule
statethaninthenativestateof theprotein®® Thisaspect isnot
sug gestiveof achangein second ary structurebe causethefar
UV CD spectraarestrongly influenced by contri butionsfrom
thear omaticsidechains. Ingeneral, thear omatic sidechain
groupsloosetheirrigid, opti cally activeenvi ronmentinthe
mol ten glob ule-stateleadingto adecreaseintheir contri bu-
tiontothefar UV CD. Deconvolution of thefar UV CD spec-
trainto thecontri butionsof thepeptideand ar o matic groups
showed that thefar UV CD inthemol ten glob ule-state dif fers
fromthenativeproteinmainly duetocontri bution(s) of thear-
omaticgroups. 820320

Tertiary Structure in the Molten Globule State
Thearomaticresi dueslocatedfirmly inanopti cally
asymmetricenvi ronmentinthenativeproteinexhibitsintense
near UV CD. Thisaspect providesagood probeto moni tor the
tertiary pack ing of resi duesinthenativestateof theprotein.In
addi tion, fluorescenceani sotropic measurements, spinecho,
NMR tech niques are the other tech niqueswhich have been
used to study thestate of ter tiary struc turepack inginthemol-
ten glob ulestate(s).**"*” Ptistynand cowork erssuccessfully
studiedthestructural inter actionsusing "H NMR spec tra of
the acid and temperature denatured forms of bovine a-
lactal bumin.?®®?°|n princi plethe *H NMR spec tra of apro-
teininthemol tenglob ulestateisex pectedtobemuchsimpler
thaninitsnative state. Most of the NMR res o nancesin up-
field al most disap pear inthemol tenglobulestateimply ing
that therigid ar chi tec ture due to the pack ing of the aliphatic
sidechainsand ar omaticaminoacidsisdrasti cally disrupted.
Baum et al 1*° used these per turbed reso nancesfor atentative
assignment of theNMR spectraof theprotein (a-lactalbumin)
in the mol ten glob ule state. This study re vealed that most of
thenativeheli cal segmentswereretainedinthemol tenglob-
ule state of a-lactalbumin. Simi larly, Baldwinandcowork ers
demonstrated theex istenceof atleast threenativeheli cesin
themol tenglob ule-stateof apomyoglobin. *** M easurement of
indi vid ual ex changeratesfor many protons showed that am-
ideprotonsinheli cesA, G and H ex change 5to 200 times
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moreslowly thanintheunfolded state. Theamidepro tonsbe-
longingtohelix B ex changeat 2to 10timesmoreslowly than
theunfolded statessuggestingthatthehelix Bisonly partially
folded oritisunstable. Theam ide pro tonsex change of the
other resi duesin the pro tein was very fast and could not
traced. Theseob ser vationsledtothefor mulationthat heli ces
A, GandH innativestateper sistinthe mol ten glob ule-state.
Jeng et al.?**char ac ter ized amol ten glob ule state of cyto-
chrome C at acid pH. Most por tions of the threelarge native
a-heli cesremainprotected fromhy dro gen-deuterium (H-D)
ex changeinthemol tenglob ule-stateat acid pH and highionic
strength. How ever, thedegreeof protection of theresi duesin
the three a-heli ceswas much lesser than ob servedin the na
tivestate. Inter estingly, the NH groupsthat areinvolvedin hy-
drogenbondinginthe b-turnsand in theter tiary struc ture of
theproteinwerenot sig nif i cantly protected. Dobson and co-
work ersused adi rect ap proachto study theter tiary fold of the
molten glob ule-state by 2D-NMR spec tros copy. ***% Al-
though the NMR spectra of the molten glob ulewasvery
poorly resolved to be as signed by con ven tional meth ods,
Dobsonand cowork ersused themag neti zationtransfer tech-
niqueto achievepar tial assign ment.** They could suc cess-
fully cor relatethestrongly per turbed ar o maticreso nanceof
a -lactalbumin (from guineapig) in the acid mol ten glob uleto
thosein the native state. This study con cluded that cluster of
aromatic groups also exists in the molten globule state.
Recently, Dobsonand cowork erselu ci dated the struc ture of
a molten globule-like state of lysozyme in the alcohol-
unfolding pathway.™*'** Using a variety of experimental
NMR strat egies, they coulddemonstratethestructureof apar-
tially struc tured statein 2,2,2-trifluoroethanol. This study re-
veal ed that most of the nativesecond ary structural inter ac-
tionschar acterizingthenativestateareintactintheal co-
hol-induced par tially struc tured state of lysozyme.

Recent devel opmentsinNM R spectroscopy indi cate
that adetailed structural char acterization of unfolded or par-
tially folded proteinsiswithinour grasp. A notableel ementin
recent advanceshasbeentheavail abil ity of proteinsenriched
in °N and ®Cisotopes.'**Avail abil ity of isotopelabeled-

proteins en ables the use of multi-dimensional heteronuclear
NM Rtechniquestosubstantially enhancetheresolutionof the
otherwise highly degenerate spectra characteristic of the
non-nativestates. Recently, unfolded statesof proteinsinhigh
con centrationsof denatur ing agentssuch asguanidinium hy-
drochlorideand ureahave been suc cessfully char acterized.
Thisfeatureren dersassign ment and anal y sisof theNMR
spectrapossi ble. Neri etal **recently structurally char acter-
ized the ureade natured 434-repressor protein. Simi larly, Lo-
gan et al ?* structur ally char acter izedthe FK 506 binding pro-
tein unfolded in ureaand guanidinium hy dro chloride. Using
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heteronuclear NMR, Shortleand cowork ersreportedthepres
enceof resid ual structureinthedenatured state of anunusual
mutant of staphylococcal nuclease. ' Ingen eral, theresults
fromtheabovementioned studiesconfirmtheprevi ousas
sumptionsthatlocal clustersof hy drophobicresi duesexist, at
leastinequi libriumwithlessstructured states, particularlyin
thevi cinity of thear omaticresi dues.

Stable, par tial struc tured states have also been char ac-
terizedin other envi ron ment(s). Partially struc tured states
have been real ised by dis solv ing by the pro teinsin mixed or-
ganic/ague ous sol ventssuch as TFE. TFE islong been known
todevel opandstabi lizeex tensivesecondary structureinthe
absenceof persistenttertiary inter actions.”**?"* Recently, a
mol ten glob ule state hasbeen char acter ized in ubiquitinin
60% methanol at pH 2.0.2%'°® In the mol ten glob ule-state, the
proteinex hibitsaNMR spectrumwithrel atively sharpand
thusper mit ted assign ment of anum ber of reso nances. It was
shown that three b-strandspresentinthe nativeproteinare
asopresentinthemol tenglob ulestate, bothintheir posi tions
in the polypeptide chain and their mu tual po si tionsin space.
Thelonehelix alsoremainsintactintheal co hol-induced mol-
tenglobule-state.

Mobility of the Side Chain

Itisgeneraly foundthat thefluctuationsof sidechains
inthemol tenglobuleareconsid er ably higher thanthat inthe
nativestate. Semisotnov et al. dem onstrated that the spin-spin
relax ationontime T of methyl groupsin themol ten glob ule
coin cides with that of the un folded state.”***'* Wong and
Hamlindeter minedthat themolecular vol umesof themol ten
globuleand nativestatesaresimi lar and hencepredicted that
themainresonancedif fer enceintherelax ationtimescouldbe
duetointra-molecular move ments'.>**Thesimi lar ity of the
spin-spin relax ation timesfor the mol ten glob uleand for the
un folded states sug geststhat theintra-mol ecular move ments
for the methyl non-polar groupsin the un folded and in the
mol tenglobulestatesarepracti cally thesame.

Rodionova et al 2* deter mined that themo tion(s) of the
ar o matic sidechainsinthemol tenglob ulestateobtainedin
theureaunfold ing path way of car bonic anhydrase and found
that theintra-molecular move mentsof ar o matic side chains
aremuch morehin deredinthemol tenglob ulestatethaninthe
unfoldedstate. Incontrary, measurement of thepolarization
of lumi nescenceof Trpresi duesina-lactalbuminand bovine
car bonicanhydrase showedthat theintramolecular mobil i ties
of theindolerings are nearly asre stricted asin the nativeand
mol ten glob ule states, whiletherestrictionintheunfolded
stateismuch lesser.”*” How ever, thealiphatic side chainshave
unrestricted motioninthemol ten glob ule-state. Shakhanovich
and Finkelstein predict that thereissuf fi cient spacein sidethe
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mol ten glob ule-statefor the“free” move ments of small and
symmetricaliphaticgroups.?®

The large-scale fluctuations in the molten globule
state(s) could be gauged from thefiel d-dependent broad ening
ofindi vidual resonanceintheprotonNM R spectroscopy.*’ In
themol tenglob ulestates, thefluctuationsintheproteinsare
especially ap par entinthear omaticgroups. Thisaspectiscon
sistent withtheinter-conversion of dif fer entlo cal confor ma-
tions of the mol ten glob ule at rates slower than~10° sec. %8
Anotherinter estingap proachtostudy thelarge-scalemotions
istomoni tor thehy dro gen-deuterium ex change. Dolgikh et
al 28?9 ghowed that theamideproton ex changeismuchfaster
in the mol ten glob ule state than in the native statesin a-
lactalbuminandbovinepancreatictrypsininhibi tor. Inter est-
ingly, Merril et al > demonstrated that ac cessi bil ity of apro-
teinmol eculetoproteasesalsoincreasesinthemol tenglobule
state. Kallenbalch and cowork ersalso ar rived at thesamecon-
clusionby study ingtherel ative susceptibiltiesof cytochrome
Cinthenativeand mol ten glob ulestates. >

Stability of the Molten Globule State

Shakhanovich and Finkel stein pro posed that the mol ten
globulestateisstabi lized by liquidlikeinter actionsof non-
polar groups.? Itisfelt that the mar ginal in creasein the mo-
lecular vol umeinthemol ten glob uleissuf fi cientto destroy
thetight pack ing of thesidechains, which con sequently leads
to the de crease in the van der Walls at trac tions. Based on
site-directed mutagenesis studies Hughson and Baldwin
showed that in creasein side-chain hydrophobicity stabi lizes
themol ten glob ule-state of apomyoglobinconsider ably but
thesamemu tationsarefoundto destabilizethenativestate."™
Theseresultsauthenti catethesuggestionthatthemol tenglob-
ulestate(s) of proteinsarepri marily stabi lized by non-specific
hy drophobicinter actionswhilethetight packingisim portant
for thenative state.

Mol tenglobulestate(s) containconsider ableamount of
nativesecondary structural inter actionsandtheenthal py of
helix-coil tran si tioninwater isap prox i mately about ~1.0
kcal/moal. Theenthal py of hy drophobicinter actionsissmall at
20 °C.?2-222How ever, thisparameter (enthal py) isfoundtoin-
creasewithtem per atureand thuspossi bly could contrib ute
signif i cantly tothe heat ef fectsof proteinunfolding. Pfiel et
al.”* re ported the enthal py of the mol ten glob ule state of
a-lactalbumin at 4 °C does not dif fer very much from the
enthal py of theunfolded state. Ingeneral, the dataon thether-
mal un fold ing of the mol ten glob ule state are quite con to-
versial. Gast et a.?® showed thata-lactalbumin does not melt
co-operatively upon heat ing. Thiscould be dueto theprotein
existinginmol tenglob ulestatesat low pH and high tem per a
tures. Using the mi cro-calorimetric data on the acid form of
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retinol binding protein, Bychkovaet al.?*2 showed that the
pro tein melts co-operatively with asmall changein enthal py.

Pfeil et al.?** found that cytochrome C ex istsinamol ten glob-

ule state at low pH and high ionic strength and the mol ten
globulestatemeltsonheatinginafashionsimilartothenative
protein. How ever, itisstill not known asto what ex tent these
proteinsareunfolded.

Physiological Significanceof the Molten Globule State

Inrecentyears, theroleof the” mol tenglobule” inter me-
di atehasbeenwell established. Proteinsareinvolvedin nu-
mer ouscel lular processesinvolvingtransmembranetrans
port.??*#?® These pro cesseswar rant major conformational
changes. Translocation of proteinsaf ter their synthesisonthe
ri bo some oc cursintwo phases. Thefirst phasein volvesa
time-dependent ad sorp tion to the mem brane and the sec ond
anATPdependent processinvolving specificproteincom po-
nents. Dihydrofolatereductase (DHFRI) whichisami to chon
dria protein hasbeen cho sen asmodel proteinto un der stand
proteinmembranetraf ficking.?*>Invi troex peri mentshavere-
vealed that thefirst phase of proteintransportisaccel er ated
whentheprotein (DHFR) ispresentedtotheassay (mem brane
vesi cles) systeminitsurea-unfolded form. Thisaspect possi-
bly sug geststhat ad sorp tion of the protein to the mem brane
sur face are morereadily ac cessed in the par tially folded/un-
folded statethan the native state. Thisas pect was con firmed
by the fact that the ad sorbed form of the proteinisfoundto be
moresensi tiveto proteasedi gestionthanthe nativestate. In-
terestingly, ad di tion of methotrexate, asub strateof DHFR sta-
bi lizedtheproteinagainst denatur ationandalsoinhibitedthe
ini tial ad sorp tion phase. Bychkovaet al.??? opined that the
physi cal char acteristicsof themol tenglob ulestatestrongly
sug gest that proteintransl ocation acrossmem braneoc cursvia
the“mol tenglobule” state.

Van der Goot et a.?*” using colicin A, a membrane
bound proteininvolvedinporefor mation, dem onstrated that
proteinmembraneinsertionsal sopossi bly involvethemol ten
glob ule state. The pore-forming do main of thisproteinin-
cludesten well-packed heli cesand two of these heli cesare
buriedinthenon-polarinterior of thedomain. Inter estingly,
the struc ture of the poreforming do main con traststhe pro-
posed membraneinsertioninter medi atewhereintheprotein
hasbeen turnedin side out with thetwo non-polar heli cespar-
ti tioned such that oneof thehy dro phobicheli cesmovesintoa
polar envi ronmentleavingtheother helixinthemembrane.
Inter estingly, colicin A hasbeen showntoexistinamol ten
glob ule state at pH 2.0. Taking into ac count the ef fect of the
neg atively charged lipid sur faceonthelo cal pH, it wasesti-
mated that apk of 3.0 wasop ti mal for mem branein ser tion.
Based on the aboveresultsit was pro posed that colicin A ex-
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istsinamol ten glob ule state in the mem brane sur face. Simi-
larly, the study of Kagan et al 2 revealedthat tumor necrosis
factor (TNF) existsinmol ten glob ulestateupon binding to
membranes.

Recently, therearenumer ousstudiesimpli catingthein
volvement of chaperones in protein foldingin vivo. De-
pending on the pre cise role on the fold ing path way, chap-
eronesare shownto hind to thetar get fold ing proteinsintheir
unfoldedor partially folded states. For ex ample, GroEl, which
is a popular folding chaperone has been unambiguously
shown to bind to themol ten glob ule-likefoldingin ter me di-
ates.”” How ever, oneof theinter esting aspectsof chaperone
bindingisthelack of speci ficity for typeor speciesof thepro-
tein. Itisgener ally believed that the sur face of the mol ten
globulemust bereason ably flex i bletobedeformabletoa
fairly stan dard shapeand polar ity that islargely com plemen-
tary to the chaperone-binding sur face.

Invitro proteindegradationhasalso been sug gested to
involvemol tenglobule-likeinter medi ates. Thedegradation
of proteinsinlysozymesor ATPde pend ent proteosomes(asin
the ubiquitin de pend ent proteolytic path way) issug gested to
befacil i tated by prior denatur ation, which may bethetran si-
tiontothemol tenglob ulestate.

Impor tanceof Under standingFolding/Un folding Process
in b-sheet Proteins

Thead vent of awiderange of sen si tivetech niqueshas
ledtothedramaticin creaseinthescopetoex aminemecha
nismsof folding.** Fast mix ing meth odswhereinthefolding
reactionismonitoredby sensi tiveopti cal techniqueshave
providedinvaluableinfor mationonthetransi tionstate(s) oc-
curringduringproteinfolding.** These tech niques not only
provideimpor tant dataonthestructureof thefoldinginter me-
di atesbut also help to moni tor thefolding eventin mil li sec-
ondsto nano sec ondstimescal es. Fur ther, theap pli cation of
modernNM Rtechniqueshasfacil i tatedtheconfor mation(s)
of par tially folded or unfolded proteinsin greater detail 1*":164
Theintroduction of thenativestatehy dro gen-deuterium ex-
change has en abled to probe the struc ture of par tially folded
statethat ac cumu latestransiently fromtheir folded state.'?

Itisim por tant that in for mation gained by study ingthe
folding/unfoldingprocessinvariousproteinsareef fectively
used to derivethegen eral rulesthat gov ernthefolding pro-
cess. Criti cal review of theproteinswherein thefolding stud-
ieshave been ex amined show that very littlein for mation ex-
istsonthefolding pro cessof proteins, which are predom -
nantly b-sheet. Itispossi blethat thefolding prop er tiesof pro-
teinsbelongingtothisclass(b-sheet proteins) may dif fer sig-
nif i cantly fromthoseof heli cal and mixeda ,b-proteinsbe-
causeof theinter actionsstabi lizingthe b-sheetsin proteins
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aremostly non-local in nature. Hence, itisim por tant that this
lacunaeisfilledtoensurethegener a ity of thecon ceptsof the
proteinfoldinggame. Inaddi tion, under standingthefolding
of b-sheet proteinsisim por tant fromaclini cal point of view.

Recently theeti ol ogy of many heredi tary disor dershasbeen
tracedtoinvolved defectsin thefolding of key proteins/
enzymes.?*?®* The most prominent among these are the
Alzhemiers, Huntington’ sandvari ety of prion diseases 2%

Thesedisor dersinvolvetheer rant for mation of b-sheet struc-

tures. Intheback ground, itisap par ent that better un der stand-

ing of thefolding proper tiesof all predomi nantlyb-sheet pro-

teinswouldenabletodelineatethemolecular basisandevolve
ther apeuticstrat egiestotackletheproteinfoldingrelateddis

eases. To-date, thefolding/unfolding path waysof over ten
proteinsbelongingtotheb-sheet classhavebeeninvesti gated.
Inthisreview, weat tempt to bring out thefeaturesof thefold-

ing/unfoldingof vari ousb-sheetproteins.

Tendamistat

Tendamistat isasmall (74 amino ac ids), two-disulfide
bonded, all b-sheet protein (Fig. 10). Theproteinscontain
three Xaa-Pro pep tide bonds, which areall inthetransconfor-
mationinthenativeprotein.”® Refoldingki neticsmoni tored
by change(s) in tryptophan flu o res cencere vealed that the
refolding process occurs in three phases®’ Interrupted
refolding ex per i mentswereconducted tounder stand which of
thethreefluorescencedetected phasespro ducesthenative
protein. The results of these experiments revealed that
refolding of the proteintoitsnativestate oc cursintwo par a-
lel refoldingchannel sandtheinter medi ateob servedintheki-
netic reaction does not produce the native protein?*’
Schonburnner et al.>*8investi gated theor i ginof theki netic

N-terminal ~

Fig. 10. MOL SCRIPT representationof theback bone
folding of tendamistat. Itisa74-amino acid, all
b-sheet protein with six b-strands running
antiparallel to each other (not shown). The en-
tirestructureof theproteinisheldinposi tionby
two disulfide bonds.
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het er ogeneity ob servedintherefolding of tendamistat. They
conclusively demonstratethat thetwo par al el path waysof

refoldingareduetothehet er ogeneity intheunfolded state
caused by the slow cis-trans isomerization of the Xaa-Pro
peptide bonds. Theki netic refolding of tendamistat isfound to
be two-state.2*® The slope of thelog arithm of theunfolding
and of the refolding rate constants versus the denaturant
(GdnHCI) concentrationisessentially lin ear over abroad
range of the GdnHCI con centration. Inad di tion, thefreeen-

ergy of stabi li zation esti mated fromtherefoldingand theun

foldingratecon stantsac cordingtotheEyring’ sequational so

providestrong ev i dencefor two-statefolding. Schonbrunner
et al ®® alsoinvesti gated if therapidfolding of tendamistat is

duetotheoc cur rence of ahy dro pho bic col lapse dur ing pro-

teinrefolding. Clustering of hy dro pho bicresi duesare be-

lieved to re strict the conformational space of the polypeptide
chainfacilitatingrapidrefolding. Anal y sisof theresultsof the
strin gent florescence ex per i mentsshowed thefold ing of the
protein pro ceedswithout rapid chaincol lapse. 28 Thefluores

cenceproper tiesof thesol vent ex posed tryptophanresi duedo
not show amarked dif fer ence (that isex pected inthe event of

arapid hy dro pho bic chain col lapse) dur ing therefol ding of

theprotein. Inaddi tion, thehy drophobicdye, ANS(1- anilinc-

8-napthalene sulfonic acid), whichisused to detect col lapsed
statesinvariousproteinsdidnot detectany sol ventaccessi ble
hydrophobic surfaces during the refolding of the protein
(tendamistat). It ap pearsthat al though the confor mational

freedomintheproteinduringrefoldingisrestricted duetothe
oc cur rence of the two-disulfide bondsin the pro tein, chain

col lapsedoesnot seemtooc cur prior tofor mation of native

tendamistat.?*® In es sence, the study of Schonbrunner et
al 8 demonstratesthat rapid chaincol lapseisnot anessential

stepinproteinfolding. Theinfluenceof disulfidebondsonthe
refolding ki neticsof proteinshasbeenasubject of intensede-

bate. It isbelieved that pres ence of disulfide bonds would
yield kinetically trapped intermediate(s) during protein
refolding. In the con trary, Camacho and Thirumalai®® showed
that disulfide bonds could en hancetherate of refolding by re-

strictingtheconfor mation spacefor thefolding polypeptide
chain. Inthiscontext, itisinter estingto notethat wild type
tendamistat refoldsrapidly in atwo-state man ner de spitethe
presenceof the disulfide bonds.?%”

Usingasite-directed mutagenesisap proach, Schonbrunner
et al.*"®recently investi gated therol e per formed cor rect ter-
tiary inter actions (such asdisulfide bonds) on rapid two-state
folding exhibited by tendamistat. As mentioned earlier,
tendamistat con tains two disulfide bonds be tween Cysl1 and
Cys27 and Cys45 and Cys73 whichin-turn holdstheb-strands
tighter toform thetri ple-stranded b-sheet seg ment.

Schonbrunner et al.?*” pre pared two sin gle-disulfide
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variants of the pro tein (tendamistat) namely, Cys111Ala/
Cys27Ser and Cys45Ala and Cys73Ala, using the site-
directedmutagenesi sapproach. Esti mationof freeener giesof
the unfolding and refolding using the Eyring equations
showed that thetwo-state char acter of thefolding/unfolding
reactionisnot changed by the disulfide bond re place ments.
Inter estingly, theunfolding limb of the Cys45Ala/ Cys73Ala
mu tant displayed apromi nent kink (at higher denaturant con-
centration) whichisob servedin nei ther thewild type nor the
Cysl1Ala/Cys27Ser mutant. Theshal lower slopeinthe Chev-
ronplot at higher con centration of thedenaturant prob ably re-
flectsachangeintheunfolding mechanism.

The 11-27 disulfide bond in tendamistat isalo cal ter-
tiary contact con nect ing the ends of a b-hair pin. Model pep-
tidestud iesreveal that thisre gion of the pro tein hasastrong
tendency to form a hairpin loop even in the absence of
disulfide bond.?®” In comparison to the wild type, large
changeswere ob servedintheunfold ing rate con stantsin the
Cysl1Ala/Cys27Ser vari ant. Such large changesin the un-
folding rate con stant (ob servedinthe disulfide mutant) are
suggestedtoindi catethatinter actionsinthenativeproteinat
thelo cationsof thecross-linksareweak ened by re place ment
of disulfide bonds. Therefolding rate con stantswerefound to
be much less af fected by the mu tations than those of the un-
foldingreaction. Al though, thedisulfidebond (Cys11/Ala/
Cys27Ser) con nects parts of the mol e cule which haveto find
each other in the transition state, the preformed disulfide
bonds (in the wild type tendamistat) do not seem to haveama-
jorrateenhancingef fectintherefolding pro cess. Theef fect(s)
of enthal py/entropy compensationob served onacti vationpa-
ram eter of thefoldingreactionwasrational izedontheresid-
ual structureintheunfolded statein tro duced by thedisulfide
bonds.”*’ Theresidual structureisproposedtoleadtounfavor-
ableentropy intheunfolded stateand alsointroducestructural
interactions in the unfolded state, which appears to be
enthalpically favor able. Thefindingsof thestudy essentially
sug geststhat preformedinter actionssuch asdisulfidebonds
wouldfavor refolding by decreasing thelossof chainentropy
but would also at the sametime disfavor thefold ing chainto
gainconformational enthal py uponfor mationof thetransi tion
state, asmost of theinter actionsareal ready formedintheun-
folded state (due to the pres ence of disulfide bonds). Thus,
this study dem on stratesthat in b-sheet proteins, preformed
cor rectinter actionswill havelittleef fectontherateof protein
refolding. Inaddi tion, careful ki neticanal y sisof thesingle
disulfidevari ants of tendamistat re veal ed that for mation of
the b-hair pinstructurebetweenresi duesVal12 and Gly26is
the rate limiting step in the folding process of the pro-
tein.®"**® Inter est ingly, even when the disulfide bond teth er-
ing thetwo ends of theb-hair pinarereplaced, thisregion (res
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i duesspan ning Val12 to Gly26) are found to form acom pact
andenergetically very favor ablestructureinthetransi tion
state.

ThomasKiefhaber and cowork ersalsoinvesti gatedthe
ef fect(s) of ahelicogenic sol vent such as2,2,2-trifluoro eth a-
nol (TFE) on the struc ture of tendamistat 28 None of theresi-
duesintheproteinexistinaa-helical conformationinthena
tivestate. Atlow concentrationsof TFEtheproteinisfoundto
looseitsdefinedtertiaryinter actionsinacooperativemanner
leadingtothefor mation of par tialy structured state. Theloss
intheter tiary structural inter actionsareindi cated by thedis
ap pear anceof thenear UV CD bandsand decreased chemi cal
shiftsdisper sioninthereso nancesof the1D NMR spectrum.
Systematic hy dro gen-dueterium (H-D) ex changeand FTIR
ex per i mentsshowed that most of thenative b-sheetel ements
arein tact in the TFE-induced par tially struc tured state.”*
a-heli cal structureintheal cohol-inducedpartially structured
state of tendamistat are con tem plated to belo cated mainly in
regionscor respondingtoloopsor randomstructureinthena
tiveprotein.?** The pres ence of asub set of the nativelong
rangeinter actionsandthelossof stablenativeinter actionsin
tendamistat sug gested that the TFE-induced par tially struc-
turedstaterepresentsanearlyinter medi ateinthehi erar chi cal
foldingpathway of theprotein.

Fibronectin Mod ules

Fibronectintypelll (FN I11) mod uleisanin de pend ent
folding subdomain belonging to the fibronectin type 111
superfamily.?® FN 111 domainderived fromhumantenascinis
91 aminoacidslong andthesecond ary structural €l ementsin
theproteinarepri marilyb-sheets. Thestruc tureof FN I11 cor+
sists of sevenb strands ar ranged into twob sheets, one of four
and one of three strands (Fig. 11, Refs. 240, 241). The FN I11
domainischar acter ized by theab senceof disulfidebondsand
thepresenceof singlehighly con servedtryptophanresi due.
Interestingly, the protein contains eight proline residues.
Plaxco et al 2*>2*recently moni toredtherefoldingki neticsof
thisprotein. Theprotein (FN I11) de spitethe presence of nine
prolineresi duesisfoundtorefoldrapidly within 1 sec ond.
Therapidrefolding of theFN 111 do main (fromits GdnHCI de-
natured state) was un ex pected since proline cis-transiso-
merizationisknowntoresultinapopulationof slowly folding
mol e culesintherefolding ki net ics of many proteins. The
rapid refolding of the proteinisex plained on the basis of the
relatively high thermodynamicstability of the FN 111 do-
main.** Itispresumed that the over all stabil ity of thedomain
cor relatestothestabil ity inregionsof nativeconfor mationin
thetransientfoldingnucleationsites.

Plaxco et al 2**** re cently com pared thefolding ki net-
icsandther mody namicsof twohomol o gousfibronectintype
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[11 mod ules (ninth 9 FN 111 and tenth 10 FN I11 mod ules).
Thesetwo mod ulesshareidenti cal to pol o giesand corestruc-
tures. These two FN |11 mod ules share | ess than 30% amino
acid sequenceidentity. How ever, boththe FN 11 (9FN 111 and
10FN 111) mod ules com prise of seven b-strandsar rangedin
twotopologi cally complex sheets. 240241245 gFN |11 con tains
seven prolineresi duesascom paredto 10 FN I11, which pos-
sesseseight prolineresi dues. Equi libriumchemi cal denatur-
ation ex per i mentsrevealed that the 9FN |11 mod uleisap pre-
ciably morestablethanitshomologue (9FN I11). Therel ative
dif fer ence(s) inthefreeener giesof unfolding of the 9FN I11
and the 10FN I11 mod ules have been esti mated to be 1.2 kcal
mol™ and 6.1 kcal mol™, respectively. How ever, noclear ex-
planationisyetavail abletoaccountforthedif ferencesinther
mo dy namic stabil ity of thesetwo ho mol ogousFN 111 mod-
ules. Baththe FN I11 mod ules have been shown to fold slowly
inatwo-statemanner. It wasen sured that theslow foldingwas
notduetoei ther accumulationof non-productiveinter medi ate
ortheoccurrenceof slowfolding on-pathway inter medi ate(s).
Ki neticanal y sisof the stopped-flow fluorescenceand CD
datare vealed that the refolding of 9FN Il pro ceedsin two
co-operative par al lel folding pathways. Astheindi vid ual
phases of the biphasic refolding path way of the protein (9FN
[11) remained un changed over awide range of the denaturant
concentration, itispresumedthat thepar al lel folding path
waysarenot duetooccur renceof dif fer entfoldinginter medi-
atesbut dueto het er ogeneity of thedenatured state(s). 24224
10FN I11 also show asimi lar refolding pat tern. Inter estingly
theintrinsic refolding rates of 9FN 111 and 10FN 111 dif fer by
more than three or ders of mag ni tude. 10FN 111 foldsfaster
thanthe9FN Il mod ule. Thissituationisin marked contrast
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Fig. 11. Back bonefold ing of the Fibronectin typell do-
main (the tenth module from human fibron-
ectin). The pro tein con sists of seven b-strands
arrangedintwotopologi cally complex sheets.
Theproteinischar acterized by high content of
prolineresi dues.
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to other homol ogousproteins, whichtendto sharequanti ta-
tively similarfoldingpathwaysandhaverel atively similar
refolding rates. Plaxco et al.****** pro pose that with the high
content of prolineresi duesinthe FN 111 (9FN 111 and 10FN
[11) mod ules, that at least 50 to 60% of the un folded pro tein
mol eculescouldbepredictedtocontainoneprolineresi duein
theincorrectconfiguration. Thisaspectisreflectedinthe67%
ampli tude of the slow phase of therefolding of 9FN 111.2* In-
ter estingly, the 10FN |11 mod uledoesnot ex hibit adetect able
proline isomerization-like phase. It is sug gested that the ab-
sence of the slow phase could bedueto thefact that theprotein
foldsinto astable, native-likeconfor mation, whichisyetin-
distinguishablefromthenativeprotein2* 33% of the de na-
tured 9FN 111 mod ulewhich foldsinaprolinein de pend ent
path way were found to fold at rates 100 times slower than the
10FN |11 mod ule.?***** Thevast dif fer enceintherefolding
ratesisattributedtotherel ativether mody namicstabil ity of
thetwomod ules. Un der con di tionswhereintheintrinsic sta-
bil ity of 9FN I11 and 10FN IIl aresimi lar, therefolding rate
constantsof theproteinmodulesarealsosimi lar.

Carbonic Anhydrase

Car bonicanhydraseproteinisolated fromavari ety of
sourceshasamolec ular weight of about 30kDa. Theen zyme
consistsof singledomainandthesecondary structural el e
mentsin clude ashort helix and 10b-strandsthat di videthe
mol e culeinto two halves (Fig. 12, Ref. 242). Each half con-
tainsahy drophobiccluster. Thehy drophobicclusterinthe
N-terminal region consistsof four ar omaticresi dues, which
havebeen successfully usedtomoni tor vari ousaspectsof the
folding/unfoldingbehavior of thisprotein. Inaddi tion, the
pro tein lacksdisulfide bridges hence hasbeen used asapop u-

N-terminal

Fig. 12. Structureof car bonic anhydrase (human). The
second ary structureof the protein con sistsof
10b-strands and a short he lix. The b-strands di-
videtheproteinmol eculesintotwo halveswith
eachcontainingahy drophobiccluster. Thepro-
teininitsactive state is co-ordinated with zinc.
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lar model for un der stand ing the protein- fold ing prob lem.
Car bonic anhydraseisamong thefirst few pro teins, wherein
partially structuredinter medi atessuchasthe mol tenglobule’
were been characterized.”®” Martensson and Jonsson et
al 2****®ysingavari ety of biophysi cal techniquesshowed that
hu man car bonic anhydrase formsastable and com pact fol d-
inginter medi ateat amoder atecon centration of guanidinium
hydrocloride. They introducedsinglecysteineresi duesinvar-
i ous parts of the b-structureand moni toredthestabil ity and
com pact nessof theareaen com passing each cysteineresi due
by chemi cal label ing. Their study dem on strated that thefol d
inginter medi ate of hu man car bonic anhydrase (in GAdnHCI)
hasan or dered secondary structureinthecentral portionof the
b-sheet. The peripheral part of the b-sheet structure was
showntobelessordered. Inter estingly, thelargehy drophobic
cluster lo cated betweenthecentral b-sheet core and the sec-
ondary structural el ementsonthesur facewasfound to un per-
turbed even a high denaturant concentration. Svensson et
al 2" fur ther char acter ized the structural prop er tied of the
‘mol tenglobule’ intermedi ateusingfluorescenceand EPR
measurements. Of the10b-strands, strands 3 to 7 were shown
tobeunper turbed. Incontrast, theperipheral b-strands 1, 2
and 9 were ob served to be com pletely disrupted inthein ter-
mediate.?*” Thehy dro pho bic corecom prisingb-strands 3-5,
wasremark ably stableevenat 5 M GdnHCI. Thestabil ity of
thehy drophobicclusterisfoundtoincreasetowardthecenter.
Oversky and Ptitsyninvesti gat ing the GdnHCI-induced un-
folding of bo vine car bonic anhydrase by size-exclusion chro-
matography inconjunctionwithopti cal meth odsshowedthat
theproteinunfoldsatlowtem per ature viatwointer medi ates-
the‘mol tenglobule’ states.?*® In the ‘ pre-molten glob ule’
state the protein binds weakly to 8-anilino napthalene-1-
sulfonateanditshy drody namicvol umeistwo-foldlarger than
the nativeprotein. The'pre-molten glob ule’ stateis postu-
lated to share anum ber of prop er tieswith the burst phase ki-
neticinter medi ate(s) occur ringinthevery early stagesof pro-
tein refolding. The refolding of hu man car bonic anhydrase
fromits GANHCI de natured state wasmon i tored by near UV
CD measurementsusingvar i oustryptophan mutants(of the
protein). Thisway thedevel op ment of asymmetricenviron
mentsaround specifictryptophanresi dueduringrefolding
was probed.?*® The N-terminal do main (resi dues 1-25) was
foundtofold slower thanthemajor domain (resi dues 26-260)
which containstheactivesiteof theprotein mol ecule. Thus,
anessentially nativestructureof themajor do mainap pearsto
betem platefor thecor rect folding of theN-terminal por tion of
thecar bonic anhydrasemol ecule.?* In ad di tion, thetrypto-
phanresi duelocatedinthehy drophobiccluster comprising
the b- strands, 3-5, isob served to as sume native-like asym-
met ricenvi ronment dur ing theburst phaseof refoldingimply-
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ingthat thehy drophobiccluster functionsasafoldingini ti a
tion sitein the pro tein.?*°* Refol ding stud i es on hu man car-
bonicanhydrasehaveindi cated that aki neticinter medi ate
thatisob served af ter ap prox i mately 1 sec ond of refolding un-
der nativecondi tionshassomeproper tiesincommonwiththe
equi libriuminter medi ateobservedintheGdnHCI inducedurt
folding pathway of theprotein.?*

Cold Shock Protein B

Cold shock protein B (CspB) is a small molecular
weight (~7.5 kDa), all b-sheet proteinisolated from Bacillus
subtilis.**' Thesecondary structural el ement(s) intheprotein
includeasinglefive-strandedb-bar rel with no heli cal seg-
ments(Fig. 13, Ref. 252). Equi libriumunfolding studieson
CspBindi catetheabsenceof inter medi atealongitsunfolding
pathway. Inter estingly thisproteindoesnot containdisulfide
bondsandisnotinflu enced by post-translational modi fi ca
tionsor by tight bindingto cofactor(s).** Thethermody namic
stabil ity of thisproteinislow but theunfolding and refolding
of (CspB) areex tremely rapid pro cess.?* The time con stant
forrefoldingis1.5ms. Atthetransi tionmid point (whereinthe
foldingandunfolding of aproteinisusually slow est), CspB
foldsex tremely rapid and theequi lib riumbetween nativeand
un folded statesisestab lished in lessthan 100 ms.?>* The un-
folding and refolding reactions of CspB are described by
mono ex ponential process, andidenti cal rateconstant val ues
arereal izedforrefoldingandunfolding. Completeampli tude
change occurs during the single exponential unfolding/
refolding pro cessof thisreactionindi cat ing the ab sence of
burst phaseinter medi ates. Inaddi tiontheChev ronplotsunder
vary ing denaturant con centration(s) showsa‘ V'’ - shaped de-
pend enceondenaturant con centrationwithamini muminthe

N-terminal

C-terminal

Fig. 13. Representationof theover all polypeptidefold-
ing of cold shock protein B. Itisa~7.5 kDa,
five strandedb-bar rel protein. Theproteinlacks
disulfide bonds.
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mid dleof thefolding tran si tion and anin creasein the slopes
of unfolding/refolding when mov ing away fromtransi tion
mid point. Inter estingly, CspB hasthemost highly structured
tran si tion state of any protein studied to date (a-vol umeof
0.86). Inac cor dancewith the higha-value, 90% of the change
betweentheunfol dedandfolded statesoc cursbetweentheun
folded and tran si tion states of the pro tein**?*® Folding stud-
ieson CspB clearly indi catethat thereisno cor relation be-
tweenthestabil ity of theprotein anditsrateof folding. CspB
isonly mar ginally stable, but both therefolding un der native
condi tionsandtheequil i bration of thefolded and un folded
states in the transition region are highly rapid reactions.
Schlinder et al 2**?** have ex plained the ex tremely rapid fold-
ing of, CspB onthebasisof Go’sconsistency princi ple. Ac-
cording to this proposal, foldingcouldbeex traor di narily
rapid, if thefolding en ergy gained dur ing refolding pro cessis
not usedto stabi lizenon-nativeinter actions. Itispro posed
that ahigh con sistency could be easily maintained when all
potential foldinginter medi atesareunstableandthusavoiding
ki netic traps. Schlinder et al 2*° opinethat the rapid fold ing of
CspB couldbeat tributedtothelack of inter medi ate(s) intheir
refoldingreaction.

Schlinder and Schmid also in vesti gated thefold ing ki-
neticsof CspB asafunction of ureacon centrationat vari ous
temperatures.”® Inter estingly, under all thesecondi tions, the
folding of theproteinfol lowsatwo-statemech anism. The
closead her enceof theproteintothetwo-statemechanismen-
cour aged theseau thorsto em ploy thetran si tion statetheory
foranalysingtheobservedki neticsandesti matetheacti vation
parametersforunfoldingandrefolding. Duringrefoldingin
the ab sence of urea, 90% of the changeinDC, and 96% of the
changein‘m’ oc cur betweentheunfolded and theacti vated
state of CspB.

Peri et a.*®investi gated thequestionwhether stabil ity
andki neticsof aproteinareinter related. They comparedthe
stabil ity of two cold shock pro teinswith CspB >**?*" |n con-
trast to CspB, whichisonly mar gin ally stable, the other two
homol ogouscoldshock proteins(CspT and CspH) possessint
creased conformational stablities. It isfound that both CspT
and CspH show very fast two-state ki neticslike CspB. Thus, it
ap pearsthat thereisnolink between conformational stabil ity
anditsfoldingrate. Thisconclusionisalso sup ported by stud-
ies on tendamistat (an all b-sheet protein, describedearlier)
wherein astrict ad her enceto atwo-state model wasfound and
theki netic' m’ val uesof unfoldingwereinsensi tivetovari ous
mutations.**"?*®

Cdl lular Retinoic Acid-binding Protein 1
Cd lular retinoic acid-binding protein 1 (CRABPL) isa
~16kDapredomi nantlyb-sheet protein. Thesecondary struc-
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ture of the pro tein con sists of 10-stranded b-clam structure
and a small helix-turn-helix segment (Fig. 14, Ref. 258).
Thereisalargecentral cav ity insidetheclam shell-like struc-
ture, which isfilled with the sol vent in the ab sence of the
boundlipid. Thisproteinisprototypeof alargefamily of pro-
teinsthat bindto hy drophobicligands. Al thoughthemembers
of thelipidbinding proteinfamily have se quence homologies
ranging from 20%to 80%, they con spicu ously havesimi lar
three-dimensional structure.®®® CRABP1isbestinter esting
spectroscopicproperties, whichwouldendear thisproteintoa
“proteinfolder.” Thefluorescenceemissionof CRABP1 (in
its native state) is quenched due to aen ergy trans fer from
tryptophan to retinoic acid 2°Unfoldingtheproteinresultsin
astrongincreaseinthefluorescenceintensity withaconcomi-
tant promi nent red shift of thewavelength of maxi mumemis
sion. Simi larly, unfoldingtheproteinalsoresultsinalarge
changein the CD sig nalsin the near and far UV re gion?**
Thesesignifi cantdif ferencesintheCD andfluorescencesig
nalsarepotentially useful probesto moni tor thefolding/un
folding behav ior of thisprotein. Inad di tion, thethreetrypto-
phanresi duesarelocated at structur ally distinctlocationsin
theprotein mol e culeand hence serveasregio-sel ectivestruc-
tural probesduringproteinfolding/unfolding.”®*

Liu et al.?**ex amined the conformational be hav ior of
CRABPLundervariousdenaturingconditions. Al thoughurea-
inducedunfoldingprocessof theproteinfitsintothetwo-state
model (NativeU unfolded states). CRABP1 atlow pH con di-
tionsisshownto ex istinapar tially struc tured state. In the
acid-inducedinter medi atestate, theheli cal contentissubstan
tially higher thaninthe native protein. At higher con centra-
tion of TFE 75% of the back boneof theproteinisfoundtofold
toaheli cal confor mation. Theseresultsled Liu et al.?®* to
spec ulatethat the non-native struc turecould beinvolvedin

\-terminal

Fig. 14. Depiction of the structure of the cellular
retinoic acid-binding pro tein. 10b-strands ar-
ranged in the form of aclam con sti tute the sec
ond ary struc ture of the protein. Thereisashort
helix-turn-helix segmentintheprotein.
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thefoldingmechanismof CRABPL. Interestingly, addi tionof
sodiumsul fatetotheacid-inducedinter medi atestatecauseda
conformational changeresultingintherever siontothepre-
domi nantly b-sheet structure.

Clark et al.”**eval uatedtheintrinsictryptophanfluores
cence as aprobe for the struc ture and fold ing of CRABPL.
Their study reveal ed that thethree tryptophanresi dueswhich
arenot buriedtothesamedegreeintheprotein, donotequiv a
lently tol er atethe Trp® Phe mutational changes. Interest
ingly, mutation of thefully bur ied tryptophan (Trp7) with Phe
also does not af fect the struc tureand stabil ity of CRABP1.
Stopped-flow fluorescence experiments on the wild type
CRABP1providesastrongindi cationof thepresenceof inter-
medi atespecies. Inter medi ate(s) isformed duringthevery
early stages of fold ing (<10 ms). The most no tice able as pect
of theinter medi ateisitsin creased fluorescenceemissionin
tensity inthe320-330nmregion. Theseresultsindi catesthat a
non-polar en vi ron ment isformed around one or moretrypto-
phanresi due(s) prior tothefor mation of the nativestate. Fur-
ther, detailed ex ami nation of theki neticsof theregai nment of
theintrinsictryptophanfluorescence, indi catesthat there-
folding time con stantsand am pli tudes of thethreetrypto phan
resi dues(inCRABPL) aresimilarimplyingthat folding re-
quirescom plete-chaininvolvement. Theresultsdescribedin
thisstudy sug gest that thehy dro phobic col |apseevent and not
the formation of autonomous hairpin initiates folding of
CRABP1.2%2

Clark et al . re cently com pared therates of for mation
of thecentral ligand binding cav ity and thecon sol i dation of
thenativehy drogenbondingnetwork. Thefoldingof CRABP1
monitored through tryptophan and ANS fluorescence in-
volves at least four kinetic phases. The protein is mostly
folded within atime span of 200 ms. Thelate ki netic phaseis
believedtobeassoci ated withthecis/trans isomerization. Ki-
netic hy drogenex changeNMR ex per i mentsreveal that for-
mationof stablenativehy drogenbondsin CRABPLloccursin
acon certed fashion. It isfound that the pro tein bindsto the
ligand prior tothefor mation of the stable hy dro gen-bonding
net work. ANSbinding and quenched flow NMR datawereob-
tained to sug gest that thefolding of CRABP1 oc cur through
anearly for mation of acol lapsed struc ture. For mation of this
inter medi ateisfol lowed by theap pear anceof astatewithna
tive-like three-dimensional structure, which includes the
ligand-binding cav ity. Thisstructure doesnot containthe sta-
blehy dro gen-bonding net work. Itispro posed that thelack of
specifictertiary structural pack ing causehy dro genbondsto
betem po rary and weaker thanin the native state. It ap pears
that for mation of thethree-dimensional to pol ogy restrictsthe
conformational spacefavoringthedevel opment of nativecon
tacts.
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Interleukin-1b

Interleukin 1 bisamember of afamily of cel lularmedi &
torscalled ascytokines. Thepro tein belongsto theall b-class
and ismade up of 12 antiparallel b-strands con nected by turns,
short or long loops (Fig. 15, Ref. 265). The long loop con nect-
ing the b-strands 3 and 4 is strangein that it con tainsatype |
turnfol lowed by 2-3 turns of a310-helix. Despitethepresence
of a310-helix,interleukin1 b couldstill beconsidered asanall
b-sheet pro tein be causethelong loopissur face ex posed and
the short 310-helix liesout sidethe case of the pro tein. %%
Interleukin 1b containsno disulfidebondsbut hastwo sol vent
ac cessi blesulfhydryl groupsand four ty rosineresi dues, one
whichisadjacenttoasingletryptophanresi dueat posi tion
120intheproteinmol ecule.?®® Craig et al 2% were among the
firsttoinvesti gatetheconformational stabil ity andfolding of
interleukin 1b. Interleukin 1bisather mody namically stable
globularprotein,withaDG(H,0) of 29.4kJmol ™. Therevers
ibil ity of therefoldingispH-dependent andtheyield of there-
folded protein decreaseswithin creasein pH.2®8 The protein
completely unfoldsat 2M GdnHCIl and above. Theproteinex-
hibit ahigh co-operativity under condi tionswhererefoldingis
reversible. Theyield of therefolded proteiniscloseto zeroif
theproteinisal lowedto standin con centrationsof GdnHCI
andtheprotein ag gre gatesat higher con centrationsof the
denaturant2*8Simi larly, thereversibil ity of theproteinfrom
the 8 M urea-unfolded state (at pH 7.8) is poor. Refolding of
theprotein pro ceedswith abiphasic ki netics. The slow phase
has been shown to be not as so ci ated with prolineisomeriza-
tion.”®® This phase has been pro posed to be dueto slow re ar-
range ment fromthe com pact col |apsed, com pact globu lar
state (formed in the ini tial phase) to form the native state of
theprotein. Varley et al 2°ex aminedtheki neticsof refolding
of interleukin 1 bingreater detail usingnuclear magneticreso
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Fig. 15. Theb-bar rel fold of the back bone of interleukin
1b. Thepro teinlacksdisulfide bridges and con-
sists of 12 antiparallel b-strandsar rangedintoa
b-bar rel. Thereisashort 310 helix, whichisun-
stableand ex posed tothe sol vent.
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nancespectroscopy, cir culardichroismandfluorescence. The
protein hasbeen showntorefoldkinetically throughasignif i-
cantly populated, compactinter medi atestatewith structural
prop er tiesresem bling that of amol tenglob ulestate.”® In the
inter medi atestatetheproteinisfoundto regain 80%to 90% of
thenativesecondary structure, butlittleor nostableter tiary
structure. Morethan 90% of theel liptici ty (cor respondingto
the sec ond ary struc ture) isre gained within the burst phase of
folding (~10ms). Anal y sisof thefluorescencedatarevealed
thefor mationof threedistinctinter medi atesduringtherefol d
ing of theprotein. A seriesof acti vationenergy bar ri ersap-
pear to ex ist onthefold ing path way of interleukin 1b. This
featureprobablyleadstotheaccumulationof several interme-
di atesalong therefolding pathway. Thefast est phaseinthe
refolding of interleukin 1b cor respondstothefor mation of
nearly com plete native b-sheet struc ture. Thisevent is par al-
leled by amajor col |apse of the polypeptide chain, asin di-
cated by thechange(s) intheenvi ron ment of soletrypotophan
resi dueandextensivehy drophobicclusterfor mationcondu
civefor ANSbhinding. The native high-density pack ing of
non- po lar resi dueswithinthe hy dro pho bic coreformsona
time scale of about 20 mins.** Inter estingly, quench-flow hy-
drogen-dueteriumex changeex peri mentsreveal that nostable
back bonehy dro gen bondswereformed dur ing thedead time
of thequench-flow ap paratus. Com pleteback bonehy drogen
bondingintheproteinoccursonly af ter 25 sec ondsof refold-
ing. Itisclear from the NMR datathat the back boneinter ac-
tionsob served by far UV CD arenot stableei ther duetolocal
breathing or sliding of onestrandrel ativetotheother, result-
ingintherapidruptureandfor mationof hy drogenbonds. Var-
ley et al.?*°sug gest that fold ing of thisproteintoitsnative
structureinvolvestherapid for mation of theb-sheet structure
around anon-polar corewhichiscon sequently fol lowed by
much slower stabi li zationof thesecondary structural el e
mentsac com panied by grad ual fi nal fight pack ing of thecore
groupsex ter nal tothe b-sheets. Based ontheex peri mental re-
sultsob tained in the ki neticsof refolding of interleukin 1b,
Gronenborn and Clore*”rational izedthe* hy drophobiczip-
per’ model pro posed by Dill etal 2"*The* hy drophobiczipper’
model pro posesthat ini ti ation of folding oc cursby thegroup-
ing to gether of hy dro pho bic side chainswhich areclosely po-
si tioned in the se quence. The group ing of the non-polar side
chainsispostulatedto oc cur likethe zip ping of thezip per. In
interleukin 1b, theini tial zip per ispro posed to made up from
the strands 6 and 7, with the other b-strandsar rangingaround
there.?"*Inter estingly, thelo cationand distri bution of the
non-polar side chainsininterleukin 1bfavorsthisproposal >
The study of Heidary et al 2’ providesfurtherinsights
intothefolding mechanism of interleukin 1b. An at tempt was
madetochar acterizethenatureof inter medi atesthat accumu
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late dur ing therefolding of interleukin 1b. A par tialy folded
state was ob served to be formed with are lax ation time of
about 126 ms. of refolding at pH 5.0. Refolding of theprotein
mon i tored by stopped-flow CD at 230 nm re vealsthat al the
ex pected ampli tudeisrecov eredintwo ob serv ablephases ™
Thefirst phase ac countsfor 60% of the ex pected am pli tude
change and with arelax ation time of 152 ms. The slow phase
hasarelax ation time of about 43 s. Therate con stants of both
the de tect able phases agree well with the dataob tained from
fluorescencestudies.?”? Un like the study of Var ley et al 2”°
whereinsecondary andter tiary structural inter actionswere
shown to de velop on dif fer ent scales, Heidary et a.?"*report
that secondary andtertiary structural inter actionsareacquired
si mul taneously. Theobserveddisparity betweenthetwostud
ies has been attributed to the difference(s) in pH of the
refolding buffer used inthese studies. Theresultsob tained by
Heidary et al.?” clearly sug gest that interleukin 1b refolds
withasim plesequential model. Dataob tained from pul se-
labeling hydrogen exchange and electronspray ionization
massspectrometricanal y sisunambiguously suggest that na
tive state of interleukin-b pro ceedsthrough anoblig atory in-
termediate.”’**"

Apo-pseudoazurin

Apo-psuedoazurinisal23amino acidresi dueprotein
isolated fromThiosphaera pantotropha. The protein hascom-
plex double wound Greek key topology.?™ Interestingly,
apo-psuedoazurin lacks disulfide bonds and tryptophan resi-
dues. Theprotein hasab-sandwichstructurewith 10b-strands
(Fig. 16, Ref. 275). At the C-terminal end there are two short
heli ces. Apo-pseudoazurin possesseseight prolineresi dues
with seven in the transand one in the cis conformations. The
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Fig. 16. Representation of the backbone folding of
apo-pseudoazurin. Thesecondary struc tureof
theproteinincludes10b-strandsar ranged into a
sand wich-type struc ture. There are two short
heli cesat the C-terminal end of themol ecule.
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complex fold of theprotein at tractstheat tention of protein
folderssinceit seemsunlikely that the non-local second ary
structure(observedintheprotein) couldfrombeforesub stan
tial nativetertiary contactsareestab lished. Thecom plex mo-
tif ispostu lated to formvia early for mation of an ex tended
b-hair pinor hy dro pho bic zippering of aminoacid side-chains.
Capaldi et al 2®recently investi gatedthefoldingeventsinthe
refolding of apo-pseudoazurin.

Tounder stand folding of proteinintheab sence of pro-
line isomerization, Capaldi et al.>’®?"” employedadouble
jump tech niqguewhereinfold ing wasini ti ated from acom-
pletely de natured state(s) in which all the eight prolineresi-
duesareintheir nativeiso meric state. Thefoldingki neticsof
apo-pseudoazurinasmoni tored by far UV CD spec tros copy
(using thedou blejump ap proach) showsthat about 50% of the
CD signal of thenativeproteinisregained within the dead
timeof theex peri ment, indi catingrapidfor mationof aninter-
medi ateduringfolding. Gener ationof thenativeCD signal
occursinasinglephase. Inor der tounder standtheconfor ma
tion of theinter medi ate formed in the very early stages of
folding, far UV CD employ ingthedoublejumptechniqguewas
col lected at var i ouswavelengths. Com par i son of thisdata
with that of the proteininthenativeand unfolded states shows
that theki neticinter medi atehassubstantial el lipticityinthe
far UV CD, sug gestive of amix ture of b-sheet and ran dom
coil conformations.*”® The ureade pend ence of theunfolding
andrefoldingki neticsof theproteinwasinvesti gatedtoex am
inetheaccumulationof inter medi ate(s) alongthefolding/un
fold ing path ways of the protein. Strangely, the Chev ron plot
for apo-psuedoazurin showed no change of slopeintherefold-
inglimb. It hasbeen dem on strated that tran sient ag gregation
canmimicthepopulationof aninter medi ateinki neticrefol d-
ingex periment.?”® This phe nom e nonisob served at lower
denaturant concentrations, anddisaggregationof transient oli-
go mersby denaturantsmakesthefolding limb of the Chev ron
plot devi atefromlinear ity. How ever, Capaldi et al %" opine
that an intermediate populated in the dead time of apo-
psuedoazurin could beunusually stableand denatur ing close
tothemid point of theequi libriumunfoldingtransition. In
such an event, the refolding limb of the Chev ron plot is ex-
pectedtobelinear despitetheac cumulationof theinter medi-
ateintherefolding path way. The high stabil ity of thefolding
inter medi ateof pseudo-azurinstrongly sup portsthisproposal.
Despitethelack of devi ationfromlinear ity of theChevron
plot, thereisoverwhelmingly strongex peri mental supportfor
theoccurrenceof inter medi atestate(s) dur ingtherefol ding of
pseudo azurin. Capaldi et al.’”® ex am ined whether the ob-
servedinter medi aterepresentsanon-pathway, productivein
ter medi ate. Fill ing theki netic datato the on or off path way
model, it is found that apo-pseudoazurin refolds viaaninter-
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medi atewhichisobli gateand onthe‘folding pathway’.

Cardiotoxin |1

Cardiotoxin Il (CTX 11l) isasmall mo lec ular weight
(~7.0kDa), al b-sheet proteinisolated from thevenom of the
Tai wancobra(Naja naja atra).?’#2®* The pro tein presentsa
three-finger shaped ap pear ancewith threeloopsprojecting
fromaglob ular head. The head por tion of themol eculeis
cross-linked by four disulfide bonds.279284-28 The protein
lackstryptophanresi due(s). Thesecond ary structural el e-
mentsin the pro teinin cludefive b-strands ar ranged in an
antiparallel fashioninto dou bleandtri plestrandedb-sheet do-
mains (Fig. 17, Ref. 184). Secondary structure prediction
ana y sisusingvari ousal gorithmsreveal sthat no seg ment of
theamino acid sequencesof CTX Il hasapro pensity to adopt
heli cal conformation?®”** Inter estingly, ad di tion of helico-
genicsol ventssuch as2,2,2-trifluorethanol (TFE) induceshe-
li cal confor mationintheprotein.?®"?® Thesere sults are sur-
prisingconsideringthefactthatthehelixinducingtendencies
of TFE have been be lieved to be specific.?®® TFE has been
showntoinduceheli cal confor mationinonly thosepor tion(s)
of thesequence(s) of proteins/peptidesthat areei ther heli cal
or haveastrong se quence pro pen sity to adopt heli cal confor-
mation.2°2 Shiraki et al.2°2ex am inesthe TFE-induced con-
formational tran si tionson the native struc tureof morethan
twenty pro teins. The re sults of this study showed that even
predomi nantly b-sheet pro teins such as b-lactaglobulin and
concanavalin A show highheli cal propensity in TFE.*” How-
ever, theinduction of helixintheseproteinsisstrongly cor re-
lated to the high pro pen sity of the amino-acid se quenceto
adopt heli cal confor mation. Jayaraman et al.?*investi gated
the ef fectsof TFE on CTX Ill initsnative, de natured and
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Fig. 17. MOLSCRIPT representtion of the backbone
folding of cardiotoxin Ill. Itisa~7 kDa, three-
finger shaped protein. The protein has five
b-strands ar ranged in an antiparallel fash ion
into double and triple stranded antiparallel
b-sheetdomains.
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disulfide re duced de natured states. Re sults of thisstudy re-

vealed that the struc tural tran si tionsinduced by TFEin CTX

[l initsnative stateand de natured statesaresimi lar. About
25-30%heli cal confor mationisinducedintheproteinin90%
(v/v).Surprisingly, heli cal confor mationisinducedinCTX

[11 evenin 20% (v/v) TFE upon re duc tion of the native dis-

ulfide bondsin the pro tein. These re sults sug gest that he-

lix-inducing ef fects of TFE could be non-specific. Sivaraman
et al %% ysing S-carboxymethylated CTX |11 dem on strated
that the native disulfide bondsin the pro tein ef fect the he-

lix-induction by TFE. It isfound that dis rup tion of disulfide
bridgesintheproteinresultsinthelossof ter tiary struc tural

inter actionsand con sequently thehelix-inductionby TFE

(inthe protein) ismorefacile (Fig. 18). In an other study,

Sivaraman et al ** showed that the helix-induction by TFE is
intri cately linked to drastic destabilization of nativeter tiary

structural inter actionsin CTX I11. Inad di tion, Kumar et al **

recently probed the TFE induced unfoldingof CTX |11 under
acidic condi tions. The TFE-induced un folding pro cessis
shown to be com pletely reversible. Using avari ety of bio-

physical tech niques, it was found that CTX |11 ex istsina
‘mol tenglobule’ likestatein80% (v/v) TFE under acidic con

di tions. Two-dimensional NMR stud iesreveal ed that the pro-

teininits‘mol ten glob ule’ like state has most of the native
b-sheetsecondary structural el ementsintact.2** How ever, itis
still not clear if thisinter medi atestateison/off theunfolding

pathway of CTX I11.

Partially struc tured statesin CTX |11 have also been
char acterizedintheequi librium-unfolding pathway of CTX
11 under sev eral condi tions.?*>?*® Jayaraman et al.*®recently
identi fiedapartially structuredinter medi atewhichispopu-
lated dur ing thether mal unfolding pathway of CTX I11 at pH
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Fig. 18. Far UV CD curves of de natured and disulfide
reduced CTX |1l at vari ousconcentrationsof
TFE. a- 0%; b - 30%; ¢ - 40%; d - 70% and e -
90% (V/v).
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4.0.Interestingly, theproteininitspartially structured stateis
stableat hightem per ature(~90°C). Simi larly, Sivaraman et
al.**’char acterized astable, par tially structured stateinthe
2,2,2-trichloroaceticacid (TCA)-inducedunfolding pathway
of CTX 1. Thepartialy structuredinter medi ate(in 3% (w/v)
TCA) ex hibitsstrong af finity to thehy dro phobic dye, ANS.
Fouriertransform 1R, fluorescenceandCD anal y sisrevealed
that CTX I11 inthe‘mol ten glob ul€ -like state haslost most of
thenativetertiary structural inter actions.?°” Re sults of the one
andtwo-dimensional NMR ex per i mentsindi catethat about
65% of the nativeb-sheet structural contactsaremaintainedin
the par tially struc tured state of CTX 111in 3% TCA (Fig. 19).
Interestingly, most of theinter actionsstabi lizingthetri ple
stranded b-sheet do main are found to be un per turbed. How-
ever, the b-strands com prising the dou ble strand are com-
pletely unfolded in the acid-induced partially structured
state.”®’

Theki net ics of refolding of CTX Il from its guani-
diniumhydrochloride(GdnHCI) statewasinvesti gatedre-
cently by Sivaraman et al.*® TheunfoldingU refolding tran-
si tionsin duced by GdnHCI arereversibleand are shownto
fol lowtwo-stateki netics. Refol dingki neticsmoni toredusing

v v T4 U
(3 0, Yogor
& 1314 9 ' 0 s s

“‘l"""'l"“a‘r ppm
ppm 9.5 9.0 8.5 8.0

ppm

Fig. 19. NOESY spec trum (200 ms mix ing period) of
CTX 11in3%w/v TCA depicting NOEsinthe
finger printregion (NH, C®H). Thesequential
interstrand cross-peaks (NH, C?H) arelabeled
and theintraresidual cross-peaksarein di cated
accordingtotheposi tionof thecor responding
amino acidresi due(s) inthe protein se quence.
Most of the interactions stabilizing the tri-
ple-stranded b-sheet do main areintact in the
‘mol tenglobule’ likestatein 3% (w/v) TCA.
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ANS (asan ex trin sic probe) re veals that the pro tein folds
through ahy dro pho bic col lapsein the burst phase (<5 ms) of
refolding (Fig. 20). Inter estingly, therefolding ki neticsfol-
lowed by quenched-flow deu terium-hydrogen ex change of
the amide protons reveals that the residues that possess
refolding time con stants less than 20 ms (fast fold ing resi-
dues) arepolar resi duesconcentratedinthetri ple-stranded
b-sheet seg ment and the C-terminal loop.?*® Theki neticsof
refolding of CTX 111 moni tored by far and UV CD revealsan
over shoot inthe 214 nm and the 222 nm sig nal. Refolding ki-
neticsof CTX Il inthe presence of TFE did not show fur ther
increaseintheintensity of the222 nmsignal imply ingthat the
over shoot isnot related to for mation of non-native helix con-
for mation dur ing therefolding of theprotein. Itissug gested
that thefar UV ‘over shoot’ ob servedin CTX |11 origi nate due
tothe regainment of asym metry of thedisulfide bridge(s) dur-
ingtherefolding of thepro tein?*®

Quenched-flow hydrogen-dueterium studies on the
refolding of CTX Il showed that the pro tein folds within a
timeperiod of 125ms. Theav er agerefolding time con stant of
the five b-strandscom prising thedoubleandtri plestranded
b-sheet do mainsin CTX |11 are: strand | =34.8 ms, strand |1 =
35.1ms, strand Il = 23.6 ms, strand 1V = 18.3 ms and strand
V =17.2ms. For mation of strand |1 and strand | con sti tuting
the dou ble stranded b-sheet seg ment ap pearsto oc cur al most
si mul taneously. Theav er agetimecon stant of resi duesinthe
dou blestranded b-sheet is 35.0 ms.2*® Theav er agetine con-
stant of resi duescom prising thetri plestranded b-sheet seg-
ment is 19.7 ms. Among the three b-strands (strands I11, 1V
andV),resi duesinstrandV fold rapidly withanav er agetime
con stant of 17.2 ms. In sum mary, thetri ple stranded b-sheet
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Fig. 20. Stopped-flow ki net ics of refolding of CTX 1|
monitored by ANS fluorescence. The inset
clearly depictsthehy dro phobic col lapsethat
occursintheburst phaseof folding.

Kumar et al.

domain in CTX Il folds faster than the double stranded
b-sheet seg ment (Fig. 21). Recently, Sivaramanetal . **inves
ti gated the native stateamide pro ton ex changeki netics of
CTX Il tounder standif theav er ageprotectionfactor(s) and
thetime con stant of refolding of var i ousamide protonsin
CTX Il are cor re lated. It isfound that the most slowly ex-
changingportionconsti tutesthefolding coreof theprotein.

Cobrotoxin

Cobrotoxin (CBTX) iso lated from the venom of the
Taiwancobra(Naja naja atra) isasmall molecular weight
all b-protein cross-linked by four disulfide bonds3%°3%
Cobrotoxin shares more than 45% se quence homology with
CTX Il1.Compar i son of thethree-dimensional struc tures of
CBTX and CTX |1l reveasthat both the pro teins are ‘ three-
finger’ shaped withthreeloopsprojectingfromaglobular
head (Fig. 22, and Refs. 284, 300). CBTX, like CTX Il1, con-
tains five b-strandsar ranged in an antiparallel fashioninto
dou bleand tri ple stranded b-sheets.®® The free en ergy of
unfolding of CBTX isabout 2.25+ 0.5 kcal/mole which is
about half the value esti mated for CTX 111 (4.21 kcal/mol).
Sivaraman et al.***recently investi gatedthefoldingki netics
of CBTX usingavari ety of bio physi cal tech niques. The sec-
ondary structurefor mationandhy drophobiccol lapseoccur as
distinct eventsdur ing therefolding of the pro tein. Morethan
80% of thetotal ex pected ampli tudechangeisreal izedwithin
about 30 msaf ter refolding isini ti ated.>* Quenched-flow
deuterium-hydrogen ex changedataobtained at var i ouspul se
label ingtimesreveal sthat changesintheamideproton(s) pro-
tec tion are mostly com plete within 75 ms of refolding (Fig.
23). Thefor mationof tertiary structural inter actionsduring
therefolding of CBTX wasmoni tored by two dif fer ent spec-
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Fig. 21. Timecoursefor theprotectionof amideprotons
from ex changeof theresi duesinvolvedindou
ble and triple stranded b-sheets during the
refolding of CTX IIl. Non-linear least square
fits of the datayield val ues of 19.7 ms (filled
cir cle) and 35.0 ms (open cir cles) for the av er-
agetime con stants of fold ing of thetri ple and
dou ble strandedb-sheetdomains, respectively.
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troscopicprobes. The284nmel liptici ty practi cally remains
un changed even up to 100 ms, sug gest ing that lit tleor no ter-
tiary structural contactsdevel opintheproteinduringthetime
framewhereincompletesecondary structural inter actionsare
formed. Inad di tion, lessthan 5% of thefi nal am pli tude of the
ANSfluorescenceisregainedinthefirst 75 msof refol ding of
CBTX, indi catingthat no or very meager ex tent of ter tiary
structuredevel opswithinthistimescale** TheANSfluores
cence shows asteep in crease to amax i mum value at 200 ms
(Fig. 24). Itisrather sur prising to find that fold ing of asmall
protein such ascobrotoxin pro ceedsthrough theoc cur rence of

N-terminal

('-lcr}linui

Fig. 22. Back bonefold ing of cobrotoxin. The anti par-
allel, dou ble and tri ple stranded b-sheet do-
mainsintheproteinareteth ered by the presence
of four disulfide bonds (not shown). The pro-
tein has a single tryptophan residue, which
could be succesfully ex ploited to moni tor the
foldingoftheprotein.
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Fig. 23. Mag ni tude COSY spectraof CBTX sam ples
prepared by quenched-flow hy drogenex change
meth ods, at two dif fer ent time peri ods. The
NH-C?2H cross-peaks ob served in the spec tra
af ter 96 msof refolding represent resi duesin
theun struc tured por tions of the CBTX mol e
cule. Thelabeled cross-peaks (at 0 msof refol o
ing) represent theresi duesinthe sec ond ary
structure.
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distinct struc tural events. Therefolding path way of CBTX is

anuniqueex amplewhereinsecondary structurefor mation
and hy drophobiccol lapseoc cur aswell segregated events.

Theeventsintherefolding ki neticsof CBTX would hel p shed
thegeneral notionthat foldingof small proteinsdonotinvolve
theoccurrenceof distinctinter medi ate(s) .3

Fibroblast Growth Factor

Fibroblast growth fac tor (FGF) isa~17 kDa, hep arin
binding, all b-sheet protein.®*” The pro tein has free cysteine
resi duesbut lacksdisulfidebonds. Inter estingly, theprotein
hasasin gletryptophanresi due, which could serveasauseful
probetomoni tor thefolding/unfolding of theprotein. The
proteinfoldsac cordingtoa b-trefoil motif 2° Hu man acidic
FGF (hFGF), which isthe most well stud ied FGF an alogue,
has six b-strand pairs, five of them with hair pin struc tureand
another that, topologi cally equiv alenttotheother fiveand
sometimesreferredto asthesixth hair pin, isnot assuch 2%
Three of these pairsform asix-stranded bar rel struc ture and
theother threeareinatri angular ar ray that capsthe bar rel
(Ref. 304, Fig. 25). In gen eral, the struc ture of hFGF bears a
grosssimi lar ity withthat of interleukin 1b.%%>%%

Asmentionedear lier, FGFisaheparinbinding protein
andisknownto possessadistinct anionbinding site. Burkeet
al 3 showed that sev eral polyanions could bind to hFGF and
stahi lizeitsstructureagainst ureaand heat denatur ation. Sanz
and Gallegorecently investi gatedtheacid-inducedunfolding
of hFGF*" They dem on stratethat hFGF ex istsin apar tially
struc tured state at pH 4.0. Theproteininitspar tially struc-
tured stateisshowntointer act weakly withthehy dro phobic
probeN-phenyl-1-naphthylamineindi catingrel atively high
level of struc turewhich did not fit into the clas si cal mol-
ten-globule category.®” Interestingly, thisinter medi ateis
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Fig. 24. Changesinthe ANSfluorescenceduringthe
refoldingof CBTX. Theinsetfigurerepresents
thechangesintheANSfluorescenceinthefirst
1sof refolding of theprotein.
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showntointer act withliposomessug gestingthat it might rep-
re sent amem branetransl ocation-competent form. Simi lar
con clu sionswere made by Mach and Middaugh®® based on
their membrane interaction studies with hFGF. hFGF is
showntoin ter act with neg atively charged but not neu tral
phospolipid unilamellar vesicles at acidic pH, inducing
bilayer disruption. Thenegatively chargedlipid bilayersap-
pear tointer act with par tially struc tured states of hFGF by
pref er ential binding of bothitsapol ar and charged sur facesto
complementary regionsof thelipidbilayer

Daboraet al.*® investi gatedtheef fectsof polyanionson
therefolding of hFGF. Inaddi tion, theef fect(s) of temper ature
ontheki neticsof refolding of hFGFwerea soex aminedinthe
presenceand ab sence of sev eral polyanions. Therefolding ki-
neticsmoni tored by thechangeintryptophanfluorescencere-
vealsthat com pletefolding of protein (hFGF) takesmorethan
50s. Therateof foldingwassur prisingly dependentonprotein
concentration, withtheratedou blingastheconcentrationde-
pend encewas raised from the 20/ng/ml at 25°C. How ever,in
the presence of EDTA this concentration dependence of
refolding isabol ished. Thisaspect prob ably sug gestsacom-
plex ki netic path way for hFGF in the presence of heavy metal
ions, which could potentially ox i dizethefreethiol avail able
in the pro tein. The rate of refolding of hFGF is shown to be
signifi cantlyincreasedinthepresenceof vari ouspolyanions.
Inter action of polyanionswith hFGF isshownto decreasethe
acti vationenergy forfolding. Additionally, thepresenceof
mo lec ular chaperonesand peptidyl prolyl isomerase does not
seem to af fect the refolding rates of hFGF from its un folded
state(s).

b-lactoglobulin
b-lactoglobulinisiso lated from milk sourcesandisal18

C-terminal

N\-terminal

N

N\

Fig. 25. The struc ture of the hu man acidic fibroblast
growth fac tor. Theprotein hasasin gletrypto-
phan resi due and lacks disulfide bonds. The
proteinhas12b-strandsar ranged into ab-bar rel
structure.

Kumar et al.

kDaglob ular protein with two disulfide bridges3° The pro-
teinisgener ally amonomer butit dimerizesinal kalinecondi-
tions due to the inter-molecular disulfide bond for mation be-
tween the free thiol groupslo cated in each mono mer. X-ray
struc ture of b-lactoglobulin in di catesthat theproteinisa
b-bar rel com posed of nineb-strandsand onesmall al phaheli-
cal segment (Fig. 26). Inter estingly, com par i son of thex-ray
crystal lographicstructuresof plasmaretinol binding protein
and b-lactoglobulinbear remark ablesimi larity andarecat e
gorizedinthelipocalnfamily 3*%2 Bovineb-lactoglobulin
representsaninter estingex ampleof context-dependent sec-
ondary structureinduction . Secondary structureprediction
anal y sisrevealsahigha-heli cal pref erence, whichisretained
for short frag ments (Shiraki et al.) %!

Molinary et al.***recently studiedthe pH depend ent
conformational statusof bovineb-lactoglobulin. It is found
that theproteinex istsinapar tialy struc tured state at pH 2.0.
Theproteinisfoundto ex istinamonomeric state un der these
conditions3*NMR char acter ization of the pH in duced par-
tially struc tured state of b-lactoglobulinprovidesev i denceof
extensiveflexibil ity of thear omaticresi dues. Ingeneral, the
pro tein con tains a sub-domain with ahighly or dered b-sheet
core, whiletherest of themol eculeex hibitsanincreasedflexi-
bil ity, givingrisetolocally or dered structures.3** NMR stud-
iesof theinter medi atepop ulated intheacid-induced unfold-
ing pathway revealed acon served hy dro phobiccluster andis
believedto play anim por tant rolein the stabil ity of the pro-
tein. Thishy dro pho bic cluster isshown to have native-like
structure. In arelated study, Fujiwaraet al **° reported the
accumulation of an equilibrium unfolding of equine b-
lactoglobulinusingguanidiniumhydrochloride. Theinter me-

C-terminal

Fig. 26. Depiction of theback bonefolding of b- lacto
globulin. Theb-barrel structureof theproteinis
con sti tuted by nine b-strands ar ranged in an
antiparallel fashion. A small heli cal seg ment
spanningsix resi duescould also be ob served.
Secondary structurepredictionanal y sisof the
proteinrevealsahigha-helical preference.
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di atestatehasstructural featuresakintothe‘mol tenglobule
state. Inter estingly, stablenon-nativeheli cal segmentswere
induced in the accumulated intermediate.™ In contrast,
urea-folding stud ies of b-lactoglobulin is shown to be an ap-
par ent two-statetran si tion and no non-native a-heli cal inter
medi ate(s) wereobserved 2! Dufour et al %1%V investi gated
thepressure-inducedunfoldingof b-lactoglobulin at two pHs.
Atneutral pH, theproteintransi tionsunderincreasing pres
sureinvolvesthreestates, nativeprotein (atlow pressure), de-
natured pro tein (un der high pres sure) and de natured state
evenaf ter pressurerelease. Pressure-induced denatur ation
datalow pH (pH ~ 2) showsamarkedin creasein pro tein sta-
bil ity sug gesting that the protein, while pre serv ing the same
secondary structure, canadopt var i ouster tiary structuresdis
playingdif ferentsuscepti bil itytodenaturingagentsat dif fer-
ent pH val ues. Thisassumptionissup ported by thedif fer en-
tial pH depend ent suscepti bil ity of humanlactoglobulinto
pepsinhydrolysis.®*%

Kuwajima et al.®'® studying the refolding b-lactog
lobulinreportedtheaccumulationof atransientinter medi ate
in the burst phase of refolding from its GdnHCI unfolded
state.**® Substantial secondary structurebut noor littleter tiary
structural inter actionswerefoundtobepresentinthetransient
inter medi ate. Recently, Kuwajimaandcowork ersreinvesti-
gatedthefoldingki neticsof bovineb-lactoglobulinusing cir-
cular dichroismandab sorptionmeasurements.®™® The burst
phaseinter medi ateshowed moreintenseel liptici ty signalsin
thefar UV regionthanthenativestate. Theobservedincrease
in el liptici ty isat trib uted tothefor mation of non-nativeheli-
cal structure. Inter estingly, theburst phaseinter medi ateis
shown to share many com mon struc tural featureswith ‘ mol-
tenglobule’ statereal izedintheequi libriuminter medi ates,
whichinclude(1) presenceof secondary structureandlack of
ter tiary contacts, and (2) for mationof hy drophobiccore. Re-
sid ual b-struc ture were found in the disulfide cleaved, 4 M
GdnHCI —denatured unfol ded state(s) sample.**® The per sis-
tent b-structureisapart of thenative b-structure; itisbelieved
that it (b-structure) could constitute the foldinginitiation
site.®°Inarelated study, Hamadaet al.*****? study ing the
refolding ki neticsof bo vineb-lactoglobulin also reached a
similar conclusion(s). They char acterizetheconfor mation of
the burst phase-intermediate and sug gest that the pro tein fol-
low a‘non- hi er ar chi cal’ model of folding andthenon-native
a-heli cal structuresarecontem platedto play im por tantroles
inthefolding ofb-lactoglobulin. Theburst phaseinter medi ate
waschar acter ized by themeasure ment of thewavelength de-
pendenceof therefoldingki netics.*” Theover shoot observed
intheel liptici ty val ues(inthefar UV region) wereshownnot
to be lim ited to ~220 nm but was also found across a broad
rangeof thefar UV region. Toelimi natethepossi blear ti facts
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arising out of ab sorp tion of chromo phores (inthefar UV re-

gion), therefolding ki neticsof theproteinwasex aminedin
the presenceof TFE. It wasfound that TFE stabi lizesthe heli-

cal seg mentsformed intheburst phaseinter medi ate. Arai et
al.** char acter ized the struc tural features of b-lactoglobulin
usingavari ety of biophysi cal tech niquesincludingsynchro-

tronx-ray scat tering. Theseresultsreveal that b-lactoglobulin

formsacom pact globular structurewithin 30 msof refolding.

Theradiusof gy ration within 100 ms of refolding was 1:1
times larger than that in the native state.*” Their study in di-

cated that both lo cal and non-local inter actionsaredomi nant
forcesin the early stages of pro tein fold ing. Refolding of

equine b-lactoglobulin from its urea-denatured state forms a
‘molten globule’ like intermediate in the burst phase of

refolding. **® Thether mody namicstabil ity of theburst phase
inter medi ateesti mated fromthe urea-concentration depend

ence of the burst phase am pli tudeisin good agree ment with
that of theequi libriuminter medi ate. Subramaniametal . re-

ported b-lactoglobulin fromits GAnHCI de natured state and

mon i tored the regainment of theretinol bind ing and func-

tional activity uponrefolding of theprotein. Inter estingly, 10
timesdi lution of the denaturant doesnot al low theproteinto
regainthenativeconfor mationbut completely restoresitsbi o

logi cal activity. Theseresultsraiseanintriguingpossi bil ity

that afully folded struc ture (i.e. theglobal en ergy- mini mum

species)isnotrequiredforbi ologi cal functionof aprotein.

Haltori et al.®2®> monitored the events in the refolding of

b-lactoglobulin with monoclonal anti bod iesas probes. Com-

pleterenaturationwasnever real izedunder sev eral renaturing
con di tions such as quicker or slower re moval of the denat-

urant. Theseresultsare sug gestive of somespecific moeity

(ies)intheproteinmol eculeunabletoreturntothenativecont

formation.*®

SH3Domain Proteins

SH3domainsareintegral partsof many sig nal trans-
duction and cytoskel etal proteinsand arebelievedto medi ate
avastar ray of protein-proteininter actions*® Theabun dance
of numer ouscrystal andsolutionstructuresandtheir simplic-
ity in terms of small size and lack of disulfide bonds, and
bound co-factors ren der mem bers of this class of pro teinsto
beat tractivemod elsfor under standing therulesof protein
folding.**"*** Withtheex ceptionfor vari ationsintheloopre-
gions, the SH3 domain proteinshaveadistinctivefold of two
3-stranded b-sheets packed or thogo nally against each other to
formasinglehy drophobic core(Fig. 27). Vigueraet a.** es-
tablished thether mody namicandki neticanal y sisof the SH3
domainof spectrin. Inprinci ple, thefoldingandunfoldingre-
actions of this SH3 do main were found to be de scribed by the
two-statemodel. Nointer medi atewasobservedtoaccumulate
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by equi libriumdenatur ationmoni tored by fluorescenceor cir
cular dichroismmeth ods.** A con comi tant recov ery of sec-
ond ary and ter tiary structureisob served dur ing refolding.
Far row et a *** com pared theback bonedy namicsin equi lib-
rium (in ageous buffer) using multi-dimensional NMR meth-
ods. Anal y sisof thefolding tran si tion of the SH3 do main,
which exists in a folded-unfolded equilibrium in non-
denaturingconditions,indi catedvari abil ityintheequilibrium
constant for dif fer ent resi duesinthemol ecule.®! Proteinin
thefolded form is shown to be have as acom pact struc ture,
with uni form dy namic behav ior. Comparsion of themag ni-
tudesof theval uesof the spectral density functionsaswell as
cou pling con stant and NOE datare vealsthat the un folded
state (s) ex istsasan en sem bleof rel atively weak com pact
structures, withmotional propertiessimi lar totheun or dered
regions in folded proteins. Zhang and Kay** further at-
tempted to char acter izethefolded and un folded states of an
iso lated N-terminal src homology 3 (do main) of Drasphila
drk. NMR spctraof the proteinsre cordedin thefolded and un-
folded statessi mul taneously at neutral pH showedanap prox i-
mate 1.1 ratio of proteinconfor mations.b-turnslike confor-
mationwere ev i dent among theun folded mol eculesof the
protein.®* A stretch of sequential amide-amidenu clear over-
hausser ef fect cross-peakscould belo catedinaregion cor re-
sponding totheb-strandsinthe native state. It could be worth-
whiletodebatewhether theturn-likeconfor mationidenti fied
intheun folded states can beviewed asinter medi atesinthe
folding pathway. Itisinter estingtonotethat the SH3domain
of GRB2isalsoknowntoexistintheequilibrium between
folded and un folded states at pH 3.5. NMR stud ies of the
N-terminal of the GRB2 SH3 do main re port ex tremely few or

C-terminal

N\-terminal

Fig. 27. Representativestructureof the SH3 do main of
a-spectrin. The do main lacks disulfide bonds
and has adistinc tive fold of 2 three stranded
b-sheets ar ranged or thogo nally against each
other toconsti tuteahy drophobiccore.

Kumar et al.

noamideprotonswhichex changeslowly withwater,indica-
tiveof instabil ity of thedomain®* Zhang and Kay studied the
ef fect of binding of aproline-rich peptideontheequi librium
between thefolded and un folded states®? It is found that the
poly proline peptidestabi lizesthe native state. At an equi-
molar ratio of the SH3 do main to the pep tide, 85% of themol-
eculesex istinthefolded state. 2 There sults of the study bear
agreat deal of physi ologi cal signif i cance. Giventhelarge
num ber of pro teinswhich func tion by bind ing to other pro-
teins,nucleicacids, orligands,itispossi blethat asignif i cant
num ber of proteinsin vivorequirebindingtar getligandsto
formor dered and folded structures. Itisinter estingto note
that sizeable pop ulationsof unfolded statesof proteinsare
presentin vivo under nativecondi tions. Inarecent report
Blanco et al.*** stud ied the NOEs for the un folded states of
wildtypeand mutantsdesignedwithasequencewiththehigh
est predicted content of heli cal structure. Themutationswere
designed usingthe AGADIR a gorithmand weretestedin
short peptideswithmodi fied sequences. Anal y sisof dif ferent
mu tant pro teinsdid not show any clear relation ship between
peptideheli cal content and destabilization of thefolded state.
How ever, theki neticsof unfoldingof themutant proteinssug
geststhat theun fol ded states of the mu tants are more com pact
thanthewildtype. Theseresultsdemonstratethat ex istenceof
ahighpopulationof non-nativesecondary structural el ements
intheunfoldedstate(s) iscompati blewiththefor mationof the
nativestructure. Inanel egant study, Mok et al .** using NOEs
ob tained from multi-dimensional NMR tech niques ob served
sev eral long-rangeamideNOEsintheunfol ded state(s) of the
SH3 domain of Drosophila drk. These long-range amide
NOEswerefoundto disap pear upon ad di tion of chemi cal
denaturants,implyingthat substantial dif ferencesbetweenthe
unfoldedstate(s) inducedunder physi ologi cal condi tionsand
inthepresenceof chemi cal denaturants>®

Recently, Vigueraet al.***analyzed thestabil ity and
foldingki neticsof cir cularly per mutedformsof thea-spectrin
SH3domain. All possi blecir cularly mutated proteinsthat dif-
ferenti atetwoconsecutiveel ementsof secondary structurein
ter act in the three-dimensional struc ture of theprotein. Ines-
sence, each of the mutants has two separated sequences,
whichintheearly stagesof thefolding pro cesscould be possi-
blyinvolvedinlocal inter actions***Ex haustiveanal y sisof
thepossi bleper mutationsbetweensecondary structural el e
mentsrevealedthat cir cularly mutated protein(s) foldstoa
confor mationsimi lar tothewildtype. Thisstudy provides
strongevi dencetosuggestthatlocal inter actionsbetweenex-
istingsecondary structural el ements(forexample, b-hair pins)
arenot guiding forcesintheproteinfolding process.**® In ad-
di tion, it hasbeen shownthat ther mody namicstabil i tiesof all
thecir cular mutantsarelessthanthewildtypeprotein. Elabo-



Pro tein Folding and b-Sheet Proteins

rateproteinengi neeringex peri mentsreveal thatthefolding
path way of the protein hasbeen changedinthecir cularly per-
muted proteins. It ap pearsthat al though the or der of sec ond-
ary structureandthepreser vation of b-hair pin hasno marked
ef fectontheproteintorefoldtoitsnativestate, they criti cally
influencetheki neticsof thefoldingand unfolding pathways.
Serrano and cowork ersre cently com pared the energeticsand
structuresof nativeandtran si tion states of thewild typesand
circularly per muted mutantsof the a-spectrin SH3domain.**’
Their study providescom pul siveev i dencetosuggest that pro-
teinswithsimilar amino acid com posi tionand foldscan have
dif ferenttransi tion states. It ap pearsthat thefoldingnucleiis
not specific and presenceof cer tainresi duesinthefolding
cluster aresimply moreprobablebut not essential. Evenif one
sub set of folding routesdomi natesin agiven sequence, an e
tirely dif fer ent sub set of routesmay dic tatefolding in an
other ®’

Vigueraand Serranoinvesti gated theinfluenceof loop
lengthandintramol ecular dif fusionontheproteinfolding pro-
cess.**® Cir cular permutants of a-spectrin SH3 do main with
dif fer ent poly-glycineloop in ser tions (up to 10 glycineresi-
dues) showed that the glycinein ter ac tion does not af fect the
structureof thefolded state. Inad di tion, thestructural char ac-
teristicsof thedenaturedensembleal sodidnot changesignif i-
cantly by thein ser tion of the glycineloop. How ever, the ap-
par ent en ergy bar rier between thefolded and un folded states
in creased lin early with the length of the glycine loop in
serted.®® I n ser tion of the glycine loop pro duced no marked
conformational changes. The free en ergy change for a 10-
glycinein ser tionisrather small (~0.8 kcal mole™). Inter est
ingly, loop enlongationisfoundto ac cel er ateunfolding but
slowsdown thefolding rate. Al though the ef fects on both un-
foldingandrefoldingrateconstantsaresimi larin mag ni tude,
thedependenceof their nat ural logarithmor looplengthisdif-
fer ent. Intheunfolding phase, the ef fect isnon-linear and
tendsto sat urate. In con trast, inthe fold ing phase, the loop
length and ratecon stant al mostincreaselinearly. Theresults
of thisstudy sug gest that thedistanceamong inter actingresi-
duesisim por tantinover comingthehighenergy transition
state bar rier and thus confersarolefor inter molecular dif fu-
sionintheproteinfoldingprocess.

Prieto et al.>* ad dressed thequestion of therel ativeim-
portanceof secondary ver sus tertiary structural inter actions
for stahbi lizing andthefolding pro cess. Mutationswerede-
signedwhichintroduceastrongnon-nativeheli cal propensity
in the N-terminus of the a-spectrin SH3 do main.**° Al though
themutant proteinshad simi lar three-dimensional struc tures
as the wild type, they were less stable and had less co-
operativefoldingtransi tions. A very good cor relationcould
be found from the refolding ‘m¢’ val uesandtheheli cal ten-
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dency. Asthemutantsex hibit atwo-statetran si tionwith no
foldinginter medi ate(s), thedecreaseob servedinthe‘ ny’

value can not be com pletely ex plained on the basisof ade-
creaseinthesol vent ac cessi bil ity of thedenatured state.®*
Thestabi li zation of thenon-nativeheli cal structuresinthe
SH3domainprobably leadsto com paction of thedenatured
state.

Thefolding ki net ics of the SH3 do main of P13 kinase
wasinvesti gatedrecently usingavari ety of biophysi cal tech
niques.®*°In con trast to the a -spectrin SH3 do main, the fold-
ing ki net ics of the P13 kinase SH3 do mainisbiphasic. The
slow phase corresponds to the incorrectly configured cis
prolineresi due(s). Real timeNMR anal y sisof thefoldingki-
net icsof the pro tein showsthat the speciespop ulatedinthe
ini ti ation stagesof folding ex hibit poor chemi cal shiftdisper-
sionsimi lar totheunfolded statein 6 M GdnHCI. PI3-SH3 do-
main folds slowly with atime con stant of 2.8 sec onds at 20
°C.¥*|tisinter estingto notethat with the ex cep tion of the
P13-SH3 do main, al other SH3 do mains stud ied so far fold
extremely rapidly withthetimeconstant val uesrangingfrom
1 to 340 ms. These results sug gest that there is no strict
relaionship betweentheab senceof foldinginter medi atesand
rapidfolding. Inad di tion, slow fold ing may not be acon se-
quenceof oc cur renceof ki netictraps®?

Ex peri mental studiesonthefoldingaspectsofsrc SH3
domainwererecently complementedby moleculardy namics
simulations.®*! About 30in depend ent, hightem per aturemo-
lecular dy namicssimulationsof thesrc SH3domainunfold
ingweremoni tored. Thecumulativeanal y sisof theob served
trajectoriesrevealedahi er ar chy of eventsintheunfolding
pro cess. ThecontactsbetweentheN- and C- ter mi nal strands
arethefirst to disap pear.®*! Thehy dro gen-bonding net work
involvingthedistal b-hair pin and the diverging turn per sist
even af ter most of the native struc tural con tactsarelost. Al-
thoughtheover al hi er ar chy of structurelossissimi larinthe
simulationsandinex peri ment, dif ferencesaremoredramatic
intheex peri mental results. Theex perimentalj val uesare
closeto zero for thefirst and lastb-strand, and near oneinthe
distal loop betahair pin. Thecom puted f val uesfor the same
structuredregions(intheprotein) fromsimulationsareonav-
erage0.4and 0.8, respectively.®*

Common Features in the Folding of b-Sheet Proteins

A survey of thefoldingki neticsofb-sheet proteinsstud-
ied thus far re veals a broad range of rate con stants. Large
multi-domain b-sheet pro teins such as interleukin 1bap pear
tofoldrel atively slowly. Incontrast, small singledomainpro-
teinssuch ascardiotoxin |11, cobrotoxin and SH3 do main pro-
teinfold ex tremely rap idly on time scales less than 500 ms.
Coldshock proteinB isanextremeex ampleof arapidly fold-
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ing b-sheet protein (k = 1070 s%). Thesingledomain a-helix
and b-sheet proteins are ob servedto fold onsimi lar time
scales. Ingeneral it ap pearsthata and a+b proteinsand all

b-sheet proteinsusedif fer ent princi plestoreachtheacti vated
stateintheir folding reactions. Thedi chot omy could be best
under stood by notingthat heli cesarestabi lized pri marily by

local inter actionsand henceconformvery easily andrapidly.

Inmost of theheli cal proteins, foldingisini ti ated at heli ces.

b-sheetsontheother hand arestabi lized by non-local inter ac-

tionsand possi bly al most theentireb-sheetisnec essary to
reach there quired ac ti vated state. There are only afew pro-

ductivefolding routessincetheb-sheet structureismoredif fi-

culttoformandstabi lize. For thisreasonfolding pathwaysare
well con served among related b-sheet proteins. Inaddi tion,

the b-sheet proteinshavewell adefined acti vated statewhich
closely resemblesthenativestate. Inter estingly, thefolding
path waysare quite strin gent and co op er ativeand can not be
easily al tered by grossmutations. Inad di tion, thefact that
b-sheet proteinsarenot at adisad vantageof attainingtheir na

tive state(s) sug geststhat early restric tion of conformational

freedom does oc cur inb-sheet. A better un der standing of the
very early stages of fold ing of b-sheet pro teinsinthefuture
would helpim mensely intheratio nal design of b-sheet pro-

teinswithdesiredfunction(s).
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