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The aim of this com pre hen sive re view is to crit i cally eval u ate the prog ress in re search in the area of pro tein
fold ing. In the first sec tion, we dis cuss the var i ous mod els pro posed to ex plain the pro tein fold ing par a dox. In
the suc ceed ing sec tion of the re view, a de tailed ac count of the de vel op ments in our un der stand ing of the fold ing 
path ways of β-sheet pro teins is pro vided.

The foun da tion for pro tein fold ing ki net ics was laid
about thirty five years ago. Christain Anfinsen showed that
pro tein can fold re vers ibly and the na tive struc tures of pro -
teins are ther mo dy nam i cally sta ble states rep re sent ing the
global min ima of their ac ces si ble free en er gies.1,2 For most
pro teins, the in for ma tion for fold ing is con tained in the amino
acid se quence.3-6  How ever, a pro tein se quence needs to meet
two cri te ria dur ing fold ing – one ther mo dy namic and the other 
ki netic. 7-14 The ther mo dy namic re quire ment is that the pro tein 
mol e cule needs to adopt a unique folded con for ma tion (na tive
state), which is sta ble un der phys i o log i cal con di tions.15-23  The 
ki netic re quire ment is that the pro tein should fold back from
its un folded state to its na tive con for ma tion within a rea son -
able time frame.24-34 In prin ci ple, a polypeptide chain (in its
un folded state) can adopt nu mer ous con for ma tions. 35-37

Hence, if the pro tein needs to sam ple out all the pos si ble con -
for ma tions to de cide on its global min i mum, then for a pro tein
con sist ing of 100 amino ac ids, it would take the age of earth
(about 1029 years if one as sumes that only 10 -11 s is re quired to
con vert from one con for ma tion to the other) to fold into its na -
tive con for ma tion.38-40 This puz zle is the crux of the pro tein
fold ing prob lem and it is pop u larly called the Levinthal par a -
dox.41 Levinthal pos tu lated that the ther mo dy namic and ki -
netic con trols are the two mu tu ally ex clu sive op tions for a
fold ing mol e cule. Ther mo dy namic con trol meant that the
fold ing mol e cule reaches its global min i mum in en ergy and
thereby fold ing is path way in de pend ent. Due to the ex ten sive
search in volved in this pro cess, it takes a long time for a pro -
tein to fold un der ther mo dy namic con trol. The ki netic con trol
meant that fold ing oc curs on a phys i o log i cal time scale be -
cause it is path way de pend ent.42-45 Un der the ki netic con trol,

the fi nal struc ture of the pro tein could dif fer de pend ing on the
denaturant con di tions from which fold ing is ini ti ated.46-54 For -
mu la tion of the Levinthal par a dox led to the search for fold ing 
path ways.

The search for fold ing in ter me di ates be gan in 1971.
Tanford and co work ers re ported sta ble in ter me di ates along
the equi lib rium-unfolding path way of hen egg white ly -
sozyme. 55-60  Iden ti fi ca tion of equi lib rium in ter me di ates in bo -
vine pan cre atic ribonuclease con sol i dated the no tion that pro -
tein-folding pro ceeds through def i nite struc tural in ter me di -
ates.61-64 These re ports trigerred the large mod ern en ter prise of 
pro tein fold ing ki net ics ex per i ments which in cludes the stud -
ies on the slow ing of fold ing by proline isomerization and use
of thiol re agents to trap and char ac ter ize var i ous disulfide in -
ter me di ates.65-69

Many phenomenological mod els de scribe the events oc -
cur ring dur ing pro tein fold ing. These mod els gen er ally fo cus
on the Levinthal par a dox and in tro duce ways in which only a
very small frac tion of the to tal num ber of con form ers par tic i -
pate in fold ing from the un folded state to the na tive state.
Herein, we de scribe some of the pop u lar and clas si cal pro tein
fold ing mod els.

Dif fu sion-Collision Model
This model was pos tu lated by Karplus and Weaver. 70-74

The ba sic ten ets of this model stem from one of Anfinsen’s
pro posal to de scribe the spon ta ne ous fold ing of staph y lo coc -
cus nuclease in so lu tion. He pro posed that por tions of a pro -
tein chain could “flicker” in and out of their na tive frame work
and serve as nu cle ation cen ters that co alesce through non-
 covalent in ter ac tions to give rise to the na tive struc ture (Fig.

Jour nal of the Chi nese Chem i cal So ci ety, 2000, 47, 1009-1042     1009

Pres ent ad dress: + In sti tute of Chem is try, Ac a de mia Sinica, Nankang, Tai pei, Tai wan, R.O.C.
# Department of Bio chem is try, Col lege of Med i cine, Uni ver sity of Iowa, Iowa City, IA 52242, U.S.A.



1). The dif fu sion col li sion model views a pro tein mol e cule to
be di vided into sev eral parts (mi cro do mains), each short
enough for all conformational al ter na tives to be searched rap -
idly. This ob vi ously means that the mi cro do mains are so
small that they are un likely to be in de pend ently sta ble. Two or 
more such mi cro do mains need to dif fuse to gether, and col lide 
in or der to co alesce into a struc tural en tity that is sta ble (Fig.
1). The pro cess of pro tein fold ing is en vis aged to in volve nu -
mer ous such col li sion co ales cence steps to gen er ate the na tive 
struc ture. These steps are ought to fol low a unique or der to
yield a sin gle struc ture for the pro tein.

Frame work Model
The frame work model pro posed by Kim and Baldwin

has el e ments in com mon with the Dif fu sion-Collision
model.75-77 It is as sumed that cor rect hy dro gen bonded sec -
ond ary struc ture is formed prior to the for mu la tion of the ter -
tiary struc ture (Fig. 2). Ac cord ing to the Frame work model, it
is en vis aged that fold ing is a hi er ar chi cal pro cess in which
sim ple struc tures are formed first which in ter act to give more
com plex struc tures.78-81 The oc cur rence of the sta ble, par tially 
struc tured in ter me di ates called the “mol ten glob ule” states (to 

be dis cussed later) in the equi lib rium and ki netic fold ing path -
ways of pro tein val i dates the frame work model.82-89

Jig saw Puz zle Model
Har ri son and Durbin pro posed a con cep tual de scrip tion

of pro tein fold ing.90 Pro teins are viewed to fold by a num ber
of dif fer ent, par al lel path ways in stead of by a sin gle def i nite
se quence of events. This as pect would en sure fold ing to be ro -
bust to mu ta tions that would not dras ti cally af fect the na tive
struc ture. The Jig saw model shows strong re sem blance to the
dif fu sion-collision model. It is ar gued that if all the el e men -
tary mi cro do mains have sim i lar prop er ties then the multi-
 microdomain in ter me di ates have sim i lar fold ing and un fold -
ing rates. Given this sit u a tion, even a small pro tein with only a 
few mi cro do mains will have mul ti ple al ter na tive path ways
(Fig. 3). How ever, as the ki net ics of fold ing is sen si tive to
changes in free en er gies, only a small num ber of path ways are
ex pected to dom i nate with the re mains only turn ing out to be
re dun dant.

Nu cle ation Model
This model was orig i nally pro posed by Wetlaufer.91  The

model pos tu lates that a por tion of a polypeptide chain, un sta -
ble by it self, serves as the nu cleus for chain prop a ga tion lead -
ing to the for ma tion of the na tive struc ture. This model re -
quires the ex is tence of a nu cle ation unit small enough for a
ran dom search and once this ba sic unit has the na tive struc -
ture, a se quen tial and in de pend ent fold ing of sub se quent
amino acid res i dues is pos si ble. The orig i nal “nu cle ation
model” was fur ther mod i fied by Go and co-workers in a
Growth- merge model.92 The nu cle ation model was ex trap o -
lated to a “clus ter” model by Kanehisa and Tsong. 93,94 At a
early stage of the fold ing pro cess, the polypeptide chain is as -
sumed to be com prised of sev eral lo cally or dered re gions
(called “clus ters”) con nected by ran dom coil chain por tions.
Thus, in the de na tured state, the size and dis tri bu tion of the
“clus ters’ are pos tu lated to be de pend ent on the ex ter nal con -
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Fig. 1. Car toon de pict ing the Dif fu sion-collision model.
Upon ini ti a tion of fold ing from the un folded
state sev eral microdomains are pos tu lated to be
nu cle ated. These micro domains are not in de -
pend ently sta ble and hence they are be lieved to
dif fuse to gether by a col li sion to a sta ble and
unique three- dimen sional struc ture.

Fig. 2. Rep re sen ta tion of the var i ous steps in the
Frame work model of fold ing. Pro teins are pro -
posed to fold through in ter me di ates that pos sess
dis tinct sec ond ary struc tural frame work. Com -
plete ter tiary struc tural con tacts are es tab lished
sub se quently to form the na tive, bi o log i cally ac -
tive state.

Fig. 3. Sche matic rep re sen ta tion of the fold ing
events as per ceived by the Jig saw model.
Folding is be lieved to pro ceed through mul ti -
ple, mu tu ally re vers ible path ways. The fold -
ing it er a tion cul mi nates with the for ma tion of
a en ergy min i mum na tive state. I1, I2 , I3  and I4

are the var i ous intermedites in the fold ing/un -
fold ing path way(s).



di tions used. Dur ing the fold ing pro cess these small “clus ters” 
as so ci ate to yield the na tive state of the pro tein. The na tive
state is per ceived as a max i mum size clus ter with pos si ble
fluc tu a tion sites. The “clus ter” hy poth e sis has many el e ments
in com mon with dif fu sion-collision model. How ever, an im -
por tant dif fer ence may rise as to what gov erns the ki net ics of
the fold ing pro cess. Is it growth of a sin gle em bryo (mi cro
do main) or the com ing to gether (dif fu sion-collision-
 coalescence) of two or more of these el e ments? Ev ery thing
else be ing same, the near est neigh bor mi cro do mains have
higher prob a bil ity to co alesce first, ei ther by “growth” or
by “col li sion”. Rapid fold ing of small pro teins has been ra -
tio nal ized in terms of nu cle ation like mech a nism. 95-103 Ex -
ten sive mutational anal y sis on chymotrypsin in hi bi tion 2 (CI
2) has pro vided ev i dence for the nu cle ation col lapse mech a -
nism.43,104,105 Fersht and co-workers have pro posed that cer -
tain res i dues have most of the na tive sec ond ary struc ture fully
formed in the tran si tion state (TS) as com pared to oth ers.104-106

How ever, it is cur rently not pos si ble to es tab lish if the tran si -
tion state (fold ing nu cleus) is unique or non-specific. Elab o -
rate pro tein-engineering ex per i ments of Serrano and co work -
ers on α-spectrin SH3 do main107,108 and also the ther mal un -
fold ing sim u la tions by Daggett and co work ers proved that,
the nu cle ation sites are not spe cific.21

Nuclation-collapse mech a nism also draws strong sup -
port from lat tice mod els.100,109-112 Using cu bic lat tice mod els
of pro teins, it has been pro posed that for “highly op ti mized”
se quences, the fold ing nu cleus is spe cific. In other words, the
for ma tion of ter tiary struc tural con tacts be tween cer tain “hot”
res i dues with unit prob a bil ity is a nec es sary and suf fi cient
con di tion for fold ing. Guo and Thirumalai us ing off-lattice
mod els of a se quence showed that there are nu mer ous de -
localized nu cle ation sites with some more prob a ble than oth -
ers.100

One of the ways to de crease the ef fec tive num ber of con -
for ma tions searched is to em ploy two-stage ki net ics. The first
stage be ing compactization of the polypeptide chain into
structureless glob ule. The search for the na tive con for ma tion
takes place in the sec ond stage among the com pact glob u lar
con for ma tions whose num ber is dras ti cally less than the to tal
num ber of pos si ble con for ma tions. The two-stage ki net ics
was also ob served in com puter sim u la tions of pro tein fold -
ing.113 It was pro posed that compactization of the polypeptide
chain in the burst phase easens the sub se quent ran dom search
for a tran si tion state.114-116  How ever, this logic is not likely to
be ap pli ca ble to pro teins with large chain lengths since in lon -
ger polypeptide chains, the num ber of com pact con for ma tions 
is still ex po nen tially large. Com pact in ter me di ates have been
ob served in the burst phase of refolding of many pro -
teins.117-123 Hy dro gen-deuterium ex change ex per i ments have

in di cated that the com pact states (iden ti fied in the burst phase
of fold ing) lack spe cific struc ture.124-132 Khorasanizadeh et
al.133 study ing the tryptophan-containing mu tant of ubiquitin
at 25 oC, showed that burst phase in ter me di ate is a com pac tion 
with few spe cific con tacts and some sec ond ary struc ture and
is pos si bly fluc tu at ing with out any spe cific lo cal iza tion.

Sosnick et al.134 in a re cent study ques tioned the gen er al -
ity of in ter me di ate(s). They dem on strate that cytochrome C at
pH 5.0 rep re sents es sen tially a two-state ki net ics wherein all
ob served prop er ties be come na tive like si mul ta neously. Jack -
son and Fersht, study ing the fold ing ki net ics of chymotrypsin
in hib i tor (CI 2), showed that the pro tein folds with no de tect -
able in ter me di ate(s). 105 In ter est ingly, ki netic stud ies of the
fold ing be hav ior of ubiquitin re vealed that the ab sence or
pres ence of com pact states in the early stages of fold ing de -
pends on the fi nal con cen tra tion of the de na tur ing agent af ter
di lu tion.131,135

Gutin et al.136  ex am ined the rel e vance of the non-
 specific hy dro pho bic col lapse, in the very early stages of fold -
ing us ing a cu bic lat tice model (Fig. 4). In this model, a pro -
tein chain is con sid ered to be po si tioned on a cu bic lat tice. An
amino acid is pre sented by structureless mono mer oc cu py ing
a lat tice site and res i dues con nected by a co va lent bond oc -
cupy neigh bor ing lat tice sites. Their sim u la tion stud ies
showed that de pend ing on the value of the av er age in ter ac tion
be tween mono mers, two dif fer ent re gimes of fold ing are pos -
si ble. A two-stage ki net ics is ob served when strong in ter ac -
tion be tween mono mers dom i nates.

Camacho and Thirumalai sug gested a three-step so lu -
tion to the Levinthal par a dox95,137  In the first step, the
polypeptide chain is pro posed to un dergo compactization. At
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Fig. 4. De pic tion of the hy dro pho bic-collapse ver sion
of the nu cle ation model. The ear li est fold ing
event is pro posed to be the clus ter ing of re mote
hy dro pho bic res i dues in the pro tein. Such clus -
ter ing of the non-polar res i dues (in the ini tial
phase of fold ing) is be lieved to de crease the
conformational search dur ing fold ing. Sub se -
quent re or ga ni za tion of the back bone is pro -
posed to yield the na tive fold.



the sec ond stage, the col lapsed (or com pact) chain is en vis -
aged to fall into one of the min i mum en ergy com pact con for -
ma tion. The na tive con for ma tion is searched over a rel a tively
small num ber of min i mum en ergy com pact con for ma tions in
the fi nal stage. This hy poth e sis how ever ig nores the fact that
though the num ber of rel e vant con for ma tions are de creased
by chain compactization, en ergy barries be tween them grow
to an ex tent that inter con ver sion be tween these fewer con for -
ma tions slows down dra mat i cally. In deed, sev eral sim pli fied
pro tein mod els dem on strate that bar ri ers be tween low en ergy
misfolded states rep re sent deep traps and es cape from these is
ex tremely slow. Thus, the pro posal based on the step wise de -
crease of the num ber of avail able con for ma tions may not pro -
vide an ad e quate pic ture of the fold ing ki net ics as they ac tu -
ally re place entropic bar ri ers by equally un sur mount able en er -
getic ones.

The New View of Pro tein Folding
The new view is based on the en ergy land scape per spec -

tive. 16,22,138-145 The new view rec og nizes that “fold ing path -
ways” are not the cor rect so lu tion to the ki netic puz zle posed
by Levinthal. The land scape per spec tive un am big u ously ex -
plains the pro cess of reach ing a global min i mum in free en -
ergy (sat is fy ing Anfinsen’s ex per i ments) and achiev ing it
quickly (ex plain ing Levinthal’s con cerns) by mul ti ple fold ing 
routes on fun nel like en ergy land scape. The new view of fold -
ing sheds the con ven tional view of pro tein fold ing as a pro -
cess wherein all polypeptide chains per form es sen tially the
events in the same se quence, to reach the na tive state. The new 
view pos tu lates that fold ing rep re sents an en sem ble av er age
of pro cess wherein is mi cro scop i cally het er o ge neous. Thus,
each pro tein mol e cule could fol low its own tra jec tory across
the en ergy land scape to reach the global min i mum (na tive
state).

The en ergy land scapes (for pro tein fold ing/un fold ing)
fig u ra tively could be rep re sented by two lat eral co-ordinates,
(Fig. 5). These co-ordinates rep re sent the de grees of free dom
of the fold ing chain such as the tor sion an gles of the back bone
and side chains. How ever, in prin ci ple a pro tein could have
thou sands of lat eral co-ordinates. The ver ti cal co-ordinates of
the en ergy land scape rep re sent the in ter nal free en ergy of the
polypeptide chain as it folds/un folds. In prac ti cal terms, in ter -
nal free en ergy rep re sents the sum of all the intra-chain
enthalpies and sol vent in ter ac tions of a mol e cule in any given
con for ma tion. In an a log i cal terms, the ki netic pro cess of fold -
ing/un fold ing (as per the new view of fold ing) of a pro tein
could be vi su al ized as roll ing a ball on a rough en ergy “ter -
rain” (Fig. 5). Upon ini ti a tion of fold ing, the pro tein moulds
its con for ma tion in pos si ble ways, which tend to de crease the
en ergy. Dur ing its en ergy-decreasing en deavor, it is also buf -

feted into dif fer ent con for ma tion by Brownian mo tion. This
as pect en sures that fold ing/un fold ing steps against the en ergy
bar rier do oc cur but at very low fre quency.

There are clear dif fer ences be tween the new mod els and
clas si cal mod els in cap tur ing some of the mo lec u lar na ture of
pro teins.141 Un like the phenomenological mod els, which treat
only a few mac ro scopic-symbol states, the new mod els rec og -
nize the bond con nec tiv ity con cept of a poly meric chain (such
as in pro teins) built from many monomeric units and pro tein
com pact ness is only lim ited by ex cluded vol ume. These fea -
tures per mit an un bi ased ex plo ra tion(s) of the full en sem ble of 
all con for ma tions avail able to the polypeptide chain. In ad di -
tion, the new mod els strik ingly dif fer from the clas si cal mod -
els in not as sum ing sin gle or mul ti ple ex po nen tial be hav iour.
These mod els also do not as sume that fold ing/un fold ing path -
ways pro ceed through the oc cur rence of iden ti fi able in ter me -
di ate mac ro scopic states. Un like the clas si cal mod els, the new 
mod els do not as sume that mac ro scopic in ter me di ate states (if
they ex ist) are in de pend ent of en vi ron men tal con di tions such
as the na ture of denaturants, tem per a ture, pH, etc. It should be
rec og nized that new mod els have their own lim i ta tions. These
mod els ne glect atomic de tail and of ten in ter pret fold ing based
on short ened chains sim pli fied en er gies and chain rep re sen ta -
tions. In this con text, it should be re al ized that mod el ing pro -
tein fold ing through en ergy fun nels is just a con cep tu al iza tion
of the events and prob a bly not truly ap pli ca ble to any real pro -
tein. How ever, these mod el ing pro ce dures could be use ful
tools to il lus trate prin ci ples, de sign ing new ex per i ments, and
pos ing new ques tions.
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Fig. 5. Graphic rep re sen ta tion of the pro tein fold ing
land scape. Un folded pro tein mol e cules are be -
lieved to mould their con for ma tion in all pos si -
ble ways, which tends to de crease the en ergy.
Folding/un fold ing steps against the en ergy bar -
rier do oc cur but at very low fre quency.



On and Off Path way In ter me di ates
For pro duc tive refolding/un fold ing of pro teins, it is im -

por tant to en sure that the ac cu mu lated in ter me di ate(s) are on
the path way lead ing to the na tive or de na tured state(s). If the
fold ing in ter me di ate(s) are on-pathway then, the fold ing pro -
cess could be elu ci dated by char ac ter iz ing the in ter me di ate(s)
(Fig. 6). How ever, in the con trary, very lit tle in for ma tion
could be gained by char ac ter iz ing the struc tures of in ter me di -
ate(s) which have drifted away from the fold ing/un fold ing
path way(s).146 Re cently, ki netic in ter me di ates have been char -
ac ter ized that have many struc tural fea tures sim i lar to the in -
ter me di ate(s) which have been re al ized along the equi lib rium
un fold ing path way(s) of pro teins.108,147-150  These re sults im ply 
that the in ter me di ate(s) are on-pathway. Peng et al.36 re cently
re ported that the mol ten-globule in ter me di ate of the α-
 lactalbumin al pha do main, not only pos sesses a na tive sec ond -
ary struc ture, but also has a na tive ter tiary fold. 36 Sim i larly,
Fersht and co work ers us ing the frac tional change in free en -
ergy of the tran si tion/na tive state pro duced by mu ta tion (φ)
val ues ob served that in the barnase fold ing in ter me di ate when
plot ted against res i due num ber as those in the tran si tion
state.151-155

For ma tion of off-pathway in ter me di ate(s) are well-
 documented in the lit er a ture. 156 The for ma tion of in cor rect
disulfide pair ing in the disulfide refolding path way of pro teins 
is a good ex am ple of the for ma tion of off-pathway in ter me di -
ates (Fig. 5, Ref. 157). Sim i larly, li ga tion of heme dur ing the
fold ing of cytochrome C by non-native side-chain, is an other
in stance of ac cu mu la tion of off-pathway in ter me di ates dur ing 
pro tein refolding. In gen eral the on- and off- path way mod els
of pro tein fold ing in ter me di ates could be rep re sented as, 
on-pathway model,

U ↔ I ↔ N
off-pathway model,

I ↔ U ↔ N

wherein, I, U and N rep re sent the in ter me di ate, un folded and
na tive states of the pro tein. Re cently, Laurents et al.158 de vised 
a pulse chase com pe ti tion ex per i ment to de ter mine if a fold ing 
in ter me di ate is on or off-pathway. They use a mod i fied ver -
sion of the tra di tional pulse-chase ex per i ment in mo lec u lar bi -
ol ogy to de cide if the in ter me di ate is “on” or “off ” path way.159

The na tive pro tein with its am ide pro tons la beled with 1H is
com pared when sep a rate sam ples of 1H la beled in ter me di ates
(I) and un folded pro tein are al lowed to refold in D 2O at an
appropiate pH to the na tive state un der iden ti cal con di tions.
The pH is ad justed in such a way as to al low the pro tein in the
un folded state but not the off-pathway in ter me di ate to rap idly
ex change its back bone am ide pro tons with the sol vent. How -
ever, if the in ter me di ate is on-pathway, then more 1H la bel is
ex pected to be re tained with the test sam ple start ing from the
in ter me di ate than in the con trol sam ple start ing with the un -
folded state. Using this ap proach, Laurents et al.158 dem on -
strate that the in ter me di ate ac cu mu lated in low con cen tra tions 
of guanidinium hy dro chlo ride in RNase is a pro duc tive on-
 pathway in ter me di ate. It should be noted that two cri te ria need 
to be met to sat is fac to rily em ploy the mod i fied pulse ex per i -
ments to de ter mine whether the rap idly formed in ter me di ate is 
‘on’ or ‘off ’- path way: (1) The ki net ics of for ma tion of the in -
ter me di ate (I) must be mea sur able, (2) Sim u la tion of the fold -
ing and ex change ki net ics in step 2 ought to be made to de cide
if the test for an on-pathway in ter me di ate is pos si ble. On the
whole, the most pos i tive as pect of the mod i fied pulse-chase
ex per i ments is that they do not give a false-positive re sult.
The in ter me di ate, “I” could be con sid ered on-pathway, if a
sig nif i cant dif fer ence is found be tween the re tained la bel in
the test sam ple and the con trol.

Hi er ar chic and Non-hierarchical Models of Pro teins
Folding

In prin ci ple, fold ing path way(s) of pro teins could be
clas si fied into two broad cat e go ries – hi er ar chi cal and non-
 hierarchical. Hi er ar chi cal fold ing of pro teins could be de fined 
as a pro cess fold ing starts with struc ture(s) which are of mar -
ginal sta bil ity and lo cal in the se quence con text.160 It is pre -
sumed that these lo cal struc tures in ter act re sult ing in in ter me -
di ates with in creas ing de gree(s) of struc tural com plex ity,
which fi nally form the na tive con for ma tion.161 In the non-
 hierarchical pro cess the ter tiary struc tural in ter ac tions not
only sta bi lize the lo cal struc tures but also de ter mine them
(Fig. 7, and Refs. 88, 160). In short, in hi er ar chi cal fold ing,
pro tein sec ond ary struc ture(s) is de ter mined by lo cal se -
quence in for ma tion. How ever, in non-hierarchical fold ing,
non-local ter tiary struc tural in ter ac tions dic tate the na ture of
sec ond ary struc tural in ter ac tions that form dur ing pro tein
fold ing.160
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Fig. 6. Sche matic rep re sen ta tion of the ‘on’ and ‘off’
path way in ter me di ates occuring dur ing pro tein
fold ing. ‘Off’ path way in ter me di ates are con sid -
ered to be un pro duc tive dead-end in ter me di ates,
which in many cases lead to ag gre ga tion of the
pro tein.



There are three lines of ex per i men tal ev i dence to in di -
cate that pro tein fold ing is a hi er ar chi cal pro cess. Firstly,
many pep tide frag ments ex cised from pro teins ei ther pos -
sesses or show a strong ten dency to adopt the “na tive fold”
even in the ab sence of long range in ter ac tions.160 For ex am ple, 
the N-terminal he li cal 1-13 res i due pep tide in RNase (C-
 peptide) has prop er ties ex pected from the par ent pro tein struc -
ture, in which the he lix ex tends from Thr3 to His12. In ter est -
ingly, the he li cal seg ment ter mi nates at res i due 12 even in the
lon ger S-peptide (res i dues 1-20) frag ment from RNase. This
find ing fo cussed at ten tion on the lo cal side-chain in ter ac tions
that serve as he lix-stop sig nals. The salt bridge be tween the
charged side chains of Glu2 and Arg10 and the pseudo hy dro -
gen bond be tween Phe8-His12 stand as good ex am ples
wherein, lo cal side-chain in ter ac tions con trol the prop a ga tion
of sec ond ary struc tural el e ments in pep tides/pro teins.162  The
sec ond line of ev i dence for the hi er ar chic fold ing stems from
the ex per i men tal ob ser va tion that he lix-stop sig nals, which
de ter mine the bound aries of he li ces in pro teins are in lo cal se -
quences which sur round each he lix ter mi nus rather than in
res i dues that make ter tiary struc tural in ter ac tions.163  Anal y sis
of 1316 pro tein he li ces by Creamer et al.162 re vealed that prac -
ti cally ev ery he lix has its own ter mi na tion sig nal. Most of the
he li cal seg ments in pro teins have a dis tinct hy dro pho bic cap -
ping at the N- and C-termini and back bone hy dro gen bond ing
is ev i dent in nearly half of the he li cal seg ments an a lyzed. In
gen eral, the ini tial four NH groups and fi nal four CO groups
lack intra he li cal hy dro gen bond ing part ners thereby weak en -
ing the he lix ends. These end-effects are sig nif i cant and en -
com pass more than two-thirds of the res i dues pres ent in a
α-he lix of an av er age length of 12 res i dues. In ad di tion, the
he lix ge om e try at the he lix N-terminus se verely hin ders sol -
vent ac cess to am ide groups. These re sults clearly dem on -
strate that he lix in pro teins could be sta bi lized and/or ter mi -
nated by hy dro gen bonds be tween a side chain or main chain

group and back bone pep tide groups at the he lix ends. The
third line of ev i dence for the hi er ar chi cal fold ing pro cess co -
mes from the char ac ter iza tion of fold ing in ter me di ates.160,161

Anal y sis of the struc tural in ter ac tions of the fold ing in ter me -
di ates  sug gests that pro tein fold ing is a hi er ar chi cal pro -
cess. Among the in ter me di ates char ac ter ized to-date are
those, which oc cur along the equi lib rium un fold ing path -
way(s).164-168 Using two-dimensional NMR hy dro gen ex -
change in con junc tion with quenched flow pulse la bel ing
mea sure ments of ex change, it was found that the ki netic and
equi lib rium in ter me di ates are struc tur ally equiv a lent.169-172

These fold ing in ter me di ates pos sess na tive sec ond ary struc -
ture with the ab sence per sist ing ter tiary in ter ac tions. In ter est -
ingly, the na tive sec ond ary struc tures range from par tial to
com plete in these in ter me di ates. For ex am ple, the acid form of 
Cyt C has all three ma jor he li ces pres ent in the na tive state,
whereas the pH 4 in ter me di ate of apomyoglobin has only
three out of the eight he li ces pres ent in the holo myo glo -
bin.117,164 Thus, these re sults wherein na tive like sec ond ary
struc tures are formed even though ter tiary struc tural in ter ac -
tions are ab sent, rep re sent the most con vinc ing ev i dence for
hi er ar chi cal fold ing.

The ob ser va tion that seg ments of iden ti cal se quence
could adopt dif fer ent con for ma tion(s) in dif fer ent pro teins
pro vides a ma jor chal lenge to the pro po nents of the heri -
archical model.  Mi nor and Kim de vised an 11-residue se -
quence called the “Cha me leon” se quence. 173  They in tro duced
this se quence at two sites (A and B) in pro tein G. Pro tein G
con sists of a cen tral he lix (res i dues 23-25) sur rounded by a
four-stranded β-sheet. Site A com prises of 11 res i dues span -
ning res i dues 23 to 33. Site B, con sist ing of res i dues 42-52
over laps a part of pen ul ti mate β-strand, a turn and part of an -
other β-strand. When placed in site A, the ‘Cha me leon’ se -
quence adopts he li cal con for ma tion. In ter est ingly, the “Cha -
me leon” se quence forms a strand turn strand con for ma tion
when sit u ated at site B. Thus, it ap pears that the con for ma tion
of the “Cha me leon” se quence is de ter mined by its con text
within the to tal pro tein and not by lo cal in ter ac tions.

β-lactoglobulin, a pro tein iso lated from milk source is
yet an other ex am ple which does not fit into the hi er ar chi cal
model.161,174 β-lactoglobulin is a 162 amino acid pre dom i -
nantly β-sheet pro tein con tain ing two disulfide bridges. The
pro tein also has one free cysteine res i due. The sec ond ary
struc tural el e ments in the pro tein in clude nine antiparallel
β-strands and a 11 res i due he lix. It has been shown that dur ing
the pro cess of β-lactoglobulin refolding from a denaturant-
 induced un folded state, the far UV el lip tici ty (219 nm) tran -
siently ex ceeds the na tive in ten sity (the “over shoot” phe nom -
e non). It is ar gued that the CD “over shoot “ phe nom e non is re -
lated to the ac cu mu la tion of a α-he li cal (non-native) in ter me -
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Fig. 7. De pic tion of the non-hierarchial model of pro -
tein fold ing. Non-native sec ond ary struc tural el -
e ments are formed in the early stages of fold ing
of pro teins. As fold ing pro ceeds, these non-
 native sec ond ary struc tures re or ga nize and dis -
ap pear to yield na tive sec ond ary struc tural el e -
ments.



di ate.174  The non-native he li cal in ter me di ate formed dur ing
the burst phase of fold ing is be lieved to help in re duc ing the
conformational search for the global min i mum by de creas ing
the num ber of ac ces si ble con for ma tions. As fold ing pro ceeds,
the non-native α-he li cal con for ma tion is pro posed to be trans -
formed to the na tive β-sheet con for ma tion, as this is more sta -
ble in terms of global free en ergy. It is worth while to note that
the “over shoot” of the CD sig nal has been also ob served in the
burst phase of sev eral other pro teins. Chaffotte et al.174 opined 
that the CD “over shoot” is an spec tral ar ti fact and stems from
the far UV con tri bu tions of the ar o matic amino ac ids and the
disulfide bonds in the pro tein.175 Sivaraman et al.,176 re cently
study ing the refolding of cardiotoxin in an a logue III, CTX III,
from the venom of Tai wan Co bra (Naja naja atra) found that
CD “over shoot” phe nom e non is due to the asymetrization of
the disulfide bonds dur ing the refolding of the pro tein. De -
spite the ex is tent con tra dic tions, the ex per i men tal ev i dence
on β-lactoglobulin strongly sup ports that the fold ing of the
pro tein (β-lactoglobulin) pro ceeds via a non-hierarchical pro -
cess. In ad di tion, the char ac ter iza tion of the struc tures of in -
ter me di ates of sev eral pro teins such as Che Y and lysozyme
sug gests that non-native in ter ac tions but not non-native sec -
ond ary struc ture(s) play roles in sta bi liz ing the fold ing in ter -
me di ates.175,177

Tendamistat and CTX III are two all β-sheet pro teins
whose un fold ing/fold ing path ways could stand out as ex am -
ples of non-hierarchical fold ing. Char ac ter iza tion of a par -
tially folded equi lib rium in ter me di ate in tendamistat at pH 2-3 
re vealed in duc tion of na tive-helical seg ments (25%) in 3-6 M
trifluoroethanol.178  The in duced he li cal seg ments ap pear to be
con cen trated in re gions cor re spond ing to loops or ran dom
struc ture in the na tive state of the pro tein. Sim i larly, a sta ble
in ter me di ate has been char ac ter ized in the al co hol in duced
equi lib rium-unfolding path way of CTX III.179 25% of the
back bone of the pro tein is found to ex ist in a he li cal con for ma -
tion (by cir cu lar dichroism). Since, most of the na tive β-sheet
in ter ac tions are pres ent in the in ter me di ates, it is be lieved that
some of the res i dues in the loop or ran dom coil re gion(s) in the 
na tive state of the pro tein trans form into he lix con for ma -
tion.179 It should be noted that ex is tence of iso lated, non-
 native sec ond ary struc ture in struc ture-less re gions (in the na -
tive state of the pro tein) does not per se in val i date the hi er ar -
chi cal mech a nism of pro tein fold ing.160  Only when the non-
 native struc tures ob served in the in ter me di ate struc tures in ter -
act pro duc tively with other lo cal struc tures to yield higher or -
der fold ing (in the in ter me di ates), the fold ing of the pro tein
could be con sid ered non-hierarchical.180

Tran si tion States in Pro tein Folding
It is gen er ally be lieved that fold ing path way of a pro tein

will be solved, when the struc tures of all the sta ble, meta-
 stable and tran si tion states of pro tein, “on” and “off” the path -
way in ter me di ates are char ac ter ized both struc tur ally and en -
er get i cally.14 The con ven tional def i ni tion of an in ter me di ate
in a chem i cal re ac tion is that it rep re sents a struc tural enitity
which is at a min i mum in a po ten tial en ergy sur face, and if any 
of the bonds are bro ken or re formed would re sult in a struc ture 
which is energitically less sta ble (Fig. 8). In con trast, a tran si -
tion state in a re ac tion path way is rep re sen ta tive of a phys i cal
state wherein any change in bonds would lead to the for ma tion 
of struc tures with in creased sta bil ity. Thus, in terms of the
three-dimensional en ergy sur face, tran si tion state in chem i cal
re ac tion path ways is at a sad dle point be ing at a max i mum
along the re ac tion co-ordinate. It should be noted that the tran -
si tion states in sim ple chem i cal re ac tions and in pro tein fold -
ing path ways dif fer sig nif i cantly. Only few bonds need to be
bro ken or formed in the tran si tion state of sim ple chem i cal re -
ac tions and in con trast many bonds have to be bro ken and
made in the tran si tion states of pro tein fold ing path ways. This
sub tle dif fer ence could ac count for the tran si tion states in pro -
tein fold ing to be at very wide and long sad dle points, with
slight vari a tions in struc ture lead ing to only small changes in
en ergy.

The only op tion to char ac ter ize tran si tion states is by in -
fer ence from ki netic mea sure ments on pro teins wherein the
struc ture – ac tiv ity re la tion ship is al tered by site-specific mu -
ta tions us ing pro tein-engineering meth ods.151,152 The logic of
em ploy ing pro tein-engineering meth ods to un der stand the
struc ture of tran si tion state(s) in pro tein fold ing is very sim -
ple. φ anal y sis has been used to quan tify the ex tent to which a
given side chain sta bi lizes a tran si tion state, rel a tive to the ex -
tent to which it destabilizes the na tive state.151  The φf value for 
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Fig. 8. Free-energy ver sus re ac tion co-ordinate plot
for the fold ing of a pro tein via a fold ing in ter -
me di ate. The re ac tion co-ordinate rep re sents
the path adopted as the re ac tion pro ceeds. The 
un folded state (U), the in ter me di ate (I) and
the folded state (F) lie at the bot tom of the po -
ten tial en ergy wells, whereas the tran si tion
state (TS) is at a max i mum.



a fold ing re ac tion could be de fined by the equa tion,

                       [∆Ga (WT) - ∆Ga  (i)]
          φf  =                                               
                   [∆GN-D (WT) - ∆GN-D (i)]

“WT” and “i” rep re sent the wild type and mu tant re spec tively, 
∆GN-D is the free en ergy dif fer ence be tween the wild type and
the de na tured pro tein and ∆Ga rep re sents the ac ti va tion en -
ergy.

In the φf anal y sis, most of mu ta tions in volve the re place -
ment of res i dues by alanine be cause it has a min i mal side
chain. How ever, other re place ments could also al low the es ti -
ma tion of the φf value. In gen eral, if the mu ta tion destabilizes
the folded struc ture (F) by ∆∆  GF-U units of en ergy (which
could be mea sured from the change in free en ergy of fold ing
rel a tive to the un folded state (U)), then the free en ergy of a
tran si tion state (T) (mea sured rel a tive to an un folded state)
changes by ∆∆G T-U. The φ value is given by the ex pres sion,

φ = ∆∆GT-U/∆∆GF-U

This ex pres sion is anal o gous to the Bronsted equa tion fre -
quently used in phys i cal-organic chem is try.

log k = con stant + βlog K (1)

wherein, “k” is the rate con stant and “K” is the equi lib rium
con stant for the re ac tion and β is the Bronsted co-efficient.
The value of “β” is a mea sure of the sim i lar ity of the struc ture
of the tran si tion state to the na tive state. In ter est ingly, φ and β
are the same at the two ex tremes zero and one when mea sured
in the di rec tion of bond mak ing (fold ing). φ (or β) is equal to
zero for the de na tured state(s) and it as sumes a value of “1”
when the pro tein is in the na tive state.

φ can also as sume frac tional val ues.153,154 The frac tional
φ val ues could be due to weak ened in ter ac tions in a sin gle spe -
cies (of the tran si tion state) or due to the tran si tion state be ing
in a mix ture of states, with some of the in ter ac tions com -
pletely formed and oth ers fully dis rupted. The m

ixture could arise from a equi lib rium be tween the var i -
ous struc tural states of the in ter me di ate or due to the ex is tence
of par al lel fold ing path ways giv ing rise to an en sem ble of
tran si tion states. In ad di tion, ar ti facts could arise due to dis -
tor tion(s) in the struc ture of the folded mol e cule upon mu ta -
tion. The struc tural dis tor tions could in tro duce var i ous re or -
ga ni za tion en er gies (in tro duced by mu ta tions) which do not
can cel. How ever, anal y sis of the struc tural ef fects of a num ber 
of mu ta tions at the same site would al low the de tec tion of
above men tioned ar ti facts in the φ val ues. There is ideal gra da -
tion of the φ val ues from 1.0 to close to ‘0’ upon mu ta tion
of res i dues in the mid dle to the edge of the β sheet in

barnase.151-154,181

The Bronsted equa tion could also be rep re sented in free
en ergy terms as 

∆Ga = con stant + β ∆Geq

“∆Ga”is the ac ti va tion en ergy and “∆Geq” is the free en ergy
change at equi lib rium. This equa tion could be suc cess fully
used to iden tify groups of res i dues that co-operate in form ing
the tran si tion state. If the res i dues con trib ute to the sta bil ity of
the tran si tion state (T) to the same ex tent as the na tive state,
then their Bronsted plot (∆Ga ver sus ∆Geq) is ex pected to be
lin ear. The po si tion of the tran si tion state could be gauged
from the slope (m) val ues of the plot of ln k (rate con stant of
fold ing/un fold ing) ver sus the denaturant con cen tra tion. This
plot is pop u larly called the “Chev ron plot”. The Cheveron plot 
for a two state fold ing is “V” shaped (Fig. 9). Ini tially the rate
con stant of fold ing (kt) de creases with the in crease in the
denaturant con cen tra tion (with a slope of mf) and be yond
equi lib rium the rate con stant of un fold ing (ku) shows a lin ear
in crease (with a slope of m u) with the con cen tra tion of the
denaturant. The ex tent of fold ing in the tran si tion state (T) is
given by,

T = mf /mf-mu

The po si tion of the tran si tion state is gen er ally de fined in
terms of the amount of sur face area bur ied upon D→T fold ing. 
De spite some in con sis ten cies, the tran si tion state ap prox i ma -
tion is valid for pro tein fold ing as it pro vides a def i nite link
be tween mu ta tions and the con se quent changes in the sta bil ity 
(of the tran si tion state) and the fold ing and un fold ing rates.
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Fig. 9. A model of the Chev ron plot. A per fect ‘V’
shaped Chev ron curve in di cates that the pro -
tein folds in a two-state (Na tive ⇔ Un folded)
mech a nism. A cur va ture (in di cated by dot ted
lines) ob served sug gests the ac cu mu la tion of
fold ing in ter me di ates dur ing pro tein fold ing at
low denaturant con cen tra tions.



Re cently, Munoz et al.31,145 based on the re sults ob tained by
mon i tor ing the ther mal un fold ing of an iso lated β hair pin ex -
am ined the tran si tion state ap prox i ma tion. The data ob tained
on the un fold ing ki net ics was fit ted to sta tis ti cal me chan i cal
model, which could spec ify the en tire range of partly folded
spe cies ob tained as a func tion of tem per a ture from the time at
which the un fold ing of the pep tide starts. It is found that 99%
of the en sem ble of the tran si tion state spe cies fol low a min i -
mal free en ergy path.31

Baldwin and Rose in a re cent re view ar ti cle ad dress an
in ter est ing ques tion whether the tran si tion states ob tained in
dif fer ent fold ing re ac tions are sim i lar.160 They opine that the
tran si tion state bar ri ers ob served in fold ing path ways are low
and broad, in con trast to those found in the or di nary chem i cal
re ac tions which are high and sharply peaked. This opin ion is
sup ported by ex per i men tal re sults wherein sin gle point mu ta -
tions have been shown to cause large changes in the po si tion
of the tran si tion state along the fold ing/un fold ing path way(s).
Milla et al.12 re cently showed that point mu ta tions in the Arc
repressor causes a change from 0.92 to 0.69 in the po si tion of
the tran si tion state in the di rec tion of fold ing. In ad di tion, the
φ val ues which yields in for ma tion on the rel a tive in ter ac tion
strength of each res i due shows a good cor re la tion among
struc tures of the tran si tion states which oc cur along the fold -
ing path way of barnase.152-154

To-date, the struc tures of the tran si tion states have been
char ac ter ized in lim ited num ber of pro teins. Barnase, chymo -
trypsin in hib i tor (CI 2), Arc repressor, SH3 do mains of src and 
α-spectrin are the only few ex am ples of pro teins wherein the
tran si tion states have been struc tur ally char ac ter ized along the 
fold ing path way(s).160  These pro teins show a lin ear Bronsted
plot for all res i dues im ply ing that ev ery res i due af fects the
tran si tion and the na tive states pro por tion ally.

Tran si tion state anal y sis based on char ac ter iza tion of
mu tants pro vides a snap shot pic ture of an in ter me di ate state
at one stage of the fold ing pro cess. It can not give any in for ma -
tion on the chro nol ogy of events lead ing to the for ma tion of
the tran si tion state. Baldwin and Rose at tempted to track the
struc tural events to de ter mine the hi er ar chy of the struc tural
in ter ac tions in the tran si tion state (in CI 2) us ing the LINUS
pro gram182 by sup press ing the non-local in ter ac tions.160  The
re sults of this study re vealed that large por tion(s) of the struc -
tural frame work is in-built in the amino acid se quence of the
pro tein and it could be re leased in the ab sence of non-local in -
ter ac tions.

Mol ten Glob ules in Pro tein Folding
Twenty years ago Tanford and co work ers56-60 dem on -

strated that pro teins un dergo re vers ible un fold ing in the pres -
ence of strong denaturants such as guanidinium hy dro chlo ride 

(GdnHCl). This led to a spurt in the search for in ter me di ate
state(s) along the un fold ing/fold ing of pro tein.183 Aune et
al.183 pro vided the most de fin i tive ev i dence for the pres ence of 
re sid ual struc ture in the acid and tem per a ture de na tured pro -
teins. How ever, the con cept of pres ence of in ter me di ates with
re sid ual struc tures was con tested by Privalov et al.184-186 It was 
dem on strated that the changes of enthalpy, en tropy and heat
ca pac ity upon un fold ing are mostly the same for pH, tem per a -
ture and GdnHCl in duced un fold ing. Based on these re sults it
was ar gued that the pH and tem per a ture un folded pro teins do
not pos sess re sid ual struc ture sim i lar to the GdnHCl and urea
de na tured pro teins. Privalov and Makhatadze186 dem on strated 
the heat ca pac ity changes dur ing the acid and tem per a ture in -
duced un fold ing of apomyoglobin, cytochrome C, RNase A,
lysozyme are those ex pected for the com pletely un folded
polypeptide chains wherein the non-polar groups are ex posed
to wa ter. Based on the ther mal melt ing stud ies on small pro -
teins Privalov sug gested that pro teins un fold and refold re -
vers ibly in an “all or none” fash ion with out sta ble and de fined
in ter me di ates. 184 Kuwajima et al.77 and Nozaki et al.55  pro -
vided the first strong ev i dence for the ex is tence of sta ble in ter -
me di ates in the GdnHCl in duced un fold ing path ways of the
bo vine and hu man lactalbumin, re spec tively. De tailed char ac -
ter iza tion of the phys i cal state of the pro tein mol e cules in
these sta ble in ter me di ate states us ing a va ri ety of bio phys i cal
tech niques re vealed that the in ter me di ate state(s) with sim i lar
struc tural fea tures have been called the “mol ten glob ule”
state(s).187-198 Al though the ex act phys i cal char ac ter is tics of
the “mol ten glob ule” states are still a sub ject of in tense de -
bate, there has been some con sen sus on the phys i cal def i ni tion 
of a “mol ten glob ule” state(s).199 Pro teins in the “mol ten glob -
ule” state are ex pected to pos sess the fol low ing phys i cal char -
ac ter is tics.187  (1) The pro tein mol e cule needs to be con densed
with a Stokes ra dius equal or not greater than that of the folded 
pro tein, (2) should ex hibit sub stan tial na tive sec ond ary struc -
ture with re duced sta bil ity of the con stit u ent hy dro gen bonds
(3) should have lost most of the side-chain ter tiary struc tural
in ter ac tions sta bi liz ing the na tive state. Small an gle X-ray
scat ter ing, vis cos ity, sed i men ta tion ve loc ity and gel ex clu sion 
chro ma tog ra phy are some of the im por tant tech niques to
probe the com pact ness of the “mol ten glob ule” state(s). Most
pro teins in their “mol ten glob ule states” pos sess a ra dius of
gy ra tion to be about 10% greater than that of the na tive pro -
teins.187 As suming that if the mol ten glob ule struc ture(s) were
empty with no wa ter mol e cules con tained in them, then the
par tial spe cific vol ume is ex pected to be greater than 50% of
the na tive (or of the un folded) pro tein mol e cule. How ever,
since the in crease in par tial spe cific vol ume in the mol ten
glob ule state (as com pared to the na tive or un folded state) is
only about 5-10%, there is lit tle doubt that the mol ten glob ule
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states have a lot of wa ter. The in crease in the pro tein vol ume
in the “mol ten glob ule” state is sug ges tive of wa ter pen e trat -
ing in side the pro tein struc ture.

Sec ond ary Struc ture in Mol ten Glob ule States
There is a lot of de bate con cern ing the ex tent of na tive

sec ond ary struc ture that is re tained in the mol ten glob ule-
 state. Cir cu lar dichroism spec tra in the far UV re gion of a
num ber of pro teins sug gest a high con tent of sec ond ary struc -
ture in the mol ten glob ule states of var i ous pro teins.200-202 In
hu man car bonic anhydrase B, the neg a tive mo lar el lip tici ty at
210 nm is nearly four times greater in the acid mol ten glob ule
state than in the na tive state of the pro tein.200 This as pect is not 
sug ges tive of a change in sec ond ary struc ture be cause the far
UV CD spec tra are strongly in flu enced by con tri bu tions from
the ar o matic side chains. In gen eral, the ar o matic side chain
groups loose their rigid, op ti cally ac tive en vi ron ment in the
mol ten glob ule-state lead ing to a de crease in their con tri bu -
tion to the far UV CD. Deconvolution of the far UV CD spec -
tra into the con tri bu tions of the pep tide and ar o matic groups
showed that the far UV CD in the mol ten glob ule-state dif fers
from the na tive pro tein mainly due to con tri bu tion(s) of the ar -
o matic groups.187,203-206

Ter tiary Struc ture in the Mol ten Glob ule State
The ar o matic res i dues lo cated firmly in an op ti cally

asym met ric en vi ron ment in the na tive pro tein ex hib its in tense 
near UV CD. This as pect pro vides a good probe to mon i tor the 
ter tiary pack ing of res i dues in the na tive state of the pro tein. In 
ad di tion, flu o res cence anisotropic mea sure ments, spin echo,
NMR tech niques are the other tech niques which have been
used to study the state of ter tiary struc ture pack ing in the mol -
ten glob ule state(s).187,207  Ptistyn and co work ers suc cess fully
stud ied the struc tural in ter ac tions us ing 1H NMR spec tra of
the acid and tem per a ture de na tured forms of bo vine α-
 lactalbumin.208,209 In prin ci ple the 1H NMR spec tra of a pro -
tein in the mol ten glob ule state is ex pected to be much sim pler
than in its na tive state. Most of the NMR res o nances in up-
 field al most dis ap pear in the mol ten glob ule state im ply ing
that the rigid ar chi tec ture due to the pack ing of the aliphatic
side chains and ar o matic amino ac ids is dras ti cally dis rupted.
Baum et al.199 used these per turbed res o nances for a ten ta tive
as sign ment of the NMR spec tra of the pro tein (α-lactalbumin) 
in the mol ten glob ule state. This study re vealed that most of
the na tive he li cal seg ments were re tained in the mol ten glob -
ule state of α-lactalbumin. Sim i larly, Baldwin and co work ers
dem on strated the ex is tence of atleast three na tive he li ces in
the mol ten glob ule-state of apomyoglobin.164 Mea sure ment of 
in di vid ual ex change rates for many pro tons showed that am -
ide pro tons in he li ces A, G and H ex change 5 to 200 times

more slowly than in the un folded state. The am ide pro tons be -
long ing to he lix B ex change at 2 to 10 times more slowly than
the un folded states sug gest ing that the he lix B is only par tially
folded or it is un sta ble. The am ide pro tons ex change of the
other res i dues in the pro tein was very fast and could not
traced. These ob ser va tions led to the for mu la tion that he li ces
A, G and H in na tive state per sist in the mol ten glob ule-state.
Jeng et al.210 char ac ter ized a mol ten glob ule state of cyto -
chrome C at acid pH. Most por tions of the three large na tive
α-he li ces re main pro tected from hy dro gen-deuterium (H-D)
ex change in the mol ten glob ule-state at acid pH and high ionic 
strength. How ever, the de gree of pro tec tion of the res i dues in
the three α-he li ces was much lesser than ob served in the na -
tive state. In ter est ingly, the NH groups that are in volved in hy -
dro gen bond ing in the β-turns and in the ter tiary struc ture of
the pro tein were not sig nif i cantly pro tected. Dobson and co -
work ers used a di rect ap proach to study the ter tiary fold of the
mol ten glob ule-state by 2D-NMR spec tros copy. 191-193 Al -
though the NMR spec tra of the mol ten glob ule was very
poorly re solved to be as signed by con ven tional meth ods,
Dobson and co work ers used the mag ne ti za tion trans fer tech -
nique to achieve par tial as sign ment.83 They could suc cess -
fully cor re late the strongly per turbed ar o matic res o nance of
α-lactalbumin (from guinea pig) in the acid mol ten glob ule to
those in the na tive state. This study con cluded that clus ter of
ar o matic groups also ex ists in the mol ten glob ule state.
Recently, Dobson and co work ers elu ci dated the struc ture of
a mol ten glob ule-like state of lysozyme in the al co hol-
 unfolding path way.190,193  Using a va ri ety of ex per i men tal
NMR strat e gies, they could dem on strate the struc ture of a par -
tially struc tured state in 2,2,2-trifluoroethanol. This study re -
vealed that most of the na tive sec ond ary struc tural in ter ac -
tions char ac ter iz ing the na tive state are in tact in the al co -
hol-induced par tially struc tured state of lysozyme.

Re cent de vel op ments in NMR spec tros copy in di cate
that a de tailed struc tural char ac ter iza tion of un folded or par -
tially folded pro teins is within our grasp. A no ta ble el e ment in
re cent ad vances has been the avail abil ity of pro teins en riched
in 15N and 13C iso topes. 193 Avail abil ity of iso tope la beled-
 proteins en ables the use of multi-dimensional heteronuclear
NMR tech niques to sub stan tially en hance the res o lu tion of the 
oth er wise highly de gen er ate spec tra char ac ter is tic of the
non-native states. Re cently, un folded states of pro teins in high 
con cen tra tions of de na tur ing agents such as guanidinium hy -
dro chlo ride and urea have been suc cess fully char ac ter ized.
This fea ture ren ders as sign ment and anal y sis of the NMR
spec tra pos si ble. Neri et al.189 re cently struc tur ally char ac ter -
ized the urea de na tured 434-repressor pro tein. Sim i larly, Lo -
gan et al.211  struc tur ally char ac ter ized the FK506 bind ing pro -
tein un folded in urea and guanidinium hy dro chlo ride. Using
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heteronuclear NMR, Shortle and co work ers re ported the pres -
ence of re sid ual struc ture in the de na tured state of an un usual
mu tant of staph y lo coc cal nuclease.190  In gen eral, the re sults
from the above men tioned stud ies con firm the pre vi ous as -
sump tions that lo cal clus ters of hy dro pho bic res i dues ex ist, at
least in equi lib rium with less struc tured states, par tic u larly in
the vi cin ity of the ar o matic res i dues.

Sta ble, par tial struc tured states have also been char ac -
ter ized in other en vi ron ment(s). Partially struc tured states
have been real ised by dis solv ing by the pro teins in mixed or -
ganic/aque ous sol vents such as TFE. TFE is long been known
to de velop and sta bi lize ex ten sive sec ond ary struc ture in the
ab sence of per sis tent ter tiary in ter ac tions. 212,213  Re cently, a
mol ten glob ule state has been char ac ter ized in ubiquitin in
60% meth a nol at pH 2.0.86,196 In the mol ten glob ule-state, the
pro tein ex hib its a NMR spec trum with rel a tively sharp and
thus per mit ted as sign ment of a num ber of res o nances. It was
shown that three β-strands pres ent in the na tive pro tein are
also pres ent in the mol ten glob ule state, both in their po si tions
in the polypeptide chain and their mu tual po si tions in space.
The lone he lix also re mains in tact in the al co hol-induced mol -
ten glob ule-state.

Mo bil ity of the Side Chain
It is gen er ally found that the fluc tu a tions of side chains

in the mol ten glob ule are con sid er ably higher than that in the
na tive state. Semisotnov et al. dem on strated that the spin-spin
re lax ation on time T2 of methyl groups in the mol ten glob ule
co in cides with that of the un folded state. 214,215 Wong and
Hamlin de ter mined that the mo lec u lar vol umes of the mol ten
glob ule and na tive states are sim i lar and hence pre dicted that
the main res o nance dif fer ence in the re lax ation times could be
due to intra-molecular move ments’. 216 The sim i lar ity of the
spin-spin re lax ation times for the mol ten glob ule and for the
un folded states sug gests that the intra-molecular move ments
for the methyl non-polar groups in the un folded and in the
mol ten glob ule states are prac ti cally the same.

Rodionova et al.206  de ter mined that the mo tion(s) of the
ar o matic side chains in the mol ten glob ule state ob tained in
the urea un fold ing path way of car bonic anhydrase and found
that the intra-molecular move ments of ar o matic side chains
are much more hin dered in the mol ten glob ule state than in the
un folded state. In con trary, mea sure ment of the po lar iza tion
of lu mi nes cence of Trp res i dues in α-lactalbumin and bo vine
car bonic anhydrase showed that the intramolecular mo bil i ties
of the indole rings are nearly as re stricted as in the na tive and
mol ten glob ule states, while the re stric tion in the un folded
state is much lesser.217 How ever, the aliphatic side chains have 
un re stricted mo tion in the mol ten glob ule-state. Shakhanovich
and Finkelstein pre dict that there is suf fi cient space in side the

mol ten glob ule-state for the “free” move ments of small and
sym met ric aliphatic groups.218

The large-scale fluc tu a tions in the mol ten glob ule
state(s) could be gauged from the field-dependent broad en ing
of in di vid ual res o nance in the pro ton NMR spec tros copy.217 In 
the mol ten glob ule states, the fluc tu a tions in the pro teins are
es pe cially ap par ent in the ar o matic groups. This as pect is con -
sis tent with the inter-conversion of dif fer ent lo cal con for ma -
tions of the mol ten glob ule at rates slower than ∼103 sec -1.218

An other in ter est ing ap proach to study the large-scale mo tions
is to mon i tor the hy dro gen-deuterium ex change. Dolgikh et
al.208,209 showed that the am ide pro ton ex change is much faster 
in the mol ten glob ule state than in the na tive states in α-
 lactalbumin and bo vine pan cre atic trypsin in hib i tor. In ter est -
ingly, Merril et al.219 dem on strated that ac ces si bil ity of a pro -
tein mol e cule to pro teas es also in creases in the mol ten glob ule 
state. Kallenbalch and co work ers also ar rived at the same con -
clu sion by study ing the rel a tive susceptibilties of cytochrome
C in the na tive and mol ten glob ule states.220

Sta bil ity of the Mol ten Glob ule State
Shakhanovich and Finkelstein pro posed that the mol ten

glob ule state is sta bi lized by liq uid like in ter ac tions of non-
 polar groups.217  It is felt that the mar ginal in crease in the mo -
lec u lar vol ume in the mol ten glob ule is suf fi cient to de stroy
the tight pack ing of the side chains, which con se quently leads
to the de crease in the van der Walls at trac tions. Based on
site-directed mu ta gen e sis stud ies Hughson and Baldwin
showed that in crease in side-chain hydrophobicity sta bi lizes
the mol ten glob ule-state of apomyoglobin con sid er ably but
the same mu ta tions are found to destabilize the na tive state.164

These re sults au then ti cate the sug ges tion that the mol ten glob -
ule state(s) of pro teins are pri mar ily sta bi lized by non-specific 
hy dro pho bic in ter ac tions while the tight pack ing is im por tant
for the na tive state.

Mol ten glob ule state(s) con tain con sid er able amount of
na tive sec ond ary struc tural in ter ac tions and the enthalpy of
he lix-coil tran si tion in wa ter is ap prox i mately about ∼1.0
kcal/mol. The enthalpy of hy dro pho bic in ter ac tions is small at 
20 oC.221,222 How ever, this pa ram e ter (enthalpy) is found to in -
crease with tem per a ture and thus pos si bly could con trib ute
sig nif i cantly to the heat ef fects of pro tein un fold ing. Pfiel et
al.221  re ported the enthalpy of the mol ten glob ule state of
α-lactalbumin at 4 oC does not dif fer very much from the
enthalpy of the un folded state. In gen eral, the data on the ther -
mal un fold ing of the mol ten glob ule state are quite con to -
versial. Gast et al.223 showed that α-lactalbumin does not melt
co-operatively upon heat ing. This could be due to the pro tein
ex ist ing in mol ten glob ule states at low pH and high tem per a -
tures. Using the mi cro-calorimetric data on the acid form of
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retinol bind ing pro tein, Bychkova et al.222  showed that the
pro tein melts co-operatively with a small change in enthalpy.
Pfeil et al.,221 found that cytochrome C ex ists in a mol ten glob -
ule state at low pH and high ionic strength and the mol ten
glob ule state melts on heat ing in a fash ion sim i lar to the na tive 
pro tein. How ever, it is still not known as to what ex tent these
pro teins are un folded.

Phys i o log i cal Sig nif i cance of the Mol ten Glob ule State
In re cent years, the role of the “mol ten glob ule” in ter me -

di ate has been well es tab lished. Pro teins are in volved in nu -
mer ous cel lu lar pro cesses in volv ing transmembrane trans -
port.224-226 These pro cesses war rant ma jor conformational
changes. Translocation of pro teins af ter their syn the sis on the
ri bo some oc curs in two phases. The first phase in volves a
time-dependent ad sorp tion to the mem brane and the sec ond
an ATP de pend ent pro cess in volv ing spe cific pro tein com po -
nents. Dihydrofolate reductase (DHFRI) which is a mi to chon -
drial pro tein has been cho sen as model pro tein to un der stand
pro tein mem brane traf fick ing.225 In vi tro ex per i ments have re -
vealed that the first phase of pro tein trans port is ac cel er ated
when the pro tein (DHFR) is pre sented to the as say (mem brane 
ves i cles) sys tem in its urea-unfolded form. This as pect pos si -
bly sug gests that ad sorp tion of the pro tein to the mem brane
sur face are more readily ac cessed in the par tially folded/un -
folded state than the na tive state. This as pect was con firmed
by the fact that the ad sorbed form of the pro tein is found to be
more sen si tive to pro te ase di ges tion than the na tive state. In -
ter est ingly, ad di tion of methotrexate, a sub strate of DHFR sta -
bi lized the pro tein against de na tur ation and also in hib ited the
ini tial ad sorp tion phase. Bychkova et al.222 opined that the
phys i cal char ac ter is tics of the mol ten glob ule state strongly
sug gest that pro tein translocation across mem brane oc curs via 
the “mol ten glob ule” state.

Van der Goot et al.227 us ing colicin A, a mem brane
bound pro tein in volved in pore for ma tion, dem on strated that
pro tein mem brane in ser tions also pos si bly in volve the mol ten
glob ule state. The pore-forming do main of this pro tein in -
cludes ten well-packed he li ces and two of these he li ces are
bur ied in the non-polar in te rior of the do main. In ter est ingly,
the struc ture of the pore form ing do main con trasts the pro -
posed mem brane in ser tion in ter me di ate wherein the pro tein
has been turned in side out with the two non-polar he li ces par -
ti tioned such that one of the hy dro pho bic he li ces moves into a
po lar en vi ron ment leav ing the other he lix in the mem brane.
In ter est ingly, colicin A has been shown to ex ist in a mol ten
glob ule state at pH 2.0. Taking into ac count the ef fect of the
neg a tively charged lipid sur face on the lo cal pH, it was es ti -
mated that a pk of 3.0 was op ti mal for mem brane in ser tion.
Based on the above re sults it was pro posed that colicin A ex -

ists in a mol ten glob ule state in the mem brane sur face. Sim i -
larly, the study of Kagan et al.228  re vealed that tu mor ne cro sis
fac tor (TNF) ex ists in mol ten glob ule state upon bind ing to
mem branes.

Re cently, there are nu mer ous stud ies im pli cat ing the in -
volve ment of chaperones in pro tein fold ing in vivo. De -
pending on the pre cise role on the fold ing path way, chap -
erones are shown to bind to the tar get fold ing pro teins in their
un folded or par tially folded states. For ex am ple, GroEl, which 
is a pop u lar fold ing chaperone has been un am big u ously
shown to bind to the mol ten glob ule-like fold ing in ter me di -
ates.229 How ever, one of the in ter est ing as pects of chaperone
bind ing is the lack of spec i fic ity for type or spe cies of the pro -
tein. It is gen er ally be lieved that the sur face of the mol ten
glob ule must be rea son ably flex i ble to be de form able to a
fairly stan dard shape and po lar ity that is largely com ple men -
tary to the chaperone-binding sur face.

In vi tro  pro tein deg ra da tion has also been sug gested to
in volve mol ten glob ule-like in ter me di ates. The deg ra da tion
of pro teins in lysozymes or ATP de pend ent proteosomes (as in 
the ubiquitin de pend ent proteolytic path way) is sug gested to
be fa cil i tated by prior de na tur ation, which may be the tran si -
tion to the mol ten glob ule state.230

Im por tance of Un der stand ing Folding/Un folding Pro cess
in β-sheet Proteins

The ad vent of a wide range of sen si tive tech niques has
led to the dra matic in crease in the scope to ex am ine mech a -
nisms of fold ing.14 Fast mix ing meth ods wherein the fold ing
re ac tion is mon i tored by sen si tive op ti cal tech niques have
pro vided in valu able in for ma tion on the tran si tion state(s) oc -
cur ring dur ing pro tein fold ing.135  These tech niques not only
pro vide im por tant data on the struc ture of the fold ing in ter me -
di ates but also help to mon i tor the fold ing event in mil li sec -
onds to nano sec onds time scales. Fur ther, the ap pli ca tion of
mod ern NMR tech niques has fa cil i tated the con for ma tion(s)
of par tially folded or un folded pro teins in greater de tail.117,164

The in tro duc tion of the na tive state hy dro gen-deuterium ex -
change has en abled to probe the struc ture of par tially folded
state that ac cu mu lates tran siently from their folded state.126

It is im por tant that in for ma tion gained by study ing the
fold ing/un fold ing pro cess in var i ous pro teins are ef fec tively
used to de rive the gen eral rules that gov ern the fold ing pro -
cess. Crit i cal re view of the pro teins wherein the fold ing stud -
ies have been ex am ined show that very lit tle in for ma tion ex -
ists on the fold ing pro cess of pro teins, which are pre dom i -
nantly β-sheet. It is pos si ble that the fold ing prop er ties of pro -
teins be long ing to this class (β-sheet pro teins) may dif fer sig -
nif i cantly from those of he li cal and mixed α,β-pro teins be -
cause of the in ter ac tions sta bi liz ing the β-sheets in pro teins
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are mostly non-local in na ture. Hence, it is im por tant that this
la cu nae is filled to en sure the gen er al ity of the con cepts of the
pro tein fold ing game. In ad di tion, un der stand ing the fold ing
of β-sheet pro teins is im por tant from a clin i cal point of view.
Re cently the eti ol ogy of many he red i tary dis or ders has been
traced to in volved de fects in the fold ing of key pro teins/
en zymes. 231-235  The most prom i nent among these are the
Alzhemiers, Hun ting ton’s and va ri ety of prion dis eases.231-234

These dis or ders in volve the er rant for ma tion of β-sheet struc -
tures. In the back ground, it is ap par ent that better un der stand -
ing of the fold ing prop er ties of all pre dom i nantly β-sheet pro -
teins would en able to de lin eate the mo lec u lar ba sis and evolve 
ther a peu tic strat e gies to tackle the pro tein fold ing re lated dis -
eases. To-date, the fold ing/un fold ing path ways of over ten
pro teins be long ing to the β-sheet class have been in ves ti gated. 
In this re view, we at tempt to bring out the fea tures of the fold -
ing/un fold ing of var i ous β-sheet pro teins.

Tendamistat
Tendamistat is a small (74 amino ac ids), two-disulfide

bonded, all β-sheet pro tein (Fig. 10). The pro teins con tain
three Xaa-Pro pep tide bonds, which are all in the trans con for -
ma tion in the na tive pro tein.236 Refolding ki net ics mon i tored
by change(s) in tryptophan flu o res cence re vealed that the
refolding pro cess oc curs in three phases.237  In ter rupted
refolding ex per i ments were con ducted to un der stand which of 
the three flu o res cence de tected phases pro duces the na tive
pro tein. The re sults of these ex per i ments re vealed that
refolding of the pro tein to its na tive state oc curs in two par al -
lel refolding chan nels and the in ter me di ate ob served in the ki -
netic re ac tion does not pro duce the na tive pro tein.237

Schonburnner et al.238 in ves ti gated the or i gin of the ki netic

het er o ge ne ity ob served in the refolding of tendamistat. They
con clu sively dem on strate that the two par al lel path ways of
refolding are due to the het er o ge ne ity in the un folded state
caused by the slow cis-trans isomerization of the Xaa-Pro
pep tide bonds. The ki netic refolding of tendamistat is found to 
be two-state.238 The slope of the log a rithm of the un fold ing
and of the refolding rate con stants ver sus the denaturant
(GdnHCl) con cen tra tion is es sen tially lin ear over a broad
range of the GdnHCl con cen tra tion. In ad di tion, the free en -
ergy of sta bi li za tion es ti mated from the refolding and the un -
fold ing rate con stants ac cord ing to the Eyring’s equa tion also
pro vide strong ev i dence for two-state fold ing. Schonbrunner
et al.238  also in ves ti gated if the rapid fold ing of tendamistat is
due to the oc cur rence of a hy dro pho bic col lapse dur ing pro -
tein refolding. Clus tering of hy dro pho bic res i dues are be -
lieved to re strict the conformational space of the polypeptide
chain fa cil i tat ing rapid refolding. Anal y sis of the re sults of the 
strin gent florescence ex per i ments showed the fold ing of the
pro tein pro ceeds with out rapid chain col lapse. 238 The flu o res -
cence prop er ties of the sol vent ex posed tryptophan res i due do
not show a marked dif fer ence (that is ex pected in the event of
a rapid hy dro pho bic chain col lapse) dur ing the refolding of
the pro tein. In ad di tion, the hy dro pho bic dye, ANS (1- anilino-
 8-napthalene sulfonic acid), which is used to de tect col lapsed
states in var i ous pro teins did not de tect any sol vent ac ces si ble
hy dro pho bic sur faces dur ing the refolding of the pro tein
(tendamistat). It ap pears that al though the confor mational
free dom in the pro tein dur ing refolding is re stricted due to the
oc cur rence of the two-disulfide bonds in the pro tein, chain
col lapse does not seem to oc cur prior to for ma tion of na tive
tendamistat.238 In es sence, the study of Schonbrunner et
al.238 dem on strates that rapid chain col lapse is not an es sen tial
step in pro tein fold ing. The in flu ence of disulfide bonds on the 
refolding ki net ics of pro teins has been a sub ject of in tense de -
bate. It is be lieved that pres ence of disulfide bonds would
yield kinetically trapped in ter me di ate(s) dur ing pro tein
refolding. In the con trary, Camacho and Thirumalai95 showed
that disulfide bonds could en hance the rate of refolding by re -
strict ing the con for ma tion space for the fold ing polypeptide
chain. In this con text, it is in ter est ing to note that wild type
tendamistat refolds rap idly in a two-state man ner de spite the
pres ence of the disulfide bonds.237

Using a site-directed mu ta gen e sis ap proach, Schonbrunner
et al.178 re cently in ves ti gated the role per formed cor rect ter -
tiary in ter ac tions (such as disulfide bonds) on rapid two-state
fold ing ex hib ited by tendamistat. As men tioned ear lier,
tendamistat con tains two disulfide bonds be tween Cys11 and
Cys27 and Cys45 and Cys73 which in-turn holds the β-strands 
tighter to form the tri ple-stranded β-sheet seg ment.

Schonbrunner et al.237  pre pared two sin gle-disulfide
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Fig. 10. MOLSCRIPT rep re sen ta tion of the back bone
fold ing of tendamistat. It is a 74-amino acid, all
β-sheet pro tein with six β-strands run ning
antiparallel to each other (not shown). The en -
tire struc ture of the pro tein is held in po si tion by 
two disulfide bonds.



vari ants of the pro tein (tendamistat) namely, Cys111Ala/
Cys27Ser and Cys45Ala and Cys73Ala, us ing the site-
 directed mu ta gen e sis ap proach. Es ti ma tion of free en er gies of
the un fold ing and refolding us ing the Eyring equa tions
showed that the two-state char ac ter of the fold ing/un fold ing
re ac tion is not changed by the disulfide bond re place ments.
In ter est ingly, the un fold ing limb of the Cys45Ala/ Cys73Ala
mu tant dis played a prom i nent kink (at higher denaturant con -
cen tra tion) which is ob served in nei ther the wild type nor the
Cys11Ala/Cys27Ser mu tant. The shal lower slope in the Chev -
ron plot at higher con cen tra tion of the denaturant prob a bly re -
flects a change in the un fold ing mech a nism.

The 11-27 disulfide bond in tendamistat is a lo cal ter -
tiary con tact con nect ing the ends of a β-hair pin. Model pep -
tide stud ies re veal that this re gion of the pro tein has a strong
ten dency to form a hair pin loop even in the ab sence of
disulfide bond.237 In com par i son to the wild type, large
changes were ob served in the un fold ing rate con stants in the
Cys11Ala/Cys27Ser vari ant. Such large changes in the un -
fold ing rate con stant (ob served in the disulfide mu tant) are
sug gested to in di cate that in ter ac tions in the na tive pro tein at
the lo ca tions of the cross-links are weak ened by re place ment
of disulfide bonds. The refolding rate con stants were found to
be much less af fected by the mu ta tions than those of the un -
fold ing re ac tion. Al though, the disulfide bond (Cys11/Ala/
Cys27Ser) con nects parts of the mol e cule which have to find
each other in the tran si tion state, the pre formed disulfide
bonds (in the wild type tendamistat) do not seem to have a ma -
jor rate en hanc ing ef fect in the refolding pro cess. The ef fect(s) 
of enthalpy/en tropy com pen sa tion ob served on ac ti va tion pa -
ram e ter of the fold ing re ac tion was ra tio nal ized on the re sid -
ual struc ture in the un folded state in tro duced by the disulfide
bonds.237 The re sid ual struc ture is pro posed to lead to un fa vor -
able en tropy in the un folded state and also in tro duce struc tural 
in ter ac tions in the un folded state, which ap pears to be
enthalpically fa vor able. The find ings of the study es sen tially
sug gests that pre formed in ter ac tions such as disulfide bonds
would fa vor refolding by de creas ing the loss of chain en tropy
but would also at the same time dis fa vor the fold ing chain to
gain conformational enthalpy upon for ma tion of the tran si tion 
state, as most of the in ter ac tions are al ready formed in the un -
folded state (due to the pres ence of disulfide bonds). Thus,
this study dem on strates that in β-sheet pro teins, pre formed
cor rect in ter ac tions will have lit tle ef fect on the rate of pro tein
refolding. In ad di tion, care ful ki netic anal y sis of the sin gle
disulfide vari ants of tendamistat re vealed that for ma tion of
the β-hair pin struc ture be tween res i dues Val12 and Gly26 is
the rate lim it ing step in the fold ing pro cess of the pro -
tein.237,238 In ter est ingly, even when the disulfide bond teth er -
ing the two ends of the β-hair pin are re placed, this re gion (res -

i dues span ning Val12 to Gly26) are found to form a com pact
and en er get i cally very fa vor able struc ture in the tran si tion
state.

Thomas Kiefhaber and co work ers also in ves ti gated the
ef fect(s) of a helicogenic sol vent such as 2,2,2-trifluoro eth a -
nol (TFE) on the struc ture of tendamistat.238 None of the res i -
dues in the pro tein ex ist in a α-he li cal con for ma tion in the na -
tive state. At low con cen tra tions of TFE the pro tein is found to 
loose its de fined ter tiary in ter ac tions in a co op er a tive man ner
lead ing to the for ma tion of par tially struc tured state. The loss
in the ter tiary struc tural in ter ac tions are in di cated by the dis -
ap pear ance of the near UV CD bands and de creased chem i cal
shifts dis per sion in the res o nances of the 1D NMR spec trum.
Sys tem atic hy dro gen-dueterium (H-D) ex change and FTIR
ex per i ments showed that most of the na tive β-sheet el e ments
are in tact in the TFE-induced par tially struc tured state.239

α-he li cal struc ture in the al co hol-induced par tially struc tured
state of tendamistat are con tem plated to be lo cated mainly in
re gions cor re spond ing to loops or ran dom struc ture in the na -
tive pro tein.239 The pres ence of a sub set of the na tive long
range in ter ac tions and the loss of sta ble na tive in ter ac tions in
tendamistat sug gested that the TFE-induced par tially struc -
tured state rep re sents an early in ter me di ate in the hi er ar chi cal
fold ing path way of the pro tein.

Fibronectin Mod ules
Fibronectin type III (FN III) mod ule is an in de pend ent

fold ing subdomain be long ing to the fibronectin type III
superfamily.240  FN III do main de rived from hu man tenascin is
91 amino ac ids long and the sec ond ary struc tural el e ments in
the pro tein are pri mar ily β-sheets. The struc ture of FN III con -
sists of seven β strands ar ranged into two β sheets, one of four
and one of three strands (Fig. 11, Refs. 240, 241). The FN III
do main is char ac ter ized by the ab sence of disulfide bonds and
the pres ence of sin gle highly con served tryptophan res i due.
In ter est ingly, the pro tein con tains eight proline res i dues.
Plaxco et al.242-244 re cently mon i tored the refolding ki net ics of
this pro tein. The pro tein (FN III) de spite the pres ence of nine
proline res i dues is found to refold rap idly within 1 sec ond.
The rapid refolding of the FN III do main (from its GdnHCl de -
na tured state) was un ex pected since proline cis-trans iso -
merization is known to re sult in a pop u la tion of slowly fold ing 
mol e cules in the refolding ki net ics of many pro teins. The
rapid refolding of the pro tein is ex plained on the ba sis of the
rel a tively high ther mo dy namic sta bil ity of the FN III do -
main.243  It is pre sumed that the over all sta bil ity of the do main
cor re lates to the sta bil ity in re gions of na tive con for ma tion in
the tran sient fold ing nu cle ation sites.

Plaxco et al.243,244 re cently com pared the fold ing ki net -
ics and ther mo dy nam ics of two ho mol o gous fibronectin type
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III mod ules (ninth 9 FN III and tenth 10 FN III mod ules).
These two mod ules share iden ti cal to pol o gies and core struc -
tures. These two FN III mod ules share less than 30% amino
acid se quence iden tity. How ever, both the FN III (9FN III and
10FN III) mod ules com prise of seven β-strands ar ranged in
two top o log i cally com plex sheets.240,241-245 9FN III con tains
seven proline res i dues as com pared to 10 FN III, which pos -
sesses eight proline res i dues. Equi lib rium chem i cal de na tur -
ation ex per i ments re vealed that the 9FN III mod ule is ap pre -
cia bly more sta ble than its homologue (9FN III). The rel a tive
dif fer ence(s) in the free en er gies of un fold ing of the 9FN III
and the 10FN III mod ules have been es ti mated to be 1.2 kcal
mol-1 and 6.1 kcal mol-1, re spec tively. How ever, no clear ex -
pla na tion is yet avail able to ac count for the dif fer ences in ther -
mo dy namic sta bil ity of these two ho mol o gous FN III mod -
ules. Both the FN III mod ules have been shown to fold slowly
in a two-state man ner. It was en sured that the slow fold ing was 
not due to ei ther ac cu mu la tion of non-productive in ter me di ate 
or the oc cur rence of slow fold ing on-pathway in ter me di ate(s). 
Ki netic anal y sis of the stopped-flow flu o res cence and CD
data re vealed that the refolding of 9FN III pro ceeds in two
co-operative par al lel fold ing path ways. As the in di vid ual
phases of the biphasic refolding path way of the pro tein (9FN
III) re mained un changed over a wide range of the denaturant
con cen tra tion, it is pre sumed that the par al lel fold ing path -
ways are not due to oc cur rence of dif fer ent fold ing in ter me di -
ates but due to het er o ge ne ity of the de na tured state(s).242-244

10FN III also show a sim i lar refolding pat tern. In ter est ingly
the in trin sic refolding rates of 9FN III and 10FN III dif fer by
more than three or ders of mag ni tude. 10FN III folds faster
than the 9FN III mod ule. This sit u a tion is in marked con trast

to other ho mol o gous pro teins, which tend to share quan ti ta -
tively sim i lar fold ing path ways and have rel a tively sim i lar
refolding rates. Plaxco et al.243,244  pro pose that with the high
con tent of proline res i dues in the FN III (9FN III and 10FN
III) mod ules, that at least 50 to 60% of the un folded pro tein
mol e cules could be pre dicted to con tain one proline res i due in
the in cor rect con fig u ra tion. This as pect is re flected in the 67% 
am pli tude of the slow phase of the refolding of 9FN III.243 In -
ter est ingly, the 10FN III mod ule does not ex hibit a de tect able
proline isomerization-like phase. It is sug gested that the ab -
sence of the slow phase could be due to the fact that the pro tein 
folds into a sta ble, na tive-like con for ma tion, which is yet in -
dis tin guish able from the na tive pro tein.243 33% of the de na -
tured 9FN III mod ule which folds in a proline in de pend ent
path way were found to fold at rates 100 times slower than the
10FN III mod ule. 243,244  The vast dif fer ence in the refolding
rates is at trib uted to the rel a tive ther mo dy namic sta bil ity of
the two mod ules. Un der con di tions wherein the in trin sic sta -
bil ity of 9FN III and 10FN III are sim i lar, the refolding rate
con stants of the pro tein mod ules are also sim i lar.

Car bonic Anhydrase
Car bonic anhydrase pro tein iso lated from a va ri ety of

sources has a mo lec u lar weight of about 30 kDa. The en zyme
con sists of sin gle do main and the sec ond ary struc tural el e -
ments in clude a short he lix and 10β-strands that di vide the
mol e cule into two halves (Fig. 12, Ref. 242). Each half con -
tains a hy dro pho bic clus ter. The hy dro pho bic clus ter in the
N-terminal re gion con sists of four ar o matic res i dues, which
have been suc cess fully used to mon i tor var i ous as pects of the
fold ing/un fold ing be hav ior of this pro tein. In ad di tion, the
pro tein lacks disulfide bridges hence has been used as a pop u -
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Fig. 11. Back bone fold ing of the Fibronectin type II do -
main (the tenth mod ule from hu man fibron -
ectin). The pro tein con sists of seven β-strands
ar ranged in two top o log i cally com plex sheets.
The pro tein is char ac ter ized by high con tent of
proline res i dues.

Fig. 12. Struc ture of car bonic anhydrase (hu man). The
sec ond ary struc ture of the pro tein con sists of
10β-strands and a short he lix. The β-strands di -
vide the pro tein mol e cules into two halves with
each con tain ing a hy dro pho bic clus ter. The pro -
tein in its ac tive state is co-ordinated with zinc.



lar model for un der stand ing the pro tein- fold ing prob lem.
Car bonic anhydrase is among the first few pro teins, wherein
par tially struc tured in ter me di ates such as the ‘mol ten glob ule’ 
were been char ac ter ized.187 Martensson and Jonsson et
al.245,246 us ing a va ri ety of bio phys i cal tech niques showed that
hu man car bonic anhydrase forms a sta ble and com pact fold -
ing in ter me di ate at a mod er ate con cen tra tion of guanidinium
hydrocloride. They in tro duced sin gle cysteine res i dues in var -
i ous parts of the β-struc ture and mon i tored the sta bil ity and
com pact ness of the area en com pass ing each cysteine res i due
by chem i cal la bel ing. Their study dem on strated that the fold -
ing in ter me di ate of hu man car bonic anhydrase (in GdnHCl)
has an or dered sec ond ary struc ture in the cen tral por tion of the 
β-sheet. The pe riph eral part of the β-sheet struc ture was
shown to be less or dered. In ter est ingly, the large hy dro pho bic
clus ter lo cated be tween the cen tral β-sheet core and the sec -
ond ary struc tural el e ments on the sur face was found to un per -
turbed even a high denaturant con cen tra tion. Svens son et
al.247  fur ther char ac ter ized the struc tural prop er tied of the
‘mol ten glob ule’ in ter me di ate us ing flu o res cence and EPR
mea sure ments. Of the 10β-strands, strands 3 to 7 were shown
to be un per turbed. In con trast, the pe riph eral β-strands 1, 2
and 9 were ob served to be com pletely dis rupted in the in ter -
me di ate.247 The hy dro pho bic core com pris ing β-strands 3-5,
was re mark ably sta ble even at 5 M GdnHCl. The sta bil ity of
the hy dro pho bic clus ter is found to in crease to ward the cen ter. 
Oversky and Ptitsyn in ves ti gat ing the GdnHCl-induced un -
fold ing of bo vine car bonic anhydrase by size-exclusion chro -
ma tog ra phy in con junc tion with op ti cal meth ods showed that
the pro tein un folds at low tem per a ture via two in ter me di ates -
the ‘mol ten glob ule’ states. 248 In the ‘pre-molten glob ule’
state the pro tein binds weakly to 8-anilino napthalene-1-
 sulfonate and its hy dro dy namic vol ume is two-fold larger than 
the na tive pro tein. The ‘pre-molten glob ule’ state is pos tu -
lated to share a num ber of prop er ties with the burst phase ki -
netic in ter me di ate(s) oc cur ring in the very early stages of pro -
tein refolding. The refolding of hu man car bonic anhydrase
from its GdnHCl de na tured state was mon i tored by near UV
CD mea sure ments us ing var i ous tryptophan mu tants (of the
pro tein). This way the de vel op ment of asym met ric en vi ron -
ments around spe cific tryptophan res i due dur ing refolding
was probed.249 The N-terminal do main (res i dues 1-25) was
found to fold slower than the ma jor do main (res i dues 26-260)
which con tains the ac tive site of the pro tein mol e cule. Thus,
an es sen tially na tive struc ture of the ma jor do main ap pears to
be tem plate for the cor rect fold ing of the N-terminal por tion of 
the car bonic anhydrase mol e cule.249 In ad di tion, the trypto -
phan res i due lo cated in the hy dro pho bic clus ter com pris ing
the β- strands, 3-5, is ob served to as sume na tive-like asym -
met ric en vi ron ment dur ing the burst phase of refolding im ply -

ing that the hy dro pho bic clus ter func tions as a fold ing ini ti a -
tion site in the pro tein.249 Refolding stud ies on hu man car -
bonic anhydrase have in di cated that a ki netic in ter me di ate
that is ob served af ter ap prox i mately 1 sec ond of refolding un -
der na tive con di tions has some prop er ties in com mon with the
equi lib rium in ter me di ate ob served in the GdnHCl in duced un -
fold ing path way of the pro tein.250

Cold Shock Pro tein B
Cold shock pro tein B (CspB) is a small mo lec u lar

weight (~7.5 kDa), all β-sheet pro tein iso lated from Ba cil lus
subtilis.251 The sec ond ary struc tural el e ment(s) in the pro tein
in clude a sin gle five-stranded β-bar rel with no he li cal seg -
ments (Fig. 13, Ref. 252). Equi lib rium un fold ing stud ies on
CspB in di cate the ab sence of in ter me di ate along its un fold ing
path way. In ter est ingly this pro tein does not con tain disulfide
bonds and is not in flu enced by post-translational mod i fi ca -
tions or by tight bind ing to co fac tor(s).253  The ther mo dy namic
sta bil ity of this pro tein is low but the un fold ing and refolding
of (CspB) are ex tremely rapid pro cess. 253 The time con stant
for refolding is 1.5 ms. At the tran si tion mid point (wherein the 
fold ing and un fold ing of a pro tein is usu ally slow est), CspB
folds ex tremely rapid and the equi lib rium be tween na tive and
un folded states is es tab lished in less than 100 ms.254 The un -
fold ing and refolding re ac tions of CspB are de scribed by
mono ex po nen tial pro cess, and iden ti cal rate con stant val ues
are re al ized for refolding and un fold ing. Com plete am pli tude
change oc curs dur ing the sin gle ex po nen tial un fold ing/
refolding pro cess of this re ac tion in di cat ing the ab sence of
burst phase in ter me di ates. In ad di tion the Chev ron plots un der 
vary ing denaturant con cen tra tion(s) shows a ‘V’- shaped de -
pend ence on denaturant con cen tra tion with a min i mum in the
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Fig. 13. Rep re sen ta tion of the over all polypeptide fold -
ing of cold shock pro tein B. It is a ~7.5 kDa,
five stranded β-bar rel pro tein. The pro tein lacks 
disulfide bonds.



mid dle of the fold ing tran si tion and an in crease in the slopes
of un fold ing/refolding when mov ing away from tran si tion
mid point. In ter est ingly, CspB has the most highly struc tured
tran si tion state of any pro tein stud ied to date (α-vol ume of
0.86). In ac cor dance with the high α-value, 90% of the change 
be tween the un folded and folded states oc curs be tween the un -
folded and tran si tion states of the pro tein.254,255 Folding stud -
ies on CspB clearly in di cate that there is no cor re la tion be -
tween the sta bil ity of the pro tein and its rate of fold ing. CspB
is only mar gin ally sta ble, but both the refolding un der na tive
con di tions and the equil i bra tion of the folded and un folded
states in the tran si tion re gion are highly rapid re ac tions.
Schlinder et al.253,254 have ex plained the ex tremely rapid fold -
ing of, CspB on the ba sis of Go’s con sis tency prin ci ple. Ac -
cord ing to this pro posal, fold ing could be ex traor di narily
rapid, if the fold ing en ergy gained dur ing refolding pro cess is
not used to sta bi lize non-native in ter ac tions. It is pro posed
that a high con sis tency could be eas ily main tained when all
po ten tial fold ing in ter me di ates are un sta ble and thus avoid ing
ki netic traps. Schlinder et al.253 opine that the rapid fold ing of
CspB could be at trib uted to the lack of in ter me di ate(s) in their
refolding re ac tion.

Schlinder and Schmid also in ves ti gated the fold ing ki -
net ics of CspB as a func tion of urea con cen tra tion at var i ous
tem per a tures.253 In ter est ingly, un der all these con di tions, the
fold ing of the pro tein fol lows a two-state mech a nism. The
close ad her ence of the pro tein to the two-state mech a nism en -
cour aged these au thors to em ploy the tran si tion state the ory
for ana lys ing the ob served ki net ics and es ti mate the ac ti va tion 
pa ram e ters for un fold ing and refolding. Dur ing refolding in
the ab sence of urea, 90% of the change in ∆Cp and 96% of the
change in ‘m’ oc cur be tween the un folded and the ac ti vated
state of CspB.

Peri et al.256 in ves ti gated the ques tion whether sta bil ity
and ki net ics of a pro tein are in ter re lated. They com pared the
sta bil ity of two cold shock pro teins with CspB.256,257 In con -
trast to CspB, which is only mar gin ally sta ble, the other two
ho mol o gous cold shock pro teins (CspT and CspH) pos sess in -
creased conformational stablities. It is found that both CspT
and CspH show very fast two-state ki net ics like CspB. Thus, it 
ap pears that there is no link be tween conformational sta bil ity
and its fold ing rate. This con clu sion is also sup ported by stud -
ies on tendamistat (an all β-sheet pro tein, de scribed ear lier)
wherein a strict ad her ence to a two-state model was found and
the ki netic ‘m’ val ues of un fold ing were in sen si tive to var i ous
mu ta tions.237,238

Cel lu lar Retinoic Acid-binding Pro tein 1
Cel lu lar retinoic acid-binding pro tein 1 (CRABP1) is a

~16 kDa pre dom i nantly β-sheet pro tein. The sec ond ary struc -

ture of the pro tein con sists of 10-stranded β-clam struc ture
and a small he lix-turn-helix seg ment (Fig. 14, Ref. 258).
There is a large cen tral cav ity in side the clam shell-like struc -
ture, which is filled with the sol vent in the ab sence of the
bound lipid. This pro tein is pro to type of a large fam ily of pro -
teins that bind to hy dro pho bic lig ands. Al though the mem bers
of the lipid bind ing pro tein fam ily have se quence homologies
rang ing from 20% to 80%, they con spic u ously have sim i lar
three-dimensional struc ture.259  CRABP1 is best in ter est ing
spec tro scopic prop er ties, which would en dear this pro tein to a
“pro tein folder.” The flu o res cence emis sion of CRABP1 (in
its na tive state) is quenched due to a en ergy trans fer from
tryptophan to retinoic acid.260 Un folding the pro tein re sults in
a strong in crease in the flu o res cence in ten sity with a con com i -
tant prom i nent red shift of the wave length of max i mum emis -
sion. Sim i larly, un fold ing the pro tein also re sults in a large
change in the CD sig nals in the near and far UV re gion.261

These sig nif i cant dif fer ences in the CD and flu o res cence sig -
nals are po ten tially use ful probes to mon i tor the fold ing/un -
fold ing be hav ior of this pro tein. In ad di tion, the three trypto -
phan res i dues are lo cated at struc tur ally dis tinct lo ca tions in
the pro tein mol e cule and hence serve as regio-selective struc -
tural probes dur ing pro tein fold ing/un fold ing.261

Liu et al.261 ex am ined the conformational be hav ior of
CRABP1 un der var i ous de na tur ing con di tions. Al though urea -
 in duced un fold ing pro cess of the pro tein fits into the two-state 
model (Na tive ⇔ un folded states). CRABP1 at low pH con di -
tions is shown to ex ist in a par tially struc tured state. In the
acid-induced in ter me di ate state, the he li cal con tent is sub stan -
tially higher than in the na tive pro tein. At higher con cen tra -
tion of TFE 75% of the back bone of the pro tein is found to fold 
to a he li cal con for ma tion. These re sults led Liu et al.261 to
spec u late that the non-native struc ture could be in volved in
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Fig. 14. De pic tion of the struc ture of the cel lu lar
retinoic acid-binding pro tein. 10β-strands ar -
ranged in the form of a clam con sti tute the sec -
ond ary struc ture of the pro tein. There is a short
he lix-turn-helix seg ment in the pro tein.



the fold ing mech a nism of CRABP1. In ter est ingly, ad di tion of
so dium sul fate to the acid-induced in ter me di ate state caused a
conformational change re sult ing in the re ver sion to the pre -
dom i nantly β-sheet struc ture.

Clark et al.262 eval u ated the in trin sic tryptophan flu o res -
cence as a probe for the struc ture and fold ing of CRABP1.
Their study re vealed that the three tryptophan res i dues which
are not bur ied to the same de gree in the pro tein, do not equiv a -
lently tol er ate the Trp→Phe mutational changes. In ter est -
ingly, mu ta tion of the fully bur ied tryptophan (Trp7) with Phe
also does not af fect the struc ture and sta bil ity of CRABP1.
Stopped-flow flu o res cence ex per i ments on the wild type
CRABP1 pro vides a strong in di ca tion of the pres ence of in ter -
me di ate spe cies. In ter me di ate(s) is formed dur ing the very
early stages of fold ing (<10 ms). The most no tice able as pect
of the in ter me di ate is its in creased flu o res cence emis sion in -
ten sity in the 320-330 nm re gion. These re sults in di cates that a 
non-polar en vi ron ment is formed around one or more trypto -
phan res i due(s) prior to the for ma tion of the na tive state. Fur -
ther, de tailed ex am i na tion of the ki net ics of the regainment of
the in trin sic tryptophan flu o res cence, in di cates that the re -
folding time con stants and am pli tudes of the three trypto phan
res i dues (in CRABP1) are sim i lar im ply ing that fold ing re -
quires com plete-chain in volve ment. The re sults de scribed in
this study sug gest that the hy dro pho bic col lapse event and not
the for ma tion of au ton o mous hair pin ini ti ates fold ing of
CRABP1.262

Clark et al.263 re cently com pared the rates of for ma tion
of the cen tral ligand bind ing cav ity and the con sol i da tion of
the na tive hy dro gen bond ing net work. The fold ing of CRABP1
mon i tored through tryptophan and ANS flu o res cence in -
volves at least four ki netic phases. The pro tein is mostly
folded within a time span of 200 ms. The late ki netic phase is
be lieved to be as so ci ated with the cis/trans  isomerization. Ki -
netic hy dro gen ex change NMR ex per i ments re veal that for -
ma tion of sta ble na tive hy dro gen bonds in CRABP1 oc curs in
a con certed fash ion. It is found that the pro tein binds to the
ligand prior to the for ma tion of the sta ble hy dro gen-bonding
net work. ANS bind ing and quenched flow NMR data were ob -
tained to sug gest that the fold ing of CRABP1 oc cur through
an early for ma tion of a col lapsed struc ture. For ma tion of this
in ter me di ate is fol lowed by the ap pear ance of a state with na -
tive-like three-dimensional struc ture, which in cludes the
ligand-binding cav ity. This struc ture does not con tain the sta -
ble hy dro gen-bonding net work. It is pro posed that the lack of
spe cific ter tiary struc tural pack ing cause hy dro gen bonds to
be tem po rary and weaker than in the na tive state. It ap pears
that for ma tion of the three-dimensional to pol ogy re stricts the
conformational space fa vor ing the de vel op ment of na tive con -
tacts.

Interleukin-1β
Interleukin 1 β is a mem ber of a fam ily of cel lu lar me di a -

tors called as cytokines. The pro tein be longs to the all β-class
and is made up of 12 antiparallel β-strands con nected by turns, 
short or long loops (Fig. 15, Ref. 265). The long loop con nect -
ing the β-strands 3 and 4 is strange in that it con tains a type II
turn fol lowed by 2-3 turns of a 310-he lix. De spite the pres ence
of a 3 10-he lix, interleukin 1 β could still be con sid ered as an all
β-sheet pro tein be cause the long loop is sur face ex posed and
the short 310-he lix lies out side the case of the pro tein. 266,267

Interleukin 1β con tains no disulfide bonds but has two sol vent 
ac ces si ble sulfhydryl groups and four ty ro sine res i dues, one
which is ad ja cent to a sin gle tryptophan res i due at po si tion
120 in the pro tein mol e cule.266 Craig et al.268 were among the
first to in ves ti gate the conformational sta bil ity and fold ing of
interleukin 1β. Interleukin 1β is a ther mo dy nam i cally sta ble
glob u lar pro tein, with a ∆ G(H2O) of 29.4 kJ mol-1 . The re vers -
ibil ity of the refolding is pH-dependent and the yield of the re -
folded pro tein de creases with in crease in pH.268 The pro tein
com pletely un folds at 2 M GdnHCl and above. The pro tein ex -
hibit a high co-operativity un der con di tions where refolding is 
re vers ible. The yield of the re folded pro tein is close to zero if
the pro tein is al lowed to stand in con cen tra tions of GdnHCl
and the pro tein ag gre gates at higher con cen tra tions of the
denaturant.268 Sim i larly, the re vers ibil ity of the pro tein from
the 8 M urea-unfolded state (at pH 7.8) is poor. Refolding of
the pro tein pro ceeds with a biphasic ki net ics. The slow phase
has been shown to be not as so ci ated with proline isomeriza -
tion.268 This phase has been pro posed to be due to slow re ar -
range ment from the com pact col lapsed, com pact glob u lar
state (formed in the ini tial phase) to form the na tive state of
the pro tein. Var ley et al.269 ex am ined the ki net ics of refolding
of interleukin 1 β in greater de tail us ing nu clear mag netic res o -

1026     J. Chin. Chem. Soc., Vol. 47, No. 5, 2000 Kumar et al.

Fig. 15. The β-bar rel fold of the back bone of interleukin 
1β. The pro tein lacks disulfide bridges and con -
sists of 12 antiparallel β-strands ar ranged into a
β-bar rel. There is a short 310 he lix, which is un -
sta ble and ex posed to the sol vent.



nance spec tros copy, cir cu lar dichroism and flu o res cence. The
pro tein has been shown to refold kinetically through a sig nif i -
cantly pop u lated, com pact in ter me di ate state with struc tural
prop er ties re sem bling that of a mol ten glob ule state.269 In the
in ter me di ate state the pro tein is found to re gain 80% to 90% of 
the na tive sec ond ary struc ture, but lit tle or no sta ble ter tiary
struc ture. More than 90% of the el lip tici ty (cor re spond ing to
the sec ond ary struc ture) is re gained within the burst phase of
fold ing (~10 ms). Anal y sis of the flu o res cence data re vealed
the for ma tion of three dis tinct in ter me di ates dur ing the refold -
ing of the pro tein. A se ries of ac ti va tion en ergy bar ri ers ap -
pear to ex ist on the fold ing path way of interleukin 1β. This
fea ture prob a bly leads to the ac cu mu la tion of sev eral in ter me -
di ates along the refolding path way. The fast est phase in the
refolding of interleukin 1β cor re sponds to the for ma tion of
nearly com plete na tive β-sheet struc ture. This event is par al -
leled by a ma jor col lapse of the polypeptide chain, as in di -
cated by the change(s) in the en vi ron ment of sole trypotophan
res i due and ex ten sive hy dro pho bic clus ter for ma tion con du -
cive for ANS bind ing. The na tive high-density pack ing of
non- po lar res i dues within the hy dro pho bic core forms on a
time scale of about 20 mins.269 In ter est ingly, quench-flow hy -
dro gen-dueterium ex change ex per i ments re veal that no sta ble
back bone hy dro gen bonds were formed dur ing the dead time
of the quench-flow ap pa ra tus. Com plete back bone hy dro gen
bond ing in the pro tein oc curs only af ter 25 sec onds of refold -
ing. It is clear from the NMR data that the back bone in ter ac -
tions ob served by far UV CD are not sta ble ei ther due to lo cal
breath ing or slid ing of one strand rel a tive to the other, re sult -
ing in the rapid rup ture and for ma tion of hy dro gen bonds. Var -
ley et al.269 sug gest that fold ing of this pro tein to its na tive
struc ture in volves the rapid for ma tion of the β-sheet struc ture
around a non-polar core which is con se quently fol lowed by
much slower sta bi li za tion of the sec ond ary struc tural el e -
ments ac com pa nied by grad ual fi nal fight pack ing of the core
groups ex ter nal to the β-sheets. Based on the ex per i men tal re -
sults ob tained in the ki net ics of refolding of interleukin 1β,
Gronenborn and Clore270 ra tio nal ized the ‘hy dro pho bic zip -
per’ model pro posed by Dill et al.271 The ‘hy dro pho bic zip per’ 
model pro poses that ini ti a tion of fold ing oc curs by the group -
ing to gether of hy dro pho bic side chains which are closely po -
si tioned in the se quence. The group ing of the non-polar side
chains is pos tu lated to oc cur like the zip ping of the zip per. In
interleukin 1β, the ini tial zip per is pro posed to made up from
the strands 6 and 7, with the other β-strands ar rang ing around
there. 271 In ter est ingly, the lo ca tion and dis tri bu tion of the
non-polar side chains in interleukin 1β fa vors this pro posal.270

The study of Heidary et al.272 pro vides fur ther in sights
into the fold ing mech a nism of interleukin 1β. An at tempt was
made to char ac ter ize the na ture of in ter me di ates that ac cu mu -

late dur ing the refolding of interleukin 1β. A par tially folded
state was ob served to be formed with a re lax ation time of
about 126 ms. of refolding at pH 5.0. Refolding of the pro tein
mon i tored by stopped-flow CD at 230 nm re veals that all the
ex pected am pli tude is re cov ered in two ob serv able phases.272

The first phase ac counts for 60% of the ex pected am pli tude
change and with a re lax ation time of 152 ms. The slow phase
has a re lax ation time of about 43 s. The rate con stants of both
the de tect able phases agree well with the data ob tained from
flu o res cence stud ies. 272 Un like the study of Var ley et al.270

wherein sec ond ary and ter tiary struc tural in ter ac tions were
shown to de velop on dif fer ent scales, Heidary et al.272 re port
that sec ond ary and ter tiary struc tural in ter ac tions are ac quired 
si mul ta neously. The ob served dis par ity be tween the two stud -
ies has been at trib uted to the dif fer ence(s) in pH of the
refolding buffer used in these stud ies. The re sults ob tained by
Heidary et al.272  clearly sug gest that interleukin 1β refolds
with a sim ple se quen tial model. Data ob tained from pulse-
 labeling hy dro gen ex change and electronspray ion iza tion
mass spec tro met ric anal y sis un am big u ously sug gest that na -
tive state of interleukin-β pro ceeds through an oblig a tory in -
ter me di ate.272-274

Apo-pseudoazurin
Apo-psuedoazurin is a 123 amino acid res i due pro tein

iso lated from Thiosphaera pantotropha . The pro tein has com -
plex dou ble wound Greek key to pol ogy.275 In ter est ingly,
apo-psuedoazurin lacks disulfide bonds and tryptophan res i -
dues. The pro tein has a β-sand wich struc ture with 10β-strands 
(Fig. 16, Ref. 275). At the C-terminal end there are two short
he li ces. Apo-pseudoazurin pos sesses eight proline res i dues
with seven in the trans and one in the cis con for ma tions. The
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Fig. 16. Rep re sen ta tion of the back bone fold ing of
apo-pseudoazurin. The sec ond ary struc ture of
the pro tein in cludes 10β-strands ar ranged into a 
sand wich-type struc ture. There are two short
he li ces at the C-terminal end of the mol e cule.



com plex fold of the pro tein at tracts the at ten tion of pro tein
fold ers since it seems un likely that the non-local sec ond ary
struc ture (ob served in the pro tein) could from be fore sub stan -
tial na tive ter tiary con tacts are es tab lished. The com plex mo -
tif is pos tu lated to form via early for ma tion of an ex tended
β-hair pin or hy dro pho bic zippering of amino acid side-chains. 
Capaldi et al.276 re cently in ves ti gated the fold ing events in the
refolding of apo-pseudoazurin.

To un der stand fold ing of pro tein in the ab sence of pro -
line isomerization, Capaldi et al.276,277 em ployed a dou ble
jump tech nique wherein fold ing was ini ti ated from a com -
pletely de na tured state(s) in which all the eight proline res i -
dues are in their na tive iso meric state. The fold ing ki net ics of
apo-pseudoazurin as mon i tored by far UV CD spec tros copy
(us ing the dou ble jump ap proach) shows that about 50% of the 
CD sig nal of the na tive pro tein is re gained within the dead
time of the ex per i ment, in di cat ing rapid for ma tion of an in ter -
me di ate dur ing fold ing. Gen er a tion of the na tive CD sig nal
oc curs in a sin gle phase. In or der to un der stand the con for ma -
tion of the in ter me di ate formed in the very early stages of
fold ing, far UV CD em ploy ing the dou ble jump tech nique was 
col lected at var i ous wave lengths. Com par i son of this data
with that of the pro tein in the na tive and un folded states shows 
that the ki netic in ter me di ate has sub stan tial el lip tici ty in the
far UV CD, sug ges tive of a mix ture of β-sheet and ran dom
coil con for ma tions.276 The urea de pend ence of the un fold ing
and refolding ki net ics of the pro tein was in ves ti gated to ex am -
ine the ac cu mu la tion of in ter me di ate(s) along the fold ing/un -
fold ing path ways of the pro tein. Strangely, the Chev ron plot
for apo-psuedoazurin showed no change of slope in the refold -
ing limb. It has been dem on strated that tran sient ag gre ga tion
can mimic the pop u la tion of an in ter me di ate in ki netic refold -
ing ex per i ment.276 This phe nom e non is ob served at lower
denaturant con cen tra tions, and disaggregation of tran sient oli -
go mers by denaturants makes the fold ing limb of the Chev ron
plot de vi ate from lin ear ity. How ever, Capaldi et al.276 opine
that an in ter me di ate pop u lated in the dead time of apo-
 psuedoazurin could be un usu ally sta ble and de na tur ing close
to the mid point of the equi lib rium un fold ing tran si tion. In
such an event, the refolding limb of the Chev ron plot is ex -
pected to be lin ear de spite the ac cu mu la tion of the in ter me di -
ate in the refolding path way. The high sta bil ity of the fold ing
in ter me di ate of pseudo-azurin strongly sup ports this pro posal. 
De spite the lack of de vi a tion from lin ear ity of the Chev ron
plot, there is over whelm ingly strong ex per i men tal sup port for
the oc cur rence of in ter me di ate state(s) dur ing the refolding of
pseudo azurin. Capaldi et al.276  ex am ined whether the ob -
served in ter me di ate rep re sents an on-pathway, pro duc tive in -
ter me di ate. Fill ing the ki netic data to the on or off path way
model, it is found that apo-pseudoazurin refolds via an in ter -

me di ate which is ob li gate and on the ‘fold ing path way’.

Cardiotoxin II
Cardiotoxin III (CTX III) is a small mo lec u lar weight

(~7.0 kDa), all β-sheet pro tein iso lated from the venom of the
Tai wan co bra (Naja naja atra).278-283 The pro tein pres ents a
three-finger shaped ap pear ance with three loops pro ject ing
from a glob u lar head. The head por tion of the mol e cule is
cross-linked by four disulfide bonds. 279,284-286  The pro tein
lacks tryptophan res i due(s). The sec ond ary struc tural el e -
ments in the pro tein in clude five β-strands ar ranged in an
antiparallel fash ion into dou ble and tri ple stranded β-sheet do -
mains (Fig. 17, Ref. 184). Sec ond ary struc ture pre dic tion
anal y sis us ing var i ous al go rithms re veals that no seg ment of
the amino acid se quences of CTX III has a pro pen sity to adopt
he li cal con for ma tion.287-291 In ter est ingly, ad di tion of helico -
genic sol vents such as 2,2,2-trifluorethanol (TFE) in duces he -
li cal con for ma tion in the pro tein.287,288 These re sults are sur -
pris ing con sid er ing the fact that the he lix in duc ing ten den cies
of TFE have been be lieved to be spe cific. 289 TFE has been
shown to in duce he li cal con for ma tion in only those por tion(s)
of the se quence(s) of pro teins /pep tides that are ei ther he li cal
or have a strong se quence pro pen sity to adopt he li cal con for -
ma tion. 292 Shiraki et al.292 ex am ines the TFE-induced con -
forma tional tran si tions on the na tive struc ture of more than
twenty pro teins. The re sults of this study showed that even
pre dom i nantly β-sheet pro teins such as β-lactaglobulin and
concanavalin A show high he li cal pro pen sity in TFE.292 How -
ever, the in duc tion of he lix in these pro teins is strongly cor re -
lated to the high pro pen sity of the amino-acid se quence to
adopt he li cal con for ma tion. Jayaraman et al.288 in ves ti gated
the ef fects of TFE on CTX III in its na tive, de na tured and
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Fig. 17. MOLSCRIPT representtion of the back bone
fold ing of cardiotoxin III. It is a ~7 kDa, three-
 finger shaped pro tein. The pro tein has five
β -strands ar ranged in an antiparallel fash ion
into dou ble and tri ple stranded antiparallel
β-sheet do mains.



disulfide re duced de na tured states. Re sults of this study re -
vealed that the struc tural tran si tions in duced by TFE in CTX
III in its na tive state and de na tured states are sim i lar. About
25-30% he li cal con for ma tion is in duced in the pro tein in 90%
(v/v). Sur pris ingly, he li cal con for ma tion is in duced in CTX
III even in 20% (v/v) TFE upon re duc tion of the na tive dis -
ulfide bonds in the pro tein. These re sults sug gest that he -
lix-inducing ef fects of TFE could be non-specific. Sivaraman
et al.289,293 us ing S-carboxymethylated CTX III dem on strated
that the na tive disulfide bonds in the pro tein ef fect the he -
lix-induction by TFE. It is found that dis rup tion of disulfide
bridges in the pro tein re sults in the loss of ter tiary struc tural
in ter ac tions and con se quently the he lix-induction by TFE
(in the pro tein) is more fac ile (Fig. 18). In an other study,
Sivaraman et al.289 showed that the he lix-induction by TFE is
in tri cately linked to dras tic destabilization of na tive ter tiary
struc tural in ter ac tions in CTX III. In ad di tion, Kumar et al.294

re cently probed the TFE in duced un fold ing of CTX III un der
acidic con di tions. The TFE-induced un fold ing pro cess is
shown to be com pletely re vers ible. Using a va ri ety of bio -
phys i cal tech niques, it was found that CTX III ex ists in a
‘mol ten glob ule’ like state in 80% (v/v) TFE un der acidic con -
di tions. Two-dimensional NMR stud ies re vealed that the pro -
tein in its ‘mol ten glob ule’ like state has most of the na tive
β-sheet sec ond ary struc tural el e ments in tact.294 How ever, it is
still not clear if this in ter me di ate state is on/off the un fold ing
path way of CTX III.

Partially struc tured states in CTX III have also been
char ac ter ized in the equi lib rium-unfolding path way of CTX
III un der sev eral con di tions.295-298 Jayaraman et al.298 re cently
iden ti fied a par tially struc tured in ter me di ate which is pop u -
lated dur ing the ther mal un fold ing path way of CTX III at pH

4.0. In ter est ingly, the pro tein in its par tially struc tured state is
sta ble at high tem per a ture (~90 °C). Sim i larly, Sivaraman et
al.297 char ac ter ized a sta ble, par tially struc tured state in the
2,2,2-trichloro ace tic acid (TCA)-in duced un fold ing path way
of CTX III. The par tially struc tured in ter me di ate (in 3% (w/v)
TCA) ex hib its strong af fin ity to the hy dro pho bic dye, ANS.
Fou rier trans form 1R, flu o res cence and CD anal y sis re vealed
that CTX III in the ‘mol ten glob ule’-like state has lost most of
the na tive ter tiary struc tural in ter ac tions.297 Re sults of the one
and two-dimensional NMR ex per i ments in di cate that about
65% of the na tive β-sheet struc tural con tacts are main tained in 
the par tially struc tured state of CTX III in 3% TCA (Fig. 19).
In ter est ingly, most of the in ter ac tions sta bi liz ing the tri ple
stranded β-sheet do main are found to be un per turbed. How -
ever, the β-strands com pris ing the dou ble strand are com -
pletely un folded in the acid-induced par tially struc tured
state.297

The ki net ics of refolding of CTX III from its guani -
dinium hy dro chlo ride (GdnHCl) state was in ves ti gated re -
cently by Sivaraman et al..299  The un fold ing ⇔ refolding tran -
si tions in duced by GdnHCl are re vers ible and are shown to
fol low two-state ki net ics. Refolding ki net ics mon i tored us ing
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Fig. 18. Far UV CD curves of de na tured and disulfide
re duced CTX III at var i ous con cen tra tions of
TFE.  a - 0%; b - 30%; c - 40%; d - 70% and e -
90% (v/v).

Fig. 19. NOESY spec trum (200 ms mix ing pe riod) of
CTX III in 3% w/v TCA de pict ing NOEs in the
fin ger print re gion (NH, C αH). The se quen tial
interstrand cross-peaks (NH, C αH) are la beled
and the intraresidual cross-peaks are in di cated
ac cord ing to the po si tion of the cor re spond ing
amino acid res i due(s) in the pro tein se quence.
Most of the in ter ac tions sta bi liz ing the tri -
ple-stranded β-sheet do main are in tact in the
‘mol ten glob ule’ like state in 3% (w/v) TCA.



ANS (as an ex trin sic probe) re veals that the pro tein folds
through a hy dro pho bic col lapse in the burst phase (<5 ms) of
refolding (Fig. 20). In ter est ingly, the refolding ki net ics fol -
lowed by quenched-flow deu te rium-hydrogen ex change of
the am ide pro tons re veals that the res i dues that pos sess
refolding time con stants less than 20 ms (fast fold ing res i -
dues) are po lar res i dues con cen trated in the tri ple-stranded
β-sheet seg ment and the C-terminal loop.299 The ki net ics of
refolding of CTX III mon i tored by far and UV CD re veals an
over shoot in the 214 nm and the 222 nm sig nal. Refolding ki -
net ics of CTX III in the pres ence of TFE did not show fur ther
in crease in the in ten sity of the 222 nm sig nal im ply ing that the
over shoot is not re lated to for ma tion of non-native he lix con -
for ma tion dur ing the refolding of the pro tein. It is sug gested
that the far UV ‘over shoot’ ob served in CTX III orig i nate due
to the regainment of asym me try of the disulfide bridge(s) dur -
ing the refolding of the pro tein.299

Quenched-flow hy dro gen-dueterium stud ies on the
refolding of CTX III showed that the pro tein folds within a
time pe riod of 125 ms. The av er age refolding time con stant of
the five β-strands com pris ing the dou ble and tri ple stranded
β-sheet do mains in CTX III are: strand I = 34.8 ms, strand II =
35.1 ms , strand III = 23.6 ms, strand IV = 18.3 ms and strand
V = 17.2 ms. For ma tion of strand II and strand I con sti tut ing
the dou ble stranded β-sheet seg ment ap pears to oc cur al most
si mul ta neously. The av er age time con stant of res i dues in the
dou ble stranded β-sheet is 35.0 ms.299 The av er age tine con -
stant of res i dues com pris ing the tri ple stranded β-sheet seg -
ment is 19.7 ms. Among the three β-strands (strands III, IV
and V), res i dues in strand V fold rap idly with an av er age time
con stant of 17.2 ms. In sum mary, the tri ple stranded β-sheet

do main in CTX III folds faster than the dou ble stranded
β-sheet seg ment (Fig. 21). Re cently, Sivaraman et al .286 in ves -
ti gated the na tive state am ide pro ton ex change ki net ics of
CTX III to un der stand if the av er age pro tec tion fac tor(s) and
the time con stant of refolding of var i ous am ide pro tons in
CTX III are cor re lated. It is found that the most slowly ex -
chang ing por tion con sti tutes the fold ing core of the pro tein.

Cobrotoxin
Cobrotoxin (CBTX) iso lated from the venom of the

Tai wan co bra (Naja naja atra) is a small mo lec u lar weight
all  β-pro tein cross-linked by four disulfide bonds.300,301

Cobrotoxin shares more than 45% se quence homology with
CTX III. Com par i son of the three-dimensional struc tures of
CBTX and CTX III re veals that both the pro teins are ‘three-
 finger’ shaped with three loops pro ject ing from a glob u lar
head (Fig. 22, and Refs. 284, 300). CBTX, like CTX III, con -
tains five β-strands ar ranged in an antiparallel fash ion into
dou ble and tri ple stranded β-sheets. 300  The free en ergy of
un fold ing of CBTX is about 2.25 ± 0.5 kcal/mole which is
about half the value es ti mated for CTX III (4.21 kcal/mol).
Sivaraman et al.301 re cently in ves ti gated the fold ing ki net ics
of CBTX us ing a va ri ety of bio phys i cal tech niques. The sec -
ond ary struc ture for ma tion and hy dro pho bic col lapse oc cur as 
dis tinct events dur ing the refolding of the pro tein. More than
80% of the to tal ex pected am pli tude change is re al ized within
about 30 ms af ter refolding is ini ti ated.301  Quenched-flow
deu te rium-hydrogen ex change data ob tained at var i ous pulse
la bel ing times re veals that changes in the am ide pro ton(s) pro -
tec tion are mostly com plete within 75 ms of refolding (Fig.
23). The for ma tion of ter tiary struc tural in ter ac tions dur ing
the refolding of CBTX was mon i tored by two dif fer ent spec -
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Fig. 20. Stopped-flow ki net ics of refolding of CTX III
mon i tored by ANS flu o res cence. The in set
clearly de picts the hy dro pho bic col lapse that
oc curs in the burst phase of fold ing.

Fig. 21. Time course for the pro tec tion of am ide pro tons 
from ex change of the res i dues in volved in dou -
ble and tri ple stranded β-sheets dur ing the
refolding of CTX III. Non-linear least square
fits of the data yield val ues of 19.7 ms (filled
cir cle) and 35.0 ms (open cir cles) for the av er -
age time con stants of fold ing of the tri ple and
dou ble stranded β-sheet do mains, re spec tively.



tro scopic probes. The 284 nm el lip tici ty prac ti cally re mains
un changed even up to 100 ms, sug gest ing that lit tle or no ter -
tiary struc tural con tacts de velop in the pro tein dur ing the time
frame wherein com plete sec ond ary struc tural in ter ac tions are
formed. In ad di tion, less than 5% of the fi nal am pli tude of the
ANS flu o res cence is re gained in the first 75 ms of refolding of
CBTX, in di cat ing that no or very mea ger ex tent of ter tiary
struc ture de vel ops within this time scale.301 The ANS flu o res -
cence shows a steep in crease to a max i mum value at 200 ms
(Fig. 24). It is rather sur pris ing to find that fold ing of a small
pro tein such as cobrotoxin pro ceeds through the oc cur rence of 

dis tinct struc tural events. The refolding path way of CBTX is
an unique ex am ple wherein sec ond ary struc ture for ma tion
and hy dro pho bic col lapse oc cur as well seg re gated events.
The events in the refolding ki net ics of CBTX would help shed
the gen eral no tion that fold ing of small pro teins do not in volve 
the oc cur rence of dis tinct in ter me di ate(s).301

Fibroblast Growth Fac tor
Fibroblast growth fac tor (FGF) is a ~17 kDa, hep a rin

bind ing, all β-sheet pro tein.302  The pro tein has free cysteine
res i dues but lacks disulfide bonds. In ter est ingly, the pro tein
has a sin gle tryptophan res i due, which could serve as a use ful
probe to mon i tor the fold ing/un fold ing of the pro tein. The
pro tein folds ac cord ing to a β-tre foil mo tif.303 Hu man acidic
FGF (hFGF), which is the most well stud ied FGF an a logue,
has six β-strand pairs, five of them with hair pin struc ture and
an other that, top o log i cally equiv a lent to the other five and
some times re ferred to as the sixth hair pin, is not as such.303,304

Three of these pairs form a six-stranded bar rel struc ture and
the other three are in a tri an gu lar ar ray that caps the bar rel
(Ref. 304, Fig. 25). In gen eral, the struc ture of hFGF bears a
gross sim i lar ity with that of interleukin 1β.305,306

As men tioned ear lier, FGF is a hep a rin bind ing pro tein
and is known to pos sess a dis tinct an ion bind ing site. Burke et
al.306 showed that sev eral polyanions could bind to hFGF and
sta bi lize its struc ture against urea and heat de na tur ation. Sanz
and Gallego re cently in ves ti gated the acid-induced un fold ing
of hFGF307  They dem on strate that hFGF ex ists in a par tially
struc tured state at pH 4.0. The pro tein in its par tially struc -
tured state is shown to in ter act weakly with the hy dro pho bic
probe N-phenyl-1-naphthylamine in di cat ing rel a tively high
level of struc ture which did not fit into the clas si cal mol -
ten-globule cat e gory.307  In ter est ingly, this in ter me di ate is
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Fig. 22. Back bone fold ing of cobrotoxin. The anti par -
allel, dou ble and tri ple stranded β-sheet do -
mains in the pro tein are teth ered by the pres ence 
of four disulfide bonds (not shown). The pro -
tein has a sin gle tryptophan res i due, which
could be succesfully ex ploited to mon i tor the
fold ing of the pro tein.

Fig. 23. Mag ni tude COSY spec tra of CBTX sam ples
pre pared by quenched-flow hy dro gen ex change 
meth ods, at two dif fer ent time pe ri ods. The
NH-C αH cross-peaks ob served in the spec tra
af ter 96 ms of refolding rep re sent res i dues in
the un struc tured por tions of the CBTX mol e -
cule. The la beled cross-peaks (at 0 ms of refold -
ing) rep re sent the res i dues in the sec ond ary
struc ture.

Fig. 24. Changes in the ANS flu o res cence dur ing the
refolding of CBTX. The in set fig ure rep re sents
the changes in the ANS flu o res cence in the first
1s of refolding of the pro tein.



shown to in ter act with liposomes sug gest ing that it might rep -
re sent a mem brane translocation-competent form. Sim i lar
con clu sions were made by Mach and Middaugh308  based on
their mem brane in ter ac tion stud ies with hFGF. hFGF is
shown to in ter act with neg a tively charged but not neu tral
phospolipid unilamellar ves i cles at acidic pH, in duc ing
bilayer dis rup tion. The neg a tively charged lipid bilayers ap -
pear to in ter act with par tially struc tured states of hFGF by
pref er en tial bind ing of both its apolar and charged sur faces to
com ple men tary re gions of the lipid bilayer

Dabora et al.309  in ves ti gated the ef fects of polyanions on 
the refolding of hFGF. In ad di tion, the ef fect(s) of tem per a ture 
on the ki net ics of refolding of hFGF were also ex am ined in the 
pres ence and ab sence of sev eral polyanions. The refolding ki -
net ics mon i tored by the change in tryptophan flu o res cence re -
veals that com plete fold ing of pro tein (hFGF) takes more than
50s. The rate of fold ing was sur pris ingly de pend ent on pro tein 
con cen tra tion, with the rate dou bling as the con cen tra tion de -
pend ence was raised from the 20/µg/ml at 25 °C. How ever, in
the pres ence of EDTA this con cen tra tion de pend ence of
refolding is abol ished. This as pect prob a bly sug gests a com -
plex ki netic path way for hFGF in the pres ence of heavy metal
ions, which could po ten tially ox i dize the free thiol avail able
in the pro tein. The rate of refolding of hFGF is shown to be
sig nif i cantly in creased in the pres ence of var i ous polyanions.
In ter ac tion of polyanions with hFGF is shown to de crease the
ac ti va tion en ergy for fold ing. Ad di tionally, the pres ence of
mo lec u lar chaperones and peptidyl prolyl isomerase does not
seem to af fect the refolding rates of hFGF from its un folded
state(s).

β-lactoglobulin
β-lactoglobulin is iso lated from milk sources and is a 18

kDa glob u lar pro tein with two disulfide bridges.310 The pro -
tein is gen er ally a mono mer but it dimerizes in al ka line con di -
tions due to the inter-molecular disulfide bond for ma tion be -
tween the free thiol groups lo cated in each mono mer. X-ray
struc ture of β-lactoglobulin in di cates that the pro tein is a
β-bar rel com posed of nine β-strands and one small al pha he li -
cal seg ment (Fig. 26). In ter est ingly, com par i son of the x-ray
crys tal lo graphic struc tures of plasma retinol bind ing pro tein
and β-lactoglobulin bear re mark able sim i lar ity and are cat e -
go rized in the lipocaln fam ily.311,312  Bo vine β-lactoglobulin
rep re sents an in ter est ing ex am ple of con text-dependent sec -
ond ary struc ture in duc tion.313 Sec ond ary struc ture pre dic tion
anal y sis re veals a high α-he li cal pref er ence, which is re tained
for short frag ments (Shiraki et al.).161

Molinary et al.314 re cently stud ied the pH de pend ent
conformational sta tus of bo vine β-lactoglobulin. It is found
that the pro tein ex ists in a par tially struc tured state at pH 2.0.
The pro tein is found to ex ist in a monomeric state un der these
con di tions.314 NMR char ac ter iza tion of the pH in duced par -
tially struc tured state of β-lactoglobulin pro vides ev i dence of
ex ten sive flex i bil ity of the ar o matic res i dues. In gen eral, the
pro tein con tains a sub-domain with a highly or dered β-sheet
core, while the rest of the mol e cule ex hib its an in creased flex i -
bil ity, giv ing rise to lo cally or dered struc tures.314 NMR stud -
ies of the in ter me di ate pop u lated in the acid-induced un fold -
ing path way re vealed a con served hy dro pho bic clus ter and is
be lieved to play an im por tant role in the sta bil ity of the pro -
tein. This hy dro pho bic clus ter is shown to have na tive-like
struc ture. In a re lated study, Fujiwara et al.315  re ported the
ac cu mu la tion of an equi lib rium un fold ing of equine β-
 lactoglobulin us ing guanidinium hy dro chlo ride. The in ter me -

1032     J. Chin. Chem. Soc., Vol. 47, No. 5, 2000 Kumar et al.

Fig. 25. The struc ture of the hu man acidic fibroblast
growth fac tor. The pro tein has a sin gle trypto -
phan res i due and lacks disulfide bonds. The
pro tein has 12β-strands ar ranged into a β-bar rel 
struc ture.

Fig. 26. De pic tion of the back bone fold ing of β- lacto -
globulin. The β-bar rel struc ture of the pro tein is 
con sti tuted by nine β-strands ar ranged in an
antiparallel fash ion. A small he li cal seg ment
span ning six res i dues could also be ob served.
Sec ond ary struc ture pre dic tion anal y sis of the
pro tein re veals a high α-he li cal pref er ence.



di ate state has struc tural fea tures akin to the ‘mol ten glob ule’
state. In ter est ingly, sta ble non-native he li cal seg ments were
in duced in the ac cu mu lated in ter me di ate.315  In con trast,
urea-folding stud ies of β-lactoglobulin is shown to be an ap -
par ent two-state tran si tion and no non-native α-he li cal in ter -
me di ate(s) were ob served.315 Dufour et al.316,317  in ves ti gated
the pres sure-induced un fold ing of β-lactoglobulin at two pHs. 
At neu tral pH, the pro tein tran si tions un der in creas ing pres -
sure in volves three states, na tive pro tein (at low pres sure), de -
na tured pro tein (un der high pres sure) and de na tured state
even af ter pres sure re lease. Pres sure-induced de na tur ation
data low pH (pH ~ 2) shows a marked in crease in pro tein sta -
bil ity sug gest ing that the pro tein, while pre serv ing the same
sec ond ary struc ture, can adopt var i ous ter tiary struc tures dis -
play ing dif fer ent sus cep ti bil ity to de na tur ing agents at dif fer -
ent pH val ues. This as sump tion is sup ported by the dif fer en -
tial pH de pend ent sus cep ti bil ity of hu man lactoglobulin to
pep sin hy dro ly sis.316,317

Kuwajima et al.318 study ing the refolding β- lactog -
lobulin re ported the ac cu mu la tion of a tran sient in ter me di ate
in the burst phase of refolding from its GdnHCl un folded
state.318 Sub stan tial sec ond ary struc ture but no or lit tle ter tiary 
struc tural in ter ac tions were found to be pres ent in the tran sient 
in ter me di ate. Re cently, Kuwajima and co work ers re in ves ti -
gated the fold ing ki net ics of bo vine β-lactoglobulin us ing cir -
cu lar dichroism and ab sorp tion mea sure ments.319  The burst
phase in ter me di ate showed more in tense el lip tici ty sig nals in
the far UV re gion than the na tive state. The ob served in crease
in  el lip tici ty is at trib uted to the for ma tion of non-native he li -
cal struc ture. In ter est ingly, the burst phase in ter me di ate is
shown to share many com mon struc tural fea tures with ‘mol -
ten glob ule’ state re al ized in the equi lib rium in ter me di ates,
which in clude (1) pres ence of sec ond ary struc ture and lack of
ter tiary con tacts, and (2) for ma tion of hy dro pho bic core. Re -
sid ual β-struc ture were found in the disulfide cleaved, 4 M
GdnHCl – de na tured un folded state(s) sam ple.319 The per sis -
tent β-struc ture is a part of the na tive β-struc ture; it is be lieved 
that it (β-struc ture) could con sti tute the fold ing ini ti a tion
site. 319 In a re lated study, Ha ma da et al.320-322 study ing the
refolding ki net ics of bo vine β-lactoglobulin also reached a
sim i lar con clu sion(s). They char ac ter ize the con for ma tion of
the burst phase-intermediate and sug gest that the pro tein fol -
low a ‘non- hi er ar chi cal’ model of fold ing and the non-native
α-he li cal struc tures are con tem plated to play im por tant roles
in the fold ing of β-lactoglobulin. The burst phase in ter me di ate 
was char ac ter ized by the mea sure ment of the wave length de -
pend ence of the refolding ki net ics.322  The over shoot ob served
in the el lip tici ty val ues (in the far UV re gion) were shown not
to be lim ited to ~220 nm but was also found across a broad
range of the far UV re gion. To elim i nate the pos si ble ar ti facts

aris ing out of ab sorp tion of chromo phores (in the far UV re -
gion), the refolding ki net ics of the pro tein was ex am ined in
the pres ence of TFE. It was found that TFE sta bi lizes the he li -
cal seg ments formed in the burst phase in ter me di ate. Arai et
al.323 char ac ter ized the struc tural fea tures of β-lactoglobulin
us ing a va ri ety of bio phys i cal tech niques in clud ing syn chro -
tron x-ray scat ter ing. These re sults re veal that β-lactoglobulin 
forms a com pact glob u lar struc ture within 30 ms of refolding.
The ra dius of gy ra tion within 100 ms of refolding was 1:1
times larger than that in the na tive state.323 Their study in di -
cated that both lo cal and non-local in ter ac tions are dom i nant
forces in the early stages of pro tein fold ing. Refolding of
equine β-lactoglobulin from its urea-denatured state forms a
‘mol ten glob ule’ like in ter me di ate in the burst phase of
refolding.315  The ther mo dy namic sta bil ity of the burst phase
in ter me di ate es ti mated from the urea-concentration de pend -
ence of the burst phase am pli tude is in good agree ment with
that of the equi lib rium in ter me di ate. Subramaniam et al.324  re -
ported β-lactoglobulin from its GdnHCl de na tured state and
mon i tored the regainment of the retinol bind ing and func -
tional ac tiv ity upon refolding of the pro tein. In ter est ingly, 10
times di lu tion of the denaturant does not al low the pro tein to
re gain the na tive con for ma tion but com pletely re stores its bi o -
log i cal ac tiv ity. These re sults raise an in trigu ing pos si bil ity
that a fully folded struc ture (i.e. the global en ergy- min i mum
spe cies) is not re quired for bi o log i cal func tion of a pro tein.
Haltori et al.325 mon i tored the events in the refolding of
β-lactoglobulin with monoclonal an ti bod ies as probes. Com -
plete renaturation was never re al ized un der sev eral renaturing
con di tions such as quicker or slower re moval of the denat -
urant. These re sults are sug ges tive of some spe cific moeity
(ies) in the pro tein mol e cule un able to re turn to the na tive con -
for ma tion.325

SH3 Do main Pro teins
SH3 do mains are in te gral parts of many sig nal trans -

duction and cytoskeletal pro teins and are be lieved to me di ate
a vast ar ray of pro tein-protein in ter ac tions.326  The abun dance
of nu mer ous crys tal and so lu tion struc tures and their sim plic -
ity in terms of small size and lack of disulfide bonds, and
bound co-factors ren der mem bers of this class of pro teins to
be at trac tive mod els for un der stand ing the rules of pro tein
fold ing.327-329 With the ex cep tion for vari a tions in the loop re -
gions, the SH3 do main pro teins have a dis tinc tive fold of two
3-stranded β-sheets packed or thogo nally against each other to
form a sin gle hy dro pho bic core (Fig. 27). Viguera et al.330 es -
tab lished the ther mo dy namic and ki netic anal y sis of the SH3
do main of spectrin. In prin ci ple, the fold ing and un fold ing re -
ac tions of this SH3 do main were found to be de scribed by the
two-state model. No in ter me di ate was ob served to ac cu mu late 
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by equi lib rium de na tur ation mon i tored by flu o res cence or cir -
cu lar dichroism meth ods.330 A con com i tant re cov ery of sec -
ond ary and ter tiary struc ture is ob served dur ing refolding.
Far row et al.331  com pared the back bone dy nam ics in equi lib -
rium (in aqeous buffer) us ing multi-dimensional NMR meth -
ods. Anal y sis of the fold ing tran si tion of the SH3 do main,
which ex ists in a folded-unfolded equi lib rium in non-
 denaturing con di tions, in di cated vari abil ity in the equi lib rium 
con stant for dif fer ent res i dues in the mol e cule.331 Pro tein in
the folded form is shown to be have as a com pact struc ture,
with uni form dy namic be hav ior. Comparsion of the mag ni -
tudes of the val ues of the spec tral den sity func tions as well as
cou pling con stant and NOE data re veals that the un folded
state (s) ex ists as an en sem ble of rel a tively weak com pact
struc tures, with motional prop er ties sim i lar to the un or dered
re gions in folded pro teins. Zhang and Kay332  fur ther at -
tempted to char ac ter ize the folded and un folded states of an
iso lated N-terminal src homology 3 (do main) of Drasphila
drk. NMR spctra of the pro teins re corded in the folded and un -
folded states si mul ta neously at neu tral pH showed an ap prox i -
mate 1:1 ra tio of pro tein con for ma tions. β-turns like con for -
ma tion were ev i dent among the un folded mol e cules of the
pro tein.332 A stretch of se quen tial am ide-amide nu clear over-
 hausser ef fect cross-peaks could be lo cated in a re gion cor re -
spond ing to the β-strands in the na tive state. It could be worth -
while to de bate whether the turn-like con for ma tion iden ti fied
in the un folded states can be viewed as in ter me di ates in the
fold ing path way. It is in ter est ing to note that the SH3 do main
of GRB2 is also known to ex ist in the equi lib rium be tween
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

no am ide pro tons which ex change slowly with wa ter, in dic a -
tive of in sta bil ity of the do main.332 Zhang and Kay stud ied the
ef fect of bind ing of a proline-rich pep tide on the equi lib rium
be tween the folded and un folded states.333  It is found that the
poly proline pep tide sta bi lizes the na tive state. At an equi-
 molar ra tio of the SH3 do main to the pep tide, 85% of the mol -
e cules ex ist in the folded state.333 The re sults of the study bear
a great deal of phys i o log i cal sig nif i cance. Given the large
num ber of pro teins which func tion by bind ing to other pro -
teins, nu cleic ac ids, or lig ands, it is pos si ble that a sig nif i cant
num ber of pro teins in vivo re quire bind ing tar get lig ands to
form or dered and folded struc tures. It is in ter est ing to note
that size able pop u la tions of un folded states of pro teins are
pres ent in vivo un der na tive con di tions. In a re cent re port
Blanco et al.334 stud ied the NOEs for the un folded states of
wild type and mu tants de signed with a se quence with the high -
est pre dicted con tent of he li cal struc ture. The mu ta tions were
de signed us ing the AGADIR al go rithm and were tested in
short pep tides with mod i fied se quences. Anal y sis of dif fer ent
mu tant pro teins did not show any clear re la tion ship be tween
pep tide he li cal con tent and destabilization of the folded state.
How ever, the ki net ics of un fold ing of the mu tant pro teins sug -
gests that the un folded states of the mu tants are more com pact
than the wild type. These re sults dem on strate that ex is tence of
a high pop u la tion of non-native sec ond ary struc tural el e ments 
in the un folded state(s) is com pat i ble with the for ma tion of the 
na tive struc ture. In an el e gant study, Mok et al.335 us ing NOEs
ob tained from multi-dimensional NMR tech niques ob served
sev eral long-range am ide NOEs in the un folded state(s) of the
SH3 do main of Drosophila drk . These long-range am ide
NOEs were found to dis ap pear upon ad di tion of chem i cal
denaturants, im ply ing that sub stan tial dif fer ences be tween the 
un folded state(s) in duced un der phys i o log i cal con di tions and
in the pres ence of chem i cal denaturants.335

Re cently, Viguera et al.336 an a lyzed the sta bil ity and
fold ing ki net ics of cir cu larly per muted forms of the α-spectrin 
SH3 do main. All pos si ble cir cu larly mu tated pro teins that dif -
fer en ti ate two con sec u tive el e ments of sec ond ary struc ture in -
ter act in the three-dimensional struc ture of the pro tein. In es -
sence, each of the mu tants has two sep a rated se quences,
which in the early stages of the fold ing pro cess could be pos si -
bly in volved in lo cal in ter ac tions.336 Ex haus tive anal y sis of
the pos si ble per mu ta tions be tween sec ond ary struc tural el e -
ments re vealed that  cir cu larly mu tated pro tein(s) folds to a
con for ma tion sim i lar to the wild type. This study pro vides
strong ev i dence to sug gest that lo cal in ter ac tions be tween ex -
ist ing sec ond ary struc tural el e ments (for ex am ple, β-hair pins) 
are not guid ing forces in the pro tein fold ing pro cess.336 In ad -
di tion, it has been shown that ther mo dy namic sta bil i ties of all
the cir cu lar mu tants are less than the wild type pro tein. Elab o -
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Fig. 27. Rep re sen ta tive struc ture of the SH3 do main of
α-spectrin. The do main lacks disulfide bonds
and has a dis tinc tive fold of 2 three stranded
β-sheets ar ranged or thogo nally against each
other to con sti tute a hy dro pho bic core.



rate pro tein en gi neer ing ex per i ments re veal that the fold ing
path way of the pro tein has been changed in the cir cu larly per -
muted pro teins. It ap pears that al though the or der of sec ond -
ary struc ture and the pres er va tion of β-hair pin has no marked
ef fect on the pro tein to refold to its na tive state, they crit i cally
in flu ence the ki net ics of the fold ing and un fold ing path ways.
Serrano and co work ers re cently com pared the energetics and
struc tures of na tive and tran si tion states of the wild types and
cir cu larly per muted mu tants of the α-spectrin SH3 do main.337

Their study pro vides com pul sive ev i dence to sug gest that pro -
teins with sim i lar amino acid com po si tion and folds can have
dif fer ent tran si tion states. It ap pears that the fold ing nu clei is
not spe cific and pres ence of cer tain res i dues in the fold ing
clus ter are sim ply more prob a ble but not es sen tial. Even if one 
sub set of fold ing routes dom i nates in a given se quence, an en -
tirely dif fer ent sub set of routes may dic tate fold ing in an -
other.337

Viguera and Serrano in ves ti gated the in flu ence of loop
length and intramolecular dif fu sion on the pro tein fold ing pro -
cess.338 Cir cu lar permutants of α-spectrin SH3 do main with
dif fer ent poly-glycine loop in ser tions (up to 10 glycine res i -
dues) showed that the glycine in ter ac tion does not af fect the
struc ture of the folded state. In ad di tion, the struc tural char ac -
ter is tics of the de na tured en sem ble also did not change sig nif i -
cantly by the in ser tion of the glycine loop. How ever, the ap -
par ent en ergy bar rier be tween the folded and un folded states
in creased lin early with the length of the glycine loop in -
serted.338  In ser tion of the glycine loop pro duced no marked
conformational changes. The free en ergy change for a 10-
 glycine in ser tion is rather small (~0.8 kcal mole-1). In ter est -
ingly, loop enlongation is found to ac cel er ate un fold ing but
slows down the fold ing rate. Al though the ef fects on both un -
fold ing and refolding rate con stants are sim i lar in mag ni tude,
the de pend ence of their nat u ral log a rithm or loop length is dif -
fer ent. In the un fold ing phase, the ef fect is non-linear and
tends to sat u rate. In con trast, in the fold ing phase, the loop
length and rate con stant al most in crease lin early.  The re sults
of this study sug gest that the dis tance among in ter act ing res i -
dues is im por tant in over com ing the high en ergy tran si tion
state bar rier and thus con fers a role for inter molecular dif fu -
sion in the pro tein fold ing pro cess.

Prieto et al.339 ad dressed the ques tion of the rel a tive im -
por tance of sec ond ary ver sus ter tiary struc tural in ter ac tions
for sta bi liz ing and the fold ing pro cess. Mu ta tions were de -
signed which in tro duce a strong non-native he li cal pro pen sity
in the N-terminus of the α-spectrin SH3 do main.339 Al though
the mu tant pro teins had sim i lar three-dimensional struc tures
as the wild type, they were less sta ble and had less co-
 operative fold ing tran si tions. A very good cor re la tion could
be found from the refolding ‘mf’ val ues and the he li cal ten -

dency. As the mu tants ex hibit a two-state tran si tion with no
fold ing in ter me di ate(s), the de crease ob served in the ‘mf’
value can not be com pletely ex plained on the ba sis of a de -
crease in the sol vent ac ces si bil ity of the de na tured state.339

The sta bi li za tion of the non-native he li cal struc tures in the
SH3 do main prob a bly leads to com pac tion of the de na tured
state.

The fold ing ki net ics of the SH3 do main of P13 kinase
was in ves ti gated re cently us ing a va ri ety of bio phys i cal tech -
niques.340 In con trast to the α-spectrin SH3 do main, the fold -
ing ki net ics of the P13 kinase SH3 do main is biphasic. The
slow phase cor re sponds to the in cor rectly con fig ured cis
proline res i due(s). Real time NMR anal y sis of the fold ing ki -
net ics of the pro tein shows that the spe cies pop u lated in the
ini ti a tion stages of fold ing ex hibit poor chem i cal shift dis per -
sion sim i lar to the un folded state in 6 M GdnHCl. PI3-SH3 do -
main folds slowly with a time con stant of 2.8 sec onds at 20
°C.340 It is in ter est ing to note that with the ex cep tion of the
P13-SH3 do main, all other SH3 do mains stud ied so far fold
ex tremely rap idly with the time con stant val ues rang ing from
1 to 340 ms. These re sults sug gest that there is no strict
relaionship be tween the ab sence of fold ing in ter me di ates and
rapid fold ing. In ad di tion, slow fold ing may not be a con se -
quence of oc cur rence of ki netic traps.340

Ex per i men tal stud ies on the fold ing as pects of src SH3
do main were re cently com ple mented by mo lec u lar dy nam ics
sim u la tions.341 About 30 in de pend ent, high tem per a ture mo -
lec u lar dy nam ics sim u la tions of the src SH3 do main un fold -
ing were mon i tored. The cu mu la tive anal y sis of the ob served
tra jec to ries re vealed a hi er ar chy of events in the un fold ing
pro cess. The con tacts be tween the N- and C- ter mi nal strands
are the first to dis ap pear.341 The hy dro gen-bonding net work
in volv ing the dis tal β-hair pin and the diverging turn per sist
even af ter most of the na tive struc tural con tacts are lost. Al -
though the over all hi er ar chy of struc ture loss is sim i lar in the
sim u la tions and in ex per i ment, dif fer ences are more dra matic
in the ex per i men tal re sults. The ex per i men tal ϕ  val ues are
close to zero for the first and last β-strand, and near one in the
dis tal loop beta hair pin. The com puted φ val ues for the same
struc tured re gions (in the pro tein) from sim u la tions are on av -
er age 0.4 and 0.8, re spec tively.341

Com mon Fea tures in the Folding of β-Sheet Proteins
A sur vey of the fold ing ki net ics of β-sheet pro teins stud -

ied thus far re veals a broad range of rate con stants. Large
multi-domain β-sheet pro teins such as interleukin 1β ap pear
to fold rel a tively slowly. In con trast, small sin gle do main pro -
teins such as cardiotoxin III, cobrotoxin and SH3 do main pro -
tein fold ex tremely rap idly on time scales less than 500 ms.
Cold shock pro tein B is an ex treme ex am ple of a rap idly fold -
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ing β-sheet pro tein (k = 1070 s-1). The sin gle do main α-he lix
and β-sheet pro teins are ob served to fold on sim i lar time
scales. In gen eral it ap pears that α and α+β pro teins and all
β-sheet pro teins use dif fer ent prin ci ples to reach the ac ti vated
state in their fold ing re ac tions. The di chot omy could be best
un der stood by not ing that he li ces are sta bi lized pri mar ily by
lo cal in ter ac tions and hence con form very eas ily and rap idly.
In most of the he li cal pro teins, fold ing is ini ti ated at he li ces.
β-sheets on the other hand are sta bi lized by non-local in ter ac -
tions and pos si bly al most the en tire β-sheet is nec es sary to
reach the re quired ac ti vated state. There are only a few pro -
duc tive fold ing routes since the β-sheet struc ture is more dif fi -
cult to form and sta bi lize. For this rea son fold ing path ways are 
well con served among re lated β-sheet pro teins. In ad di tion,
the β-sheet pro teins have well a de fined ac ti vated state which
closely re sem bles the na tive state. In ter est ingly, the fold ing
path ways are quite strin gent and co op er a tive and can not be
eas ily al tered by gross mu ta tions. In ad di tion, the fact that
β-sheet pro teins are not at a dis ad van tage of at tain ing their na -
tive state(s) sug gests that early re stric tion of conformational
free dom does oc cur in β-sheet. A better un der stand ing of the
very early stages of fold ing of β-sheet pro teins in the fu ture
would help im mensely in the ra tio nal de sign of β-sheet pro -
teins with de sired func tion(s).
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