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The rapid folding of certain proteins can be described
theoretically using an energy landscape in the shape of a
folding funnel. New techniques have allowed the examination
of fast-folding events that occur in microseconds or less, and
have tested the predictions of the theoretical models.
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Introduction

For those who auppreciate the beauty of the architecture of
folded proteins it is amazing to find that such complex
structures can bhe formed spontanecusly in biologically
short times, although doing so is clearlv an evolutionary
necessity, In human affairs, complex organized structures
have alwavs been made by a seres of individualty simple
steps. A similar picture of the foiding process seemed to
emerge from the classical kinetic studies of foiding on time
scales greater than a few milliseconds (1} But it was real-
ized char, particularly for smalier proteins, folding could
occur far more rapidly and without a requirement for chis
discrete stepwise assembiv, This led to a view of protem
folding based on a statistical mechanical charactenzation of
the energy landscape of a folding protein (j2] and refer-
ences therein), and chis viewpoint has received consider-
able support from computational scudies of model proteins
{3-8]. With this ncw perspective it becomes clear thar we
will onlv be able to directly unravel the basic mechanisms
of biomolecular self-organization and measure the topogra-
rhy of the folding-cnergy landscape with a new generation
of experiments using relanvely newer techniques thae are
capable of monitoring protein folding on shorter ume
scales (lusers [9-13], NMR [14-19), ulerafast mixing |20]
and protein enpineering [21,22]). 'This review highlights o
remarkable fast folding experiment described in this ssue
by Mines ez 4/ (23], who show experimentally o regulancy
in the folding of two proteins that is expeeted from a staos-
tical description based on the landscape theory. We first
discuss the theoredeal descriptions of rapid protein folding
betore exploring to what extent the experiments of Mines
et al., wnd the increasing number of other recent fast
folding experiments, support this description, Finally, we
consider what the rwo ficlds have wughe us so far about
folding and the energy lundscape.

The folding funnel

The energv-landscape theory of folding starts with the
view that folding kineties are best considered as a progres-
stve organization of an ensemble of partially folded strue-
tures (Fig. 1), rather than a serial progression berween
intermediates. Thus, to understand kinetics one must
statistically characterize the number and the distribunon of
free energies of the members of an ensemble of protein
molecules that have partial order, A few collective reaction
coordinates or order purameters should sutfice to organize
the description of the energy landscape. In contrast to mest
orgianic chiemistry reactions, where the reaction coordinuates
deseribe # single structure, here they are colleetive coordi-
nates charactenizing an cosemble of structures as in clec-
tron transfer {24.25], The scarch through these very large
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Network of conformational changes cccurning in the ensemble of
confarmatons for a protein as it folds to the native structure. The folding
reaction coordinate G is the average fraction of native contacts n
memibers of the corresponding ensembles. The conformations ir the
transibon state ensemble have a Q-value of ~0.6. The intermediate
structures are obtaned from computer simulations of a four henx bundle
with varying degrees of native character. By organizing the states by
snergy and G nstead of the specific intermediates, a funnel descrotion
of the folding process shown i Figure 2 15 obtained. (The simulations
shown here are based on associative mermary Hamiltonian structure
predicton algonthms and show diminished helicity at low Q.)

nuniber ot confrguravons nuy present difficubues s
poiated e by Levindal vears ago [26.27]1 Even the
protemn conformations with wiven amounts of paraal order
lave vations enereies that must be desenbed by o distribo-
tion 28] T has wive e to whar as called o rogeed enerey
Eindscape’. Deciuse many non-naive Intenicions Can exist
e epared b disordered prorem soraerire and these can
be cither tivorable or non-tavorable encroenicaliv, Contor-
mationdl transions from the deeper enerey spates inoan
chnsemble mnst sopreally surmonnt ar encrey bartier derer-
mined Both by this enervenic ravecdness, A5 and any
Buairers provided by stereochenncul constrams inhereno i

rhe pobvpepride backbone,

The rueecdness of the landscape o retlected i the kine-
tes of escape from transient confurmetional oaps. s
folding would be impossihle anoan entoedy rupged Land-
scape. which s called o complerely frusorared landscape.

Fast folding is onlv possibie because of cuiding torees that

stabilize correct (nutive} inteructions. on avenige, more than
one expects by chance, We thus sav that fast-lTolding pro-
teins sacsty the principle of minimal frustracion [28], On 3
globul level. the lundscape must resemble o funnel (129-31]
and IN.O, PGW.L ZL-S & N.D. Socel, unpublished
data) (Ig. 2). As a folding reaction coordinate approaches
s narive value, the pesk in cnergy distribution of the
cnsembie of conformatons shifts to a lower value, as shown
in Figure 3. The mean crergy of structures in the funnel
goes down as the ensemble approaches the narive state.
Simultaneously the number of conformations decreases,
reflecting @ loss of cenfigurational entropy. (Phe entropy of
the solvent, so mimportant for the hvdrophobic foree, is
ncluded i the solvent average (free) energies used in the
statistical distributions characterizing the Lindscape.d The

Figure 2

Beginning of helix formation and collapse |

Entropy, S/ N

~-Qa
1
|
i
|
'
\ " Molten globule . [/
e fa states R
o X | h Q
' T © i
c M~ :
W .
“ ! i
1At
":‘. “r! J
Al
i i Discrete folding
. intermediates ‘r
Enat - ! —+1.0

Native slructure
¢ Chemistry & Biology. 1388

The schematsc funnel for a 60-amino-acid helical protemn as obtained
from the carresponding-states principle anaiysis [30] with the 27-mer
lathce model. The postions of the molten globule states, the transition
state ensemble, and the local glass transition (the point at which
discrete trapping states emerge} are shown as a function ot the crder
parameters: fraction of native contacts (. the solvents averaged
energy £, and the configurational entropy S, which are drawn 1o scale.
The stability gap oE_ quantitates the speciicity of the native contacts.
The ruggedness of the landscape AE determines the iocal barriers, but
its value is not the conformational diffus:on activation height, which is
E,~ TkgT, kgisthe Baltzmann canstant. T;1s the folding temperature,

and E. 15 the energy of the native structure.
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Histograms of protein configurational states at various stages of
folding. {a) Collapsed phase with O=0.2. (b) Transiticn state with

0 =0.6 near the middie of the funnel, (¢} Native state with Q=1.0.1n
any given folding event, the protein molecule passes through
intermediate O states. In a type | foiding, however. no significan
population is trapped in these states, which are never substantiaily
occupied kinetically. For downhill folding on fast tme scales, these
intermediate states may be sufficiently populated to be cbserved
directly in the new fast-folding experiments. The y-axs 15 the loganthm
of the number of configurations, and the x-axs is the free energy of a
particular configuration averaged over the solvent,

mean energy loss down the funnel gives an additionl
cacrey paramietes  haractenzing the landscape topography,
the stubilicy map 84, The configurational entropy loss, the
third significant parameter. is cdled the Levinthal entropy
(5 has ir s simply a Jorarithmic measure of the vasmess of
the confivuration space of the biomaolecule 30032 The fact
thae the Lindseape can be described by these very few para-
mcters B8, and A allows s to use s of carre-
sponding stares owhich uses sealing of certun Rnown
parameters o directdy compare two diffurent protens) to
understand the important characteristes of the funnel land-
scape tor real proreiny by investiganng anaviicad moedels
and latgice simulations 130], This correspondence, and the
quantitanive  one-dimensional funne! picrure shows n
Figure 2. are purtcularly casy to setup when collapse and
non-specitic sccondary structure formation precede the
rure-himicing staves of folding. A multdimensional tunnet
picture that includes additionad energy scales for other
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collective reaction coordinares such as degree of collapse
and local secondarv structure has been recently deve-
loped (Z.1..-8.. B.F. Ramirez & P.G.W., unpublished data)
(Fig. 4). In this muitidimensional picture the basic scenunos
for folding remain the same, although new characteristic
energics such as entropy diminution and energy loss upon
cotlapse are nceded to set up the correspondence. Fast
folding experiments will allow the characterization of these
important parameters, which determine a major part of the
entropy loss, uitimately leading to folding,

The dominant dependence of folding on the stability gap
(the difference in stability berween folded and unfolded
states) is strongly supported by the experiments of Gray,
Winkler and colfeagues [12.23], Glabal changes to the

Figure 4

Free energy of
i the specified
| ensemble

‘Fraction total
contacts

0.6
08 .
1 Fraction native contacts, Q i

The multidimensional aspect of the free-energy surface. The average
free energy of the ensemble (as opposed 1o that of an individual
structure as shown i Fig. 2) is shown here as a function of the fraction
of native contacts. O, and total contacts. The free energies include the
configurational entropy counting the ~umber of states with a particutar
value of the collective coordinates. The surlace is plotted using the
analytical fit of Plotkin et af. [38]. but the specific landmark values of O
are taken from the simulation results, At 7, we see two distinct minimal
free energy ensembles: one {red) specifying the molten globule, the
other (blue) specifying folded native-like configurations. The same
transttion-state ensemble (green) as n Figure 1 is represented in this
lower dimensional view. The height of the thermodynamic barrier 15
approxirmately 2kgT, == 1.2 keat mol™!.
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molecule such as extensive sequence and sobvent changes
that lead to the same stability give a similar shaped tunncel,
If the corresponding-states approach were not valid, simu-
lations of mimmalist maodcls could only be used ay sugges-
ove analogies to laboratory protein folding. Thus, this
experiment application  of

cncourages  the Lindscape

cheory and simulanions as quanutacve tools,

Depending on the quantitative vananon of entropy, mean
eneruy and ruggedness as the protein ensemble descends
in the funnel, energv-landscape theory provides a classifi-
caton of kinete scenarios [2]0 I the energy loss alwavs
exceceds the entropy. we have a tvpe O or “downhill’
folding scenurio. Downhill folding on a relaavely smooth
landscupe would resemble the phvsical process of polvmer
collapse and would not be expecred o follow the simple
exponential kinetics of a first order chenucal reaction. For
rougher fandscapes, downhill processes would have an
even wider distribution of time scales becuuse ot the
varving depths of traps. These signatures should be quite
obvious 1 fse tolding expenments. For the roughest
landscapes, onlv a few discrere traps could be populated
and the dvnamics could be deseribed by o diserete but
complex kinene scheme, after the resolution of the carly
cvents, A different resule s scen when the rate of energy
loss down the Tunnel does not macch, ar cach stage, the
entropy foss as the ensemible descends. As the free energy
in defined as Fo- T8 a free energy masimum will resule
when the entropy decreases more rapidiy than the energy.
In this ovpe T seenarios a bortleneck occurs i the folding
process. The ensemble of structures at the bottlencek rep-
resents a4 free energy barrier, and ac the macroscopie level
the folding can be deseribed using single-step. exponen-
tal kinenies, Landscape cheory predices simple revularntics
for the folding-rate coctficient when the tvpe | seenano
apphies. s a larce number of different configurations are
prosent af the bortteneck, detatled energenie elfects on
sinvic conhourarions ver averazed our and thus the

toldinge race is lireely and smaothly retared to the stabihiey,

Transter coctficienes ¢y m Tocal linear free energy rela-
tens {LTE R retfecr the locauon of the botleneck ensem-
ble along the reacrion cootdinute. Using the assumiption
chat bortdleneek posiion docs not change much when the
Livdscape v chaneed, we can derve an LEFER berween
the tolding tne, 1.0 and the frec-enerey chanee 1o foldme,
which ro the same order s < A = - < Al =, (1IN0
POGAVL Z -5 & N D Socon unpublished datal where

the brackers mdicate averammye over an ensemble. "hiss

Howr, | AN - < AH
= z
Hook A e D A

where A s the equilibrivum constant for rhe foldimyg reac-

Gon e the subseripes u, Fand Q7 indicare the unfolded

folded and tansition-state ensembles. respectively. For
vlobal perturbacions, B gives a good first approximation of
the position of this bottlencek. & will be strongly corre-
kited to the degree of nativeness of the transition-state
ensemble. Only an
however, nsing a single value of ®. Proteins are polvmeric

average description is obtained,
leading to varving participation of different residues in the
trunsition-state ensemble, and protein engineering teeh-
niques reveal u hustogram of parucipation of residues in
the configurations of a transition state ensemble, centered
around a froctionad value (121] and ].N.O. P.G.W.. 7.1..-5.
&N Socer unpublished daca), Of course, as increased
stabifization can trunsform a tvpe 1 scenano to a downhill
one, some curvature of the LEER s also to be expected.

Tvpe 1T seenanios oceur if the ruggedness of the landscape
is very large, so that onlv a few discrete trap configurations
can be chermally occupied, even before the bottdeneck is
kinctically surmountzed (type 1IB). This tansition to dis-
crere long-lived traps in the tvpe HB scenario has much in
common with the glass rransicion, where disordered contig-
urations of a hquid can exist for long penods of ame.
Although the rough tocation of rrunsition o this regime can
be inferred from simple statisocal mechanical theones
involving the mnterplay of ruggedness und entropy, the
most imporant result of landscape theory for the Rinenicise
15 the predicnion that the extstence of each specitic tap s
very sensitive to even singlessite changes in the moelecute
and might be chiminated by stmple protein enginecring or
sometimes, by chemsory [17.33]0 Many of the classicalis
studied folding processes encountered tvpe 11 scenarions
cither after a downhill run or after cncountenng an espe-
ciallv o small entrapic barrier ar the bottleneck ensemble
Fandscape theary for tvpe [ folding can only be rested
quantitatively with combinatonal expenments testing the
distribution of intermediate lfedmes using i varery of dit-
ferent sequences. The fast foliing events, on the other
hand. should conform to type @ or tvpe [ oscenanos and
therefore will exhibit ereater regulanties and be domimated
by the vuiding forees for folding rither than roguedness

and trapping.

Fast folding experiments to date

To mmuoate fast tolding, the protein in question must
somehow be converted, almose instantancously, trom o
form that Cavors the unfolded scare to a form that faveors
the folded stre. Several methods have recentdy been
devetoped o triveer this event The first protem to be
exphicitly studied on dhe fast (submillisecond) time scale
was cvrtochrome # i an efforr led by Faton and Roder
(9], Previousty, a burst phase of rapid apparenc folding
had heen observed in stopped flow, in which signucures
of native structnre were seen within the dead-time of the
apparsous | E7]0 Te was also shown that the slow phases of
folding were lareely eliminared under pH condinons
where a spectfic histidine is protonated and thus pnable



to misassociate with the heme iron, leading to a kinetie
trap [331. Jones e af [9] imtisted folding photochenn-
cally by exploiting the fuct that che swbiliey of the
protein is enhanced by coordination with two sidechains
of the polvpepude chuin. Cyrochrome ¢ with bound
carbon monoxide thus dendarures more readily than the
protein that licks CO. and flash photolvsis of the CO-
bound form with a laser can initate folding within prco-
seconds under appropriate denaturing condittons. The
chuange in stbitity is modest, so the experiment musrt be
performed with a relatively high denaturant concentra-
rion to ensure that the inidal CO-bound form 1s com-
pletely denatured. This procedure leads oo tvpe T folding
in aboutr 19 ms. Significanty, Jones e al. also observe
complex spectral changes, beginning in the microsecond
mnge. These relaxation events oceur exclusively o the
uafolded phase. but unforrunacely all the free energy
eradient in this case is caused by che differing chemacal
stability of the amino acids m the chain that can act as
ligands of the heme and not by the dominant folding
forces. Nevertheless combining these measurements of
the dyvnamics in the unfolded stare with @ separute derer-
mination of the inherent chemical effects on hgand asso-
ciation has led to a plausible upper Himit on the speed of
downhill protein folding of 1wy [34].

Grav and eolleagues [12.23] exploic a concepually similar
route to fust folding, Reduced and oxidized eveochromes
have different stabilities. and st a partieulsr concentration
of denaturant. the oxidized protein s unfolded and the
reduced prorein is folded. Thus phoro-ininared cicetron
transfer can induce folding. The oxidized. untolded
protein is bombarded with clectrons, and upon conversion
o the reduced form, folding s instantdy fuvared, Using o
photesensitizer clectron injection svstem. they were able
o tminare folding i less than bus [12]0 As the reduced
cvtachrome ¢ in this case hud a lifetime of ondy <1 misoa dif-
Ferent injecnion svstem was used to study longer periods of
time. Although o causes o larger stabilioe change than €O
Binding, the electron transter nitated folding was soll
studicd under tvpe 1 scenunio conditions, @ving resules
consistent with the earlier work. while reducme some tech-

nical difficuloies ansing from back resctons,

The experiment described o this issue by Mines «of o/
(23] also uses clectron-tansfer miguenmy oo show
remarkable regubarioy chat s expected for tepe T ooranst-
dions, The pare of the febding funnel probed inaovpe I
scendrio is predicred te be self-averauing, so two quite
different sequences folding to the same stroctire should
have funned shapes i the region of hueh density of stites
tahove the transition stures? thar depend mosty onthe
overall stability and annno-acid composition of dhe mol-
cetle, The experiments of Mines o7l show that honse
and veuast eviochrome ¢ have the same folding rates when
runed te the same sabilioy by adjusting the denatirant
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Figure 5
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A composite picture 15 shown of the sample cell and laser T-jump
apparatus of Baliew et al. [13] that was used to measure the folding of
apomyoglobin from its cold-denatured state and the computer
simulations of twa conformations with a fow {top) and high (bottom]
fraction of native contacts. The conformations were obtained from a
protein structure prediction simulation using an associative memory
energy function [39] and are color-coded to indicate the foldon regions
[35] that could be kinetically competent quasi-independent folding units.

concentration. This is true even though the sequences
are only 30 % identical. This non-sequence-spectficity
of tope [ funnel-like folding contrasts greatly with the
Jvmamies of type 11 folding: for example, the late-stage
folding intermediates of lactalbumin and hen lvsozyvme
are quite ditferent [18% This is true despire che faer that

the two proteins share 36 % sequence identity.

Laser fast folding experiments can examine the dynamics
of 4 larger portion of the folding events only by obraining
bigger stabulity changes. This can be achieved with
T-ump. The record forinitiating folding thus far hus been
achieved in groundbreaking experiments of Gruebele and
colleagues [13]. schemartically presented in Figure A
Laser heating using an infrared pulse allows a protein that
is denatured becinse of the cold to be raken to conditions
that favor che native form wichin nanosceonds.

This techoique to has heen applied 1o the study of
apomvoglehin, which i denatured by cold ara convenent
temperature near the freeamy point of water. Confurm-
ational changes can then be monitored by measuring
fluorescence decay of the tryprophan by repentive femto-
second pulses after mitiating folding, Modeling the fluor-
escence decavs at cquilibrium feads to the conclusion that
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the change that is detected berween narive and non-native
states s primarily determined by a specific contact berween
a methionine and the trvprophan. "T'hus the eXPernment
measures part of the tertiary structural transicion. The Jdata
can be fic by a largely exponential process, indicating a tvpe
I scenario for this conformational change. which accurs in
7 s There are also some signs of shorter time scale
changes i the decay. which mav be connected with sec-
ondary strueture formation or more local collapse of the
polvpepude chain, The assignmenc of the mujor spectal
chinge to a large-scale conformational movement s sug-
gested by its viscosity dependence, as shown by adding
ehveerol to the solution. This study confirms a Kramers-like
dependence of the rate on exrermal viscosiey [31] Longer
time scale measurements show that the transition seen by
Gruchele and coworkers is nor complete folding [19]. Ac
least in sperm whale apomyoglobin, the complete folding
oceurs later. This may suggest the presence of a subdomain
structure in the apomyoglobin molecule or specitic traps
during folding [35].

The observations of interestung dvnamues on the micro-
second timescale with eviochrome ~ and apomvoglobin are
also confirmed in a fast T-jump experiment on barstar
tharnuse inhibiter) [36]. A rapid transition taking 300 s
is followed by o 100-ms slow phase. The rapid change
mvolves a very small amplicude of Huorescence change but
s clearly aot an artifact. As in the experiments wich evio-
chrome « (23], rhe location of the transition stare by for
this folding is carlv aong the foidhing reaction coonrdinate as
tudged by its denaturant dependence, Cleurly many ineer-
esting foldini processes oceur on the microsceond to milli-
seeand amescale. These processes can alse be obsenved
using an enhaneement of the conventional mixing tech-
niques using small orifices. One such ulerafast mixing
expenment with eveochrome ¢ shows a folding process that
v strongly extended and nonexponential, suggesting the
possibilicy of adownhill or tvpe O folding scenario | 20], This
novel technique s still in s carly stages and several com-
plexities concerning the interaction of the curbulent hvdro-
dynamic flows wnd the polvmer conformations need o be
sorted out inorder o be completely confident of the
results. Notiee here char there i an apparent change of the
D values. suggesting char nonlincariy of the free encrgy
relation can be observed when experiments are done over 4
large enough ranee of denaturane CONCENTRITIONS.

NMR spectrat Iine shape analvsis can be used. ar least near
the nudpeint of the folding curve, o study submillhisecond
folding dyvnumies. This technique has been osed to exam-
me both folding and untolding of monomeric A repressor
[T This motecule 1s highly helical and closels resembles
many of the systems studicd by the cheorericians, Again an
intermediate D ovalue is observed showing the existence
of e bottlencek or w rransition state ensemble inoa tvpe |

seenarnto near ca the Jocaton predicted from theary,

Although most of the action in fast folding seems to aeeur
in the range of microseconds, very fast processes have also
been observed in unfolding experiments, such as those
examining the thermally induced unfolding of zpomvo-
globin [11]. Protein conformartion is probed using vibra-
uonal spectroscopy techniques thar are sensitive  to
secondary structural changes. Interestingly, if the process
is two-state. one of the fast unfolding processes observed
could be interpreted to give a refolding time constant
close 1o that determined by faser heating, if the tempera-
twre dependence of viscosity is taken into account. Tran-
stent infrared spectroscopy hus also been used by monitor
cyents occurning in nanosecond timescales [10]. These
expennments show fairly complicated kinerics that cannor
be fit by a single-step representation. Some changes occur
on such shore timescales that they may be accessible to
dircer molecuiar dyvnamics simulation [37]. Clearly a rich
vaniery of phenomenology is beginning to appear from the
submillisecond tolding experiments. While ANy Inter-
pretational questions remain o be answered, it s quire
clear that events that were earier postulated based only
on slow stopped-flow mixing experiments were Just u
small part of what s going on.

Quantifying funnel shapes with fast-folding experiments
We are just beginning 1o understand protein folding quan-
utatvely in terms of energy-landscape topographyv, The
fast-folding experiments we have jusc discussed SUPPOTT
the quahitative notions of the theory and begin to allow us
o refine the quantitative aspects of the tfunnel shape.
Foremost among the issues in funnel shape are the ques-
tiehs of the appropriate coordinates for deseribing che
cruciul, partially folded ensembles of structures. [n the
simplest model. the fraction of native contacts (O3 is used.
Because each experiment has so far used only a smull frac-
tion of the possible probes. this very basic issue still
requires much studv. Clearly the important confipurations.
as revealed in these expenments, are partially collapsed
and probabiy have some secondary structure formed, and
even though parts of the secondary structure mav be in
the correct focations, only a small amount of tertary order-
Ing may exist. Many of the next generation of experiments
will begin to address these issues more completely using

“heetechniques. Circulyr dichroism would be a more cor
vinemnyg measure of overall secondary structure, while iso-
topic labeling and vibrational spectroscopy could locute
the precise secondary structural elements [111.

More refined fluorescence experiments using mutants with
uvptophan residues placed in varving locations could pin-
point tertiary conracts, Even without the precise definition
of the refevant coordinates, some quantitative fearures —
the entropic aspects of the landscape and the rugredness
~— are grosshy revealed by the experiments o dute and
seem to have a reasonable relationship o the thearetical
expecranions. The fast folding experiments all suggest thar
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the bottleneck for folding at the midpeint of the denatur-
ing curve corresponds to a transition state ensemble with a
considerable configurational entropy. The fractional degree
of folding as determined from linear free-energy relation-
ships agrees reasonably well with results obtained from
lattice simulations as expecred from the corresponding
states principle interpretation of the funnel landscape.
This is probably the best cusrent measure of the entropic
¢ffects in the funnel. More detailed studies of the specific
contets formed in the transition state ensemble are also in
agreement with the picture that a collection of delocatized
folding auclei are important.

The ruggedness of the landscape can be quanntfied more
accurately using the temperature dependence of the
folding rare when under type [ conditions or by the
dezailed time course in 4 tvpe 0 downhill folding scenario.
The data from the evtochrome ¢ experiments show that
configurational diffusion is faster at high remperatures
than at low, as the isostability values of the folding rate are
higher at 40 °C than at 22.3°C [12.23]. Some of this effeer
can be ateributed to the change in viscosity with tempera-
ture, as woultd be expected from the experiments with
apomvogtobin [13]. but this would oniv account for a small
fraction of the effect. The ratios of the viscosity at these
two temperacures is ~1.3, but the rate ratcio is ~20. We are
only able o caleulate a value for the apparent activation
barrier by assuming that the eatire ruggedness is enthalpic
(whereas it is doubtless parcially entropic due to che
hvdrophobic effects); nevertheless, with this imperfeet
description we arrive at a value of £, ~ 114,77, We should
be very careful when providing an interpretation of such
an apparent barrier [27.31]. The simplest description,
using the configurational diffusion model of Bryngeison
and Wolynes [27], directly releres chis barner to the
average roughness of the landscape. According to therr
model, at temperatures sufficiently high compared to the
class transition temperature, £, -~ AR2/24,T; = 104,77,
Below the glass rransionon  temperature, the  svstem
becomes caught in 4 few long-lived non-native states,
making the average ruggedness description invalid, "The
experimental value obunned for this apparent barrier 13
dightly larger than the actual simutated value, £, ~ 78,7,
using the corresponding-state analysis for a 60 residue
protein. Estimates of the ruggedness and conformational
diftusion activation barriers can be refined by much more
extensive studies inoa larger remperature and viscosity
ranee, both for the data of Mines er @/ {23} with a type |
~eenario, and the more detaited dme course of an appar-

experiment | 20]

Another fact thar emerges from the fast folding experi-
ments is that there are important fast-folding subscrue-
rures in the lirger proteins. I any cvent the simple
one-parameter funeel picture thut we have highlighted in
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the carly part of this review should apply for the smalier
protein systems. The experiments with apomyoglobin
suggest that a unit consisting of the A, G and H helices
forms first. This unit is similar to the size of proteins
described by a single funnel but clearly the overall folding
may require a funnel for each substructure. A theoretical
description of folding in domains or foldons has already
been made using energy-landscape analysis [35].

Fast folding experiments provide the most direct view
on the forees that govern the self-organization of pro-
tein molecules. The quantification of energy-landscape
topography that these experiments will make possible
should help structure prediction schemes that are already
based on landscape ideas, but which have been handi-
capped by only knowing the final folded structures of
proteins. Thus, we can look forward to a very frustful
interaction between the experimental community and
the computational community.
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ABSTRACT The rapid refolding dynamics of apomyoglo-
bin are followed by a new lemperature-jump fluorescence
technique on a 15-ns to 0.5-ms time scale in vitro. The
apparatus measures the protein-folding history in a single
sweep in standard aqueous buffers, The earliest steps during
folding to a compact state are observed and are complete in
under 20 us. Experiments on mutants and consideration of
steady-state CD and fluorescence spectra indicate that the
observed microsecond phase monitors assembly of an A-(H-GG)
helix subunit. Measurements at different viscosities indicate
diffusive behavior even at low viscosities, in agreement with
motions of a solvent-exposed protein during the initial col-
lapse.

A compact molten globule state has been proposed as an carly
protein-folding intermediate in many cases (1), but its initial
formation from the unfolded state during refolding has not
been directly observed. Slower (>1-ms) kinetic phases of
protein folding, leading from the molten globule state to the
rative state {(2) or from the unfolded state to the fully native
state directly (3. 4), have been resolved by stopped-flow
techniques. The nanosecond to sub-millisecond time scale. in
which the earliest global protein-folding motions are expected
to veeur, is not easily accessible by these techniques.

Recently, optically induced ligand unbinding in cvtochrome
¢ (5) and rapid mixing techniques (6) have been used (o
monitor folding dynamics on 4 sub-miilisecond time scale. The
helix-coil transition in peptides and unfolding of myoglobin
(Mb) (7), and the unfolding of RNase A (8) have been
monitored by infrared absorption after a temperature jump
(T-jump). This very early regime has also been accessed by
NMR [inc shape measurements (9) and can be reached by
electron-transter-induced folding (10). Finallv, the microsce-
ond T-jump technique developed by Eigen and coworkers (for
review. see ref. 11) has been applicd to folding experiments
starling with ¢cold-denatured barstar (12).

Theorctical models currently under discussion wddress vir-
ious issues of carly folding. A general principle that has
emerged is that of “minimal frustration™ a free-energy funne|
1o the nafive state provides enough (perhaps just enough)
smoothness to balance the natural roughness of the folding
frec-energy surface expected for a heteropolymer. thus allow-
ing fairly efficient folding (13). Depending on the relative
locution of the transition state. the glass-like transition, and the
roughness and sloping of the free-cneray surface. this scenuario
has heen plaved out analvtically and in simulations in many
limits. including direct two-state tolding. coltapse o folding
intermediates with varving amounts of secondary and tertiary
structure, and kinetic traps (14-17). One certainty is that, at
least transiently, the protein must pass through a compact
cnsemble of states while folding.

The publication costs of this article were defrayed in part by page charge
pavment. This article must therefore be hereby marked “wdvertisement in
accordance with 18 US.C. §1734 solely to indicate this fact.

To investigate early folding events in globular proteins, we
have developed an apparatus that atlows us to monitor the
T-jump-induced rcfolding dynamics of small proteins. It ex-
tends time resolution to the nanosecond time scale and
temperature differentials to 30 K. allowing easicr observation
of larger population changes at shorter times. Some of the
requirements in developing our approach were as Follows: (1)
nanosecond 1o millisecond time coverage with nanosecond
resofution and dead time to follow the earlicst large-scale
backbone motions up to the stopped-flow time regime: (i)
single-shot acquisition of a sample’s history without pump-
probe signal averaging or sample flow to altow for small sample
quantities {e.g., genetically engineered ones); (i) experiments
in simple aqueous buffers, obviating the need for extrancous
dyes or other molecules that could affect early folding dynam-
ies: and ¢iv) the possibility of fluorescence, CD, or infrared
monitoring in different viscosity, temperature. or denaturant
concentration ranges,

EXPERIMENTAL METHODS

Qutline. The heart of the experiment is shown in Fig. 1. A
protein sample is cold denatured in a short path length cell by
supercooling the uqueous buffer. CIY is used to verify unfold-
ing under the conditions used. The agueous buffer is directly
and rapidly heated (up to 5-10% K/s) by a nanosecond infrarcd
Raman pulse. The unfolded protein is now located in a warmed
butfer at u temperature thermodynamically conducive to fold-
ing. The folding process is followed by focusing u train ot UV
laser pulses onto the sample. Here, we report on fluorescence
experiments using Trp excitation at 280 nm. Every 15 ns. the
UV pulse train induces & protein fleorescence transient. The
transients are collected continuously by a photomuttiptier and
transient digitizer. Finally, the changes in protein fluorescence
in 15-ns or larger (averaged) steps are analyzed and correlated
o structural changes.

Heating and Sample Cell. The sample is held in a custom
3-mm path length-fused silica cell (Fig. 1) cooled by two
thermoedectric deviees, The temperature is held constant 1o
<(L.2°C by u thermistor feedback loop. Two = 120-mJ. 1.54-um
infrured beams are generated by Raman shifting a 700-mJ
neodymium:ytirium/aluminum-garnet faser in a mode-
optimized high-cfficiency methane cell, resulting in uniform.
near-gaussian heating profiles of 2-mm diameter. The coun-
terpropagating beams are detaved by 8 ns from one another to
avoid transient grating formation, and heating (by OH over-
tore relaxation in water)y is completed within the pulse dura-
tion due to picosecond vibrational equilibration. The two
mirror-image exponential absorption profiles add up 10 a
longitudinal temperature uniformity of +3% gver the length
of the cell. and the targe uniform pump profile minimizes
thermal lensing und diffusion effects. The T-jump is measured
by transmission of a 1.5-um diode laser focused to <400 wm

Abbreviations: T-jump, temperature jump; Mb, myoglobin; apoMb,
apomyagiobin: h-apoMb, horse apoMb,
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Fio. 1. Cell and beam geometry. Counterpropagating infrared
beams (IR} heat the sample. The ultravialet beam (UV) probes the
fiuorescence and a low-power diode laser (IDL) monitors lemperature
by changes in transmission. The cell is encased in an aluminum block
shielded by heavy insulation (1N) and cooled by a thermoelectric
device (TEC) with a feedback loop. Several theemistors {THY monitor
the temperature below and at beam height. Trp fluorescence Is
coliected at right angles by f/(t8 optics. The entire apparatus is
enclosed in a dry nitrogen box to prevent condensation.

and calibrated a1 known temperatures or with free Trp life-
times. The custom cell design reduces diffusional and shock-
wave effects in the sample. The latter are also minimized by the
4°C density maximum of water. Any residual shock-wave
cffects and weak anti-Stokes Raman/supercontinuum flashes
from the infrared optics do not aftect lifetime and folding
measurements, as discussed in Fast Kinetic Results (see also
Fig. 6).

Kinetic Probing. Probe pulses for Trp fluorescence are
generated by tripling a self-mode-locked titanium:sapphire
laser in BBO nonlincar crystaks. The focused pulse train (=2
mW. 7-nm excitation bandwidth at 280 nm, and 200-pum
diameter) probes only the center of the Turge pump profile.
Fluorescence is imaged onto a filtered (U340) 600-ps rise-time
micro-photomuitiplier tube connected 10 a 2-GS/s digitizer
(0.75-GHz bandwidth. 1 mitlion channels). All infrared and
UV probe beams are electromechanically shuttered during the
experiment to avoid optical sample Jdenaturation.

Protein Samples. Horse skeletal muscle Mb was obtained
from Sigma. The heme was removed by the 2-butanone
method (18). Purity of the apomyoglobin (apoMb) was verified
by UV-visible spectroscopy to exceed Y97, Concentrations of
apoMb were determined as deseribed (193, Al samples were
huffered in 10 mM sodium acetate at pH values shown in Table
{. A Trp-7 — Phe-7 sperm whale Mb mutant was provided by
S. Sligar (20) and converted to apuMb as deseribed above,

Proc. Natl. Acad. Sci. USA 93 (1996)

Summary. The folding history of the protein in an aqueous
buffer is thus obtained in a single shot in real time, requiring
no dyes for energy transfer, extensive pump-probe signal
averaging, or large samples for sample flow. The dependence
of the early folding kinetics on the protein environment can be
studied by changing solvent viscosity (e.g.. glycerol solutions)
or by adding denaturants.

STEADY-STATE RESULTS

We have chosen horse apoMb (h-apoMb) for our first exper-
iment because a wealth of information on its cold denaturation
{21). CD (22), millisecond folding dynamics (2}, structure (23},
molten globule states (24). and fluorescence properties (25) is
available. Our cold denaturation data on h-apoMb are similar
{o the results obtained by Nishii and coworkers {22). Assuming
a two-state model with folded/unfolded states, the population
of the native state as a function of temperature is plotted in Fig.
2. The cold-denatured state probably contains some residual
helix. although the heat- and cold-denatured baseline in Fig. 2
is well-fitted by a single line. Cold and pressure denaturation
experiments on RNase by Nash and coworkers (26) indicate
protection factors for a few residues in the pressure/cold-
denatured state thal are substantially higher (=100) than those
in the heat-denatured state ( ~ 1-3) but substantially lower than
those in the native protein (107--10%), and the higher cold
denaturation transition temperature of apoMb implies even
smaller protection factors for the latter. Calorimetric mea-
surements also suggest a state at least close 10 a random coil
(21). and a number of steady-state and kinetic fluorescence
experiments described below also indicate a loose initia! state.
However. until isotapic two-dimensional NMR or similar data
become available. a partially assembled A-G-H complex cannot
be ruled out entirely in the cold-denatured initial state. It is
worth reiterating that our experiment does not take place
under cold denaturation conditions; the conditions simply
provide an initial unfolded structure from which the protein
starts refolding in the warmed buffer.

Fluorescence/mutagenesis experiments have shown that
specific amino acid residues can dominate Trp quenching (27.
28). In certain cases, this is the cause for observed nonexpo-
ncntial behavior in the presence of only one Trp residue (28).
Using known bimolecular quenching rates of Trp (27). our
kinetic modeling using the rate model of Van Gilst and
coworkers (28) indicates that the major contribution to fluo-
rescence changes in h-apoMb comes from Trp- 14 (A helix) and
that its lifetime and quenching are most substantially affected
by Met-131 (H helix), whose side chain is in van der Waals
cantact with the Trp ring (Fig. 3).

The kinetic modeling of Trp quenching includes rates for
fluorescence. reversible bimolecular quenching by specific
residues. and a background quenching rate (solvent and rc-
mainder of protein) (27, 28) using structural parameters for
holo-Mb. In h-apoMb, Trp-7 is predicted to be heavily
quenched (short lifctime} by neighboring Glu-6 and Gln-8
residues and shows no specific quenching outside the A helix;
Trp-14 is weakly quenched by Ala-15 and Val-13 residues but

Tabte I Summary of observed lifetimes for the kinetic phase due to collapse

T/
Glveerol (M) 7.0 T, 05 n k)" Nominal pH Teoltapse (K5} {bn)i
0 0 2243 1.0+ 3.9 7(5) 1.4 (9
0 -7(h W3 1.3 52 S(1) 0.5 (2)
0.l & (1) 1 ¢2) 1.3 5.2 5(3) 0.8(4)
3 -12(h 3(2) 3.5 3.2 17 (6} 1.0(4)

Estimated errors are based on the reproducihility and variation found in several data scts taken under nominally identical

conditions.
*Viscosily at final temperature Ti: see ref. 33,

h = .80 is used to arbitrarily scale 7/n = 1 for the average of the four resulis.
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Fio. 20 (A4) Mean residue ellipticity at 222 nm {disks) tor h-upoMb
in the —=8-95°C range (pH 3.9). " collected after the sample was held
at =7.2°C for 1 h (fullv reversible ¢oid denaturation)y, . the CD of
mustly denatured protein {(sample between 7-95°C for | h. then
cooled to 20°CY; solid line. a fit 1o a thermodyvnamic two-state maodel
(21, 22) including fitted temperature-dependent haselines (dashed
line). The unfolding thermodvmamic parameters are Al 195017}
klrmole, A8 = 0.575(49) kJ/mole-deg. and ACL - S USR] mole-deg.
i#) The fraction of folded protein (the hutched zone represents the
uncertainty due 1o thermadynamic parameters errors). The disks are
the todded fraction in 3 M glveeral. which still shows substantial cold
denaturation. (O data for 0 and 3 M glveerol butters at pH 5.2 are
similar to those in 4 and not shown here: the uncertainty in the 3 M
ghyeeral folded fraction is similar to that shown for M, pH =4
conditions.} T-jumps in the 10 10 BEC range can preduce 25400,
population changes.

shows strong spevific quenching by Met-131 in the H helix (Mot
Cy. methvt to Tep Cys contact). The fullowing control exper-
iments (Fig. 4} support the modeling. Wild-tvpe sperm whule
apuMb has fluorescence properties that are very similar o
those of h-apoMb (no differences in the critical residues
described above). The Trp-7 — Phe-7 sperm whale mutant in
Fig. 4 has a shightly larger slow component (locally quenched
1rp-7 absent): guanidine-HCl-denatured B-apoMb has o large
slow component with a smoath temperature dependence (no
Frp-14-Mee-131 quenching at any temperature, leming unh
hackground quenching of the Trp): cold-denatured h-upoMb
also has a large slow component. which rapidly decreases at
higher temperature (Trp-14-Met- 131 contact upon folding).
Kinetic data (see below) on an Met-1 3 E-ree mutant indiciates
that Met is indeed critical o Trp-14 quenching. A more
detailed analysis with other residues is not warranted until
uncompicxed apoMb siructures hecome available. and it is not
likely to alfect our general conclusions.

FAST KINETIC RESULTS

Fig. > summarizes a tast folding experiment wih h-apoMb.and
conditions of several other experiments are listed in Table 1.
Phe raw fluoreseence data are analvzed by singular value
decomposition {30} to elimingle noise components and by
feust-squares titting, They show o clear progression from the
cold-denatured value to compact-siate. native valucs (as b
tiined on the same apparatus or @ phase fiuorimeter in a
control after 9.5 ms or under steadv-state conditions),

Proc. Naill. Acad. Sci. USA 93 {1996) 5761

Fic. 3. A model of folded h-apoMb, based on ref, 23 (halo-
protein). showing the Trp-14 and Met-131 residues involved in flue-
rescence quenching upon A-H helix contiact. The color coding cor-
responds to theoreticullv derived folding units {29). (The falding units
in this figure were derived from an crergy landscape analvsis by
picking protein segments and then identifving segments with the
large<t ratio of stubility gap 10 the spread of their molien globule
energies.) GeH form such a unit (red) and the A helix is part of another
unit (green), in which it shows the least structural fuctuations during
fulding simulations (15). This is highly sugpestive of the postulated
ACeH tolding intermediate (75 as well as the very fast collapse phase
observed in vur work.

We have employed a number of different methods to analyee
the progression of individual flusrescence transients, including
exponential fits with different floating parameters. Fig. SF
shows a tvpical result of fitting deconvoluted decays using
hr-cxporential function. However. in this experiment. we are
interested not in the details of individual fluerescence tran-
sients but in the progressive change of fluorescence as the
protem folds. The moest robust method of analvsis thus by -
passes the need for fluoreseence lifetimes and instrument
response functions entirely (Fig, 5C). An “initial™ or ~unfold-
ed” fhuoreseence profile. £ and a final " or “compact” profile.
{2 are generated (rom data before and long after the Tjump:
a linear least-squares fit then reconstructs the data at inter-
mediate times from the f by fitting their two amplitudes. .1,
wid A The fraction y- = Ax (4 + 4 is plotied as a function
of time delay. x2 s not very sensitive to residual amplitude
fluctuations and mostly correlates with the shape (ie.. lite-
time) of the fluorescence decays as they progress from cold-
denatured o compact native-like.

The kinetic hehavior is vpically as follows. Before the
T-jump. ¢ - Dz within the next probe pulse (=15 ns). o rises
mstantaneously o 0.8-0.9.This is followed by a rise of a4 few
microseconds 1oy 1 The instantancous change s nearly
identicat w a control experiment with free Trp or acetyl-Trp

(Fig. 6). W ussign it purely to the temperature dependence of

the emission (local motion and population ctfeets) rather than
any ~U3ns global folding motion. This iy also verified by
Huorescence difetime meusurements of h-upoMb at —8°C and
IDC i the presence and absence of denaturants {Fig. 4
Steadv-Sniee Resulis).

Fig. 6 illustrates anather refolding transient obtained in 3 M
glveerol salution at higher viscosity, The refolding amplitude
is s larger traction of the torat amplitude in this case because

—(2 -



5762 Chemistry: Ballew et al.

[ — & A
@ [ 0-;._____.. ---""'--.A_
€ 5 O, P
€54 e ol
@ i TTTmee.
g? °
3 %1
Soq Bumsdgen o

; --¢H

1 1 1 ] 3
0 5 10 15 20
Temperature, "C

[
—_
o
[}
o

4
0.8 - B
o i Do O-mmmeee I+ SEREREE -0
5044 &
L= o il . VST Br=mmm———= 'd:'
0.0 1
) E— T T T T i

10 -5 0 5 10 15 20
Temperature, %

FiG. 4. Fluorescence properties of h-apoMb refevant 1o the fast
folding experiment {pH 5.9); all lifetimes were fitted as bi-exponentials
with a scatter component from phase fluorimetry data calibrated
against p-terphenyl. (4) The short and long lifetime components in 0
M () and 3 M () guanidine:HCL Lifetimes increase smoothly with
decreasing temperature. The lifetimes of a sperm whale mutant with
anly Trp-14 present {J) are very similar to h-apoMb. (BY At
(fractional amplitude of the long lifetime component) is nearly
constant in 3 M guanidine-HCL whereas it increases significantly upon
unfolding in the absence of denaturant. The fractional amplitude of
the long component for a sperm whale mutant without Trp-7 (0} is
stightly large  thao that for h-ap. b,

the initial temperature {—12°C vs, 0°C in Fig. 5) resulted in a
larger initial fraction of unfolded protein (see CD in Fig. 2).
These data will be discussed in detail betow. Fig. 68 shows a
control experiment performed with an agueous Trp solution
jumped by 22°C. Only the instantancous phase due to the
temperature dependence of the emission is evident in this test
and similar tests, confirming that the microsecond phase 1%
inherent to the protein-folding process. Furthecrmore, a kinctic
trace {data not shown) obtained for an Met-131 — Ala-131
sperm whale apoMb mutant (purified sample kindly provided
by R. Baldwin and M. Kay. Stanford University) refolding to
the acid-globule state at pH 5.2 shows no microsecond phase
at our signal-to-noise level, indicating that Met-131 is indeed
the major quencher and that the A-G-H complex is likely not
preformed in the cold-denatured state.

DISCUSSION

We assign the =7-ps kinetic phase in Fig. 5 to the time
required for the untolded ensembie (U) to form a compact
(hut still strongly hydrated) state. Using CD experiments with
S.ms time resolution, Jennings and Wright (2) have recently
reported evidence for a matten globule (MG state as a first
step in apoMb folding. Their evidence is based on different
(from native. N) urea titration curves and CD spectra of a
< 5-ms burst phase. which acquires 75% of the full apoMb
optical rotation within the experimental dead time, While our
fluorescence measurements cannot conclusively distinguish
hetween a U — N or U — MG transition, it is very unlikely.
hased on diffusion and contact lifetimes for a 153-link polypep-
tide chain at =1 ¢P viscosity. that we are observing a very fast
U — N phase. Rather, our 7-us phase reflects the formation
of a more compact state in which the Trp-14 and Met-13]
residues have approached from a value closer to ==4{}

(random coil value) 1o a ~9 A native C*—C separation. This
is in agreement with the expectation that the A-G-H complex

-\2 -
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of apoMb would be the earliest structure to form in the folding
process, based on amide proton NMR protection data (2).

This collapse rate is slightly faster than expecied from recent
experiments by Eaton and coworkers (5, 6), which yielded
diffusional collision times of residues in cytochrome ¢ near 40
ws in the presence of denaturants. There are two points of view
when comparing our results with theirs. The expected smaller
roughness of the free-energy surface under their strongly
denaturing conditions would point toward 40 ps being a lower
limit on the collapse time: on the other hand, the shallower
funnel under their denaturing conditions would point toward
40 ps being an upper limit. In any casc, both numbers are close
to the expected purely diffusional time constant, which should
be of the same order as the collapse time for formation of a
compact state. Our measured smaller time constant indicates
that the A-H “collision” in apoMb occurs somewhat faster than
expected from simple diffusion of a chain in a solvent, perhaps
due to “bootstrapping” of the polypeptide chain by non-native
hydrophobic contacts.

If the microsecond phase in Figs. 5 and 6 indecd leads from
alargely unfolded coil to a more compact state with substantial
native-like contacts in the A-G-H complex. one would expect
a significant Kramers {i.e., diffusional) dependence of the rate
on viscosity even at low viscosities (unless a convective motion
“burrowing” through the solvent were involved). Ansari and
coworkers {31) have measured the viscosity dependence of the
structural rearrangement rate of folded Mb after photolytic
detachment of CO. Their observed rearrangements are rela-
tively small in scale compared with those during refolding, but
they are globally distributed over the protein, particularly ncar
1" heme pocket. In the 0.7- 10 3-cP viscosity range, their rate
for conformational rearrangement in folded Mb is viscosity
independent, whereas it decreases rapidly at higher viscosities.
Their data are well-fitted by a modified Kramers expression
that includes an internal protein friction term o, such that the
rate is proportional to (¢ + 7) i, where 7 is the solvent
viscosity (31, 32).

We have measured the folding rate at 3.5-cP viscosity using
3 M glycerol/water solutions (32) of h-apoMb (Table 1). The
resulting fit to a [7-ps kinetic phase is shown in Fig. 6. The
refolding transient is considerably slower in this experiment
than in U or 0.1 M glycerol experiments. This result agrees
better with a strict Kramers-like decrease of the rate as a
function of viscosity than with a constant rale, if solvent-
induced changes in the activation energy can be neglected. [We
have reason 1o believe that the 10°C and 22°C measurements
in Table 1 indicate that the activation energy must be small to
begin with: ~stabilizing™ solvents such as glycero! are known Lo
be excluded from the immediate vicinity of the protein (34)
and are likely to solvate an unfolded chain and hydrated
transition state in a similar way. creating only a smali change
in activation barrier.|

The process in Figs. 5 and 6 is, therefore, due to solvent-
exposcd—most likely Jarge-scale—motions of the protein
hackbane as it collapses to a compact state and not due to
small-scale changes dominated by self-friction of a protein that
has already largely excluded is agueous environment. This is
also supported by the CD data in Fig. 3 the data ar¢ well-fitted
by a two-state mode! with the same baseline for the heat- and
cotd-denatured states. Therefore, vur initial state should have
largely coil-like characteristics with some residual helicity.
unlike the native state of the structured A-GH bundie inferred
hy Jennings and Wright for the molten globule (2).

Singular value decomposition data near I = () (average of
several folding transients taken under nominally identical
conditions. data not shown} with <20-ns dead time show a
small kinctic phase leading to a longer lifetime immediately
after ¢ = 0. before the shottening due to Met-131 quenching.
The lifetime of several hundred nanoseconds of this compo-
nent may be due to incipient protection of Trp-14 from the
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Experimental data and kinetie fit, (A1) Slow diffusional relaxation of cell temperature following the Tjump (see Table 1). On a
bascline-subtracted fluorescence
protein). The T-jump is followed by an

transients are shown from -10 us to +4%90) LN
“instantancous” phase and a 5- to 7-ps phasc

reaching the steadv-state fluoreseence, Individual transicnts (15-ns lengthy mark one point in the folding evolution. Depending on the time seale.
data are averaged in 1-000 transicnt blocks (o extract maximal signal-to-noise at long times. (C) Ta unazlyze the data. two fluorescence decay

functions. fy and f>, are generated by averaging the initial und final

8 us of the interval. The data and £,

are singular value decomposed. The circles

in Care constructed from two singulaz value decomposition components, Data can he fitted to a bi-exponential decay convolved with the instrument

response function {D}, which is precisely known from lifetime
an instantancous response. (£) The extracted decavs, with T
the lifetimes are not of interest. and o 1
amplitudes, 41 and 4., (F)
the instantancous temperature effect. X
as it progresses from unfolded toward
and 2 100-gs duration may

sulvent by a newly formed A helix before its “collision™ with
the G-H complex. but betrer signai-to-noise and selvent
quenching studies will be required 10 verify this.

Recent experiments by Notting and coworkers (12) report 4
very small fobding phase of = 300 s in T-jumped barstar, As
shown in Fig, 3£, some of our runs show indications of i 106-
o 300-gs phase thut cannot be resolved with the present
sigial-to-nedse ratio, If it iy indeed present. it could be
analogous o the carly kinetics observed by Nolting and
coworkers. One may speculute that this phase is duce 1o
smaller-scule rearrangements of the protein after initial col-

A !
1.0 Py .."
0.5
=
=
e
g 004
LC
10 20
Micrgseconds
i I T T T 1
-10 0 10 20 30 4Q
Microseconds
Fleo o0 (4) Kinetic transient for h-apoMbin 3 Mbuffered gheerol
(pHES.2) The 17¢0)-us phase of this sample (33 c¢P w3 C(I P -0

Pasg]is significantly slower than observed in pure ayucous bufter (1.3
CPat 1O A low siseositn, this indicates that large-seale protein
motions during folding dominsic over internal protein triction ¢ffects.,
() Control experiment using Trp (pH 5.9, T-jump from 0w 220,
Onlyan instantzneous component is found in (his and similur contraly
with acid-denatured h-apoMb and o Mer-131 = - Al mutant of sperm
whale apoMb.

= 37 ns.

The resulting 7(3)-us kinetic phiasc in y2 = 4.7
is independent of overall fluorescence intensity
the compact state signature. The right side of #
abso be present but cannet he resolved with the present signal-to-noise ratio.

measurements using calibrated compounds (p-terphenyl) or 420-nm scattering as
Ay =005 o = 12 s 7 = 334 ns o4 =
two-parameter linear least-squares fit of the data 1o the fixed functions £y and {2 is used to determine their

43 and 2" = Lt ns, Generally,

(¢ ~ A~ which accounts for 1577 of the signal, the rest being due 1o
and depends only on the shape (i.e., lifetime} of the signal

stiows the 30- to 490- s time scale. Small phases of < (h5-us

lapse (with rearrangements of the hydration shell), as these
would have a much less severe effect on the quenching of Trp
tluorescence. Perhaps itis even a very fast phasc leading 1o the
nalive state (although data in ref. 12 indicate that jt may still
be solvent-exposed). In that case. our prediction is that this
phase should show a minimal viscosity dependence over the 1-
to 3-¢P range considered here. Our faster phasc would have
heen difficult to observe with their apparatus. if one is indeed
preseat in barstar.

In conclusion. our study with <220-ns dead time and time
resolution: shows that collapse of the unfolded state to
compact state involving at least the A- and H-helix backbone
is complete in a few microseconds and invalves significant
motivns of the backbone through the solvent. Tt remains to be
seen from appropriate fluorescenee /mutagencsis experiments
whether other parts of partially folded apoMb (CD-E-F)
collapse more stowly or incompletely on this time scale. Future
nanosecond time-resolution CD and infrared experiments will
show how the timing of any postulated secondary strycture
nuclet compares to the collapse rate,
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