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ABSTRACT: Utilizing the stability difference between the ferro and ferri forms of horse heart cytochrome

¢ (cyt ¢), folding of reduced cyt was triggered by laser-induced reduction of unfolded oxidizedccyt
Measurements were made of the kinetics of the main folding phase {11@ns) in which collapsed
reduced cytc transforms to the native conformation. The folding rates were studied extensively as a
function of temperature (575 °C) and guanidine hydrochloride (GdnHCI) concentration {U® M).

At constant [GdnHCI], the Arrhenius plot of the folding rate constdtig nonlinear. At temperatures
above 40°C, the decrease in protein stability counteracts the expected increase in folding rate. Introducing
free energy AG), derived from protein stability data, into the Eyring and Arrhenius equations leads to:
In k = In(kyT/h) + AS/R — AH*/RT — 0,AG/RT = In A — EJ/RT — 0,AG/RT, wherefy, is the ratio
between the denaturant dependence of the folding rate and the stability. By using this equation at constant
AG [or constant equilibrium constanK]], linear Arrhenius plots are obtained. For the main folding
phase of reduced cyt a positiveAS' is obtained indicating that the transition state is less ordered than
the reactant. A model is proposed in which reducedaijtst collapses into a compact intermediate,
which needs to expand to reach the transition state of the rate-limiting folding reaction.

The kinetics of protein folding have been studied as a Note thatAH, AS andAC, in eqs 2-4 have their reference
function of denaturant concentratioh<(10), free energy4, point at [GdnHCI]= 0.
5), equilibrium constant 1), and temperature 1¢3). The temperature dependence of the protein folding rate
Denaturing agents, such as guanidine hydrochloride (Gdn-has been found to exhibit non-Arrhenius characteristics, when
HCI)! or urea, generally decreaselik is the rate of protein ~ measured at constant denaturant concentration. Plotskof In
folding) linearly with increasing denaturant concentration. versus 1T markedly deviate from linearity at high temper-
Also, a linear free energy relationship (linearity of the plot atures. Indeed, at sufficiently high temperatures, folding rates
of In k versus InK, whereK is the equilibrium constant  may actually drop 14, 15. Two explanations have been
between unfolded and folded protein) has been establishedyiven: one is based on transition state thedr§):(
for the folding of reduced horse heart cytochromyt c)
(4, 5. Since protein stability decreases with increasing AGH
temperature and/or denaturant concentrations, the Gibbs free Ink=InD - 7% (5)
energy of folding AG, has been modeled with a temperature
dependence that contains the heat capacity at constanf,perep js the prefactor of the Eyring equation ane is
pressure AC, (12), and a I_mear denaturant concentration the free energy of activation. Treatin§G* as AG in eqs
dependencen, (13) according to Scalley et all): 1—4, the temperature dependence of the activation param-

AG(T,[GdnHCI]) = AG(T,[0]) — m[GdnHCI] (1)  etersAH* andAS" accounts for the nonlinearityl ( 2). The

_ _ second explanation is that protein folding exhibits super-
AG(T,[0]) = AH(T) = TAS(T) (2) Arrhenius behavior 17), where EJ/RT in the Arrhenius
AH(T) = AH(Ty) — ACL(T — Ty) 3 equation is squared. It has, however, also been shown that
AS(T) = AS(Ty) — AC, In(T/T,) @) if the equilibrium constant) for the protein folding reaction

is kept constant by varying the denaturant concentration,
whereT, is an arbitrary reference temperature set to 295 K. linear Arrhenius plots are obtained, (2).
In previous studies, we have examined the folding kinetics
* This work was supported by the Swedish Natural Science ResearchOf reduced cytc as a function of free energyl(5). The
Council, the Knut and Alice Wallenberg Foundation, and the Crafoord advantage of using reduced ayin folding studies is based

Foundation. on the higher stability toward unfolding of reduced {Pe
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46 222 47 39, fax:+46 46 222 41 19, email: Torbjorn.Pascher@ cyt c compared to oxidized (P€) cyt c. This difference in

chemphys.lu.se. stability creates conditions which make it possible to start
! Abbreviations: GdnHCI, guanidine hydrochloride; cyhorse heart  with the unfolded oxidized state and to initiate folding of

cytochromec; In k, natural logarithm of the rate constant (unfolded to i
folded); InK, natural logarithm of the equilibrium constant (unfolded the reduced form by fast laser-induced electron trangfer (

to folded); U— F, from unfolded to folded; U~ ¥, from unfolded to 9, 18. Phototriggering the reaction permits investigation of
the transition state. folding events in the nanosecond to second time range.
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Ficure 1: Laser flash photolysis detection system. For details, see'teid * denote computer-controlled components, of which * are
own constructions.

Moreover, the covalently bound porphyrin in @ybffers an The probe light comes from a 75 W xenon arc lamp and is
excellent spectral probe to monitor structural changes in thefocused on the entrance slit of a SPEX TRIAX-180 single
heme region. monochromator (which minimizes photolysis of the sample

| have now extended previous studids %) by investigat- by the probe light during absorbance measurements and
ing the temperature and denaturant dependencies of theselects the steady-state excitation wavelength for tryptophan
folding kinetics of cytc. In this connection, | have also quenching experiments). The light out from the monochro-
examined alternative expressions for the preexponentialmator is refocused at the sample with a spherical concave
factor D (1—3), since the standard Eyring fornk,{/h) mirror. The sample is mounted in a holder equipped with a
appears inappropriate for protein folding reactions becausecomputerized Peltier temperature control system and a
of the large size of protein molecules and the way folding magnetic stirrer. In the absorbance mode, the probe light is
reactions are believed to proceet], @). Furthermore, | again refocused with a spherical concave mirror on the axial
have modeled the free energy of activatiax(), both as  entrance slit of a SPEX 270M monochromator/spectrograph
a function of temperature and denaturant concentration, asand detected with a Hamamatsu R928 photomultiplier tube

well as a function of temperature and free energy. (PMT) mounted on a five stage base at the monochromator
By substituting dena_turant concentration by free energy exit slit. The two spherical concave mirrors have holes
(AG), the reference point fohAH* andAS" becomesAG = through their centers to let the laser pulse pass through. In

0, which is a characteristic of the protein, instead of the tryptophan quenching mode, the fluorescence is collected
[GdnHCI] = 0, which is a characteristic of the solvent at a 90 angle relative to the laser pulse and is imaged on
system. This leads to elimination of the temperature depen-the lateral entrance slit of the SPEX 270M after the image
dence of AH* and AS' and reduction of the number of has been turned from horizontal to vertical. The light is
unknown parameters from 4 to 3. This approach facilitates collected at the spectrograph exit port, where a wavelength
comparisons of the folding kinetics of different proteins, as region of about 70 nm is focused on a Hamamatsu R928
it em.phasizes. protein-related rather than system-relatedy pe mounted on a nine stage base. The signals from the
protein properties. PMTs are amplified with an overall bandwidth 85 MHz
(which can be limited to 1 MHz, 100 kHz, 10 kHz, or 1
MATERIALS AND METHODS kHz) and variable gain (56 kV/A to 3.2 MV/A). Signals were

Protein SamplesHorse heart cytc and NADH were digitized by a transient recorder consisting of a 12 bit analog
obtained from Sigma and used without further purification. to digital converter (ADC) running at 40 Msamples/s, two
Guanidine hydrochloride (GdnHCI) was USB Ultrapure, and 512 kword memory banks, and a summation unit. For
the other chemicals were of standard quality. The protein repetitive signals, the ADC fills the first memory bank once
concentration was 1aM both in kinetics and in stability ~ for each laser shot, and the summation unit adds this trace
experiments. The buffer contained, in addition to varying to the sum of the previous ones stored in the second memory
amounts of GdnHCI, 0.1 M sodium phosphate, pH 7.0 at 20 bank. For single event signals, the ADC fills the first memory
°C. All measurements were performed with 1.5 ml of protein bank in the same way as for repetitive signals, but the
solution in 1 cm fluorescence cuvettes. summation unit takes every second of 800 adjacent analog

InstrumentationKinetics were measured in a laser flash to digital conversions and sums them together. These sums
photolysis setup (Figure 1) based on the one describedare then stored in the second memory bank. The contents of
previously @9). The setup consists of a Spectra-Physics these two memory banks are then compressed in a semi-
Quanta-Ray Pro230-10/MOPO-710 laser as pump source.logarithmic fashion by binning to a data set that covers 10
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s and has a time resolution of 25 ns around the laser pulse. 20 - ;
The binning improves the signal-to-noise ratio at longer A
times. A

Protein Stability MeasurementEhe protein stability data 15

were collected on the same equipment as the kinetics to
ensure compatibility regarding bandwidth of the light,
temperature, etc. The data consisting of absorbance spectra
and tryptophan emission (excited at 285 nm and recorded
around 360 nm) were collected at temperature intervals of
about 5°C over a temperature range of-35 °C and
GdnHCI concentration intervals of 0.33 M over a suitable
denaturant concentration range.

To the samples of oxidized protein was added 2 equiv of
potassium hexacyanoferrate(lll) to ensure that the protein oo . . . . ‘
was fully oxidized at all times. For data collection of reduced 400 450 500 550 600
cyt ¢, the sample was kept in a sealed cuvette under an
oxygen-free argon atmosphere. The problem of reducing and
keeping cytc completely reduced, despite its tendency to
auto-oxidize, was solved by adding bof deoxygenated
2% sodium dithionite solution. In the presence of cyt
dithionite is consumed slowly with a rate that increases with
temperature. The added amount proved to be sufficient to
keep cytc reduced throughout a series of 15 successive
recordings. Sodium dithionite contributed with about 1
absorbance unit at the excitation wavelength at the beginning, 2 of &
but was almost consumed toward the end of the 15 step «
temperature series. Due to internal absorbance, dithionite
reduces the excitation (at 285 nm) and the observed emission
(at 360 nm) of tryptophan fluorescence. This loss in
tryptophan fluorescence intensity related to the amount of
dithionite present was corrected using a calibration curve

ance

Absorl:

0.51

047

orbance

04

400 450 500 550 600

recorded at 40°C. Examples of the absorbance spectra nm

obtained are shown in Figure 2A. Ficure 2: (A) Absorbance spectra of oxidized unfolded (thin),
Protein Folding Measurementdhe samples used for reduced folded (thick), and reduced unfolded (dashed} ayB8.27

kinetics measurements additionally containeddSONADH M GdnHCI and 314 K. The spectra were obtained from linear fits

of the [GdnHCI] dependence of measured spectra. Since reduced
as a photoreductant§, 20, 2). The samples were deoxy- | nfoided cytc does not exist at the given conditions, its spectrum

genated and sealed in a cuvette. Before each laser shot, thfas been extrapolated from a series of spectra measured at [GdnHCI]
sample was stirred for 12 s. A delay of an additional 12 s >5 M. This procedure gives spectra that look more similar to those

between the end of the Stirring and the laser shot was foundObtairIEd in the kinetics experiments than one measured directly at

: _ 7 M GdnHCI. Note that details in the shape of these three spectra
to be long enough for the convection of the sample to be can vary both with temperature and with [GdnHCI]. (B) Difference

come insignificant. The probe spot had an area of 12mm spectra of reduced cyt minus oxidized unfolded cyt. Dashed
The folding was initiated yp a 7 mJ 355 nmiaser pulse  and solid lines represent unfolded reduced and folded reduced cyt
covering 5 mm of the sample. This 5 time larger excitation c, respectively, calculated from the spectra shown in (A). The

volume was chosen to eliminate the effect of convection and Symbolsx and+ represent the spectra obtained from fits of the
diffusion during data collection. Each kinetics trace was Kinetics at different wavelengths, before)(and after ) the main

- . : folding phase, respectively. Both these spectra have been corrected
initiated with a single laser pulse and collected for 10 s. The o, thg Eonsumpﬁgn of NXDH. P

total time required for the collection of one kinetic trace,
comprising stirring, delay time, laser pulse, and trace tryptophan fluorescence quenching traces were only used to
recording, was 35 s. identify folding events.

For transient absorbance data, one trace each was collected Data AnalysisThe transient absorbance traces were fitted
at 400, 415, 435, and 550 nm. These absorbances provideglobally to a sum of five exponential22):
information on oxidation and environmental states of the 5
heme group. At 400 nm, the disappearance of oxidized cyt A, + Aiefkit (6)
c and at 415 nm the appearance of reducedccgan be
observed. The absorbance at 550 nm together with that at
415 nm is used to distinguish between reduced unfolded andThe fitting procedure was a combination of a Marquardt
reduced folded cyt (see Figure 2). The absorbance at 435 Levenberg nonlinear least-squares routine used for the rate
nm gives indications of heme environmental changes in early constants and general linear regression used for the ampli-
folding events. For tryptophan fluorescence quenching data,tudes.
two traces (excited at 285 nm and collected at around 360 The thermodynamic models were fitted with the Nelder
nm) were recorded for each temperatuf@dnHCI] pair. Mead Simplex method, and the errors were estimated with
Because of their significantly higher noise levels, the F-statistics at a confidence limit of 9592%, 23.
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- e

e time of the amplifier. Similarly, the tryptophan fluorescence
guenching trace cannot be followed during the first 280

as the photomultiplier tube and the amplifier need consider-
able time to recover from the large amount of scattered laser

= light.

%o " 7 7 ey T ' Phase® and3 primarily comprise the reduction of cgt
Laser photolysis of NADH has been shown to result in two
reductants, a solvated electron and a NADH radical cation
(20), which reduce folded ferri-cyt in two steps 21).
Presuming that the unfolded protein behaves in the same way,
then the bleaching of the 400 nm absorbance and the
corresponding increase of the 415 nm absorbance during
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! ¢ g phase? and 3 represent the reduction of cgt which is

Py S— . . , ] completed within 1 ms. The difference in the relative

° 10 20 0 o 50 60 o 80 amplitudes as a function of time of the traces at 415 and
Temp (°C) 435 nm during phasezand3, however, shows that events

FicURe 3: Relative stability of ferro- and ferri-cyt as a function ~ other than reduction also occur during pha&e Most
of temperature and denaturant concentration. The solid lines probably, early folding events, like those observed by Chen

represent the midpoints of the denaturation curves as described byet al. £6) and Jones et al2{), are hidden beneath these cyt
the thermodynamic parameters in Table 1. The open symbbls (¢ requction phases. Since the present experiments had been

oxidized; O, reduced) are the midpoints when fitting at each . d with f h il d dii f
temperature individually. The shaded area represents the conditiond1€Signed with focus on the millisecond to second time frame

for which folding experiments have been performed. The filled (Phased), this question cannot be resolved from the present
squaresM) indicate the breach points below which thekiwersus data set. The exact nature of the events in pl2asdl be
[GdnHCI] plot deviates from linearity (see Figure 6). For com-  the subject of future studies. PhaSeepresents the reoxi-

parison, folding midpoints of oxidizedH) and reducedX) cyt c :
from earlier work B) have been included. Inset: Example of the dation of cytc, presumably by trace amounts of oxygen)(

tryptophan fluorescence curves for feri)(and ferro-cytc (®) Interpretation of the Folding Kinetic®haset, proceeding

as a function of [GdnHCI] at 299 K. The open symbas ¢xidized; over a time frame of 1 ms to 10 s, represents the main folding
O, reduced) show the midpoints used in the stability curves in the event. The kinetics of this phase are analyzed in detail in
main figure. this report. Phasé coincides with a decrease in tryptophan

fluorescence, indicating that tryptophan-59 moves closer to
RESULTS AND DISCUSSION the heme. The heme difference absorbance spectra at the
Protein Stability Data.The midpoints of the unfolding  beginning of phasd resemble those of reduced unfolded
curves for oxidized and reduced aytare shown in Figure  minus oxidized unfolded cyt (4) (see Figure 2) and of
3. The area between the curves shows conditions wherereduced minus oxidized states of a bis-His model complex
reduction of unfolded ferri-cytc yields at least a 50%  (18). At the end of phasd, the spectra resemble those of
conversion to folded ferro-cyt. Folding experiments can  the folded reduced minus the unfolded oxidized protdin (
also be performed outside this area, but the amplitudes of18). Earlier CD measurements within this time fran2s)(
the folding phase become smaller and hence the measuredhad shown a change in the amplitude of théelix CD
folding rates become less accurate (compare legend of Tablesignal from 20% to about 95% of that of the native protein.
2). Figure 3 shows the midpoints of the denaturation curves In this CD study, three phases with increasing CD signal
for both oxidized and reduced cyt as determined from  had been observed with rates of Z91L(P, 170, and 5.6 5
global fitting of the experimental data to eqs-4. The (or 9.1 s?' depending on the fitting procedure used).
thermodynamic parameters resulting from the fits are shown (Additionally, also a phase with decreasing CD signal with
in Table 1. For comparison, unfolding midpoints from a a rate of 5.6x 10° s™* had been observed.) The question is,
previous study&), which show good agreement, have been whether these three phases represent three parallel folding
added to Figure 3. When comparifgs of folding at zero pathways, starting from three distinct subpopulations of
denaturant concentration, relatively larger deviatioh4(q unfolded cytc with, e.qg., different states of axial heme
kJ/mol) are observed, but are still within experimental errors. ligation, or reflect a series of consecutive stepstihelix
Noteworthy is the similar shape of the stability curves of formation. A calculation of the folding rate for phagdor
oxidized and reduced cy, indicating that the large free  the conditions of the CD experiment (2€ and 3.5 M
energy penalty (20 kJ/mol) for burying the extra charge of GdnHCI) yields 3.1 s'. This rate is close enough to that of
Fe*t inside the protein is similar over the whole temperature the slowest CD phase (5.6, with the largesto-helix
range R4, 25. The [GdnHCI}-temperature range within  increase, to show that this CD phase and plasspresent
which the folding experiments have been performed is the same process. A phase corresponding to the CD middle
indicated by the shaded area in Figure 3. phase, with the smallest amplitude, could not be identified
Analysis of the Kinetic#An example of the kinetics traces in the absorbance traces. This could be due to the fact that
recorded for each [GdnHCHtemperature combination is  this phase represents a folding step which produces only a
shown in Figure 4. Within the recorded time range, five small change in secondary structure but no changes of the
phases are distinguished. These five phases are fitted by thdaieme environment. The latter hypothesis is supported by the
five exponentials of eq 6. work by Jones et al.2(7) which shows that the slowest of
Phasel originates from the laser-induced fluorescence of the reactions in the equilibrium scheme between species with
NADH. The rate of this phase is affected by the recovery different heme ligation is more than 10 times faster than the
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Table 1: Thermodynamic and Apparent Activation Parameters for the Main Folding Phase of Cytocheib2@5 K

U—F U—F U—% U—# Uu—+
parameter units Fet Fet D = kyT/h-Fe** D = 10'%Fe*t D = cT/p-Fet
AH kJ/mol —93+21 —120+ 20 53+ 9 56+ 9 41+9
AS Jmolt Kt —170+£ 50 —190+ 40 12+ 30 74+ 30 51+ 30
AC, kJ molt K—1 —49+1.6 -51+1.1 —2.1+0.6 —2.1+0.6 —2.0+£0.6

m kJ molr*tM~1 —-15+3 —12+2 —59+0.5 —59+0.5 —5.6+05

aF = folded, U= unfolded,* = transition state, P& = reduced cyt, Fe" = oxidized cytc. Parameters for the unfolded-to-transition state
reaction (U— #) have been calculated with three different expressionDf@ccording to eqs 7, 8, and 9, respectively. The sum of squared
differences between measured and calculated folding rates is the sae=fd¢T/h andD = 10', but is 0.5% smaller fob = cT/5.

However, the tryptophan quenching traces show a decrease
in fluorescence, indicating that protein folding does take
place. Furthermore, the amplitude of the “folding” signal gets
smaller as the [GdnHCI] is lowered and not the reverse, as
would be expected if the observed signal comes from the
already folded protein. Moreover, the start of the deviation
from linear [GdnHCI] dependence (shown as squares in
Figure 3) does not follow the stability curve of the oxidized
state. In folding studies of oxidized cgta similar deviation
from linearity has been found in the k~[GdnHCI] plot

(6, 7).

! The nonlinear dependence of knon [GdnHCI], which

. : ' also has been observed for other proteins, has been inter-

10°¢ 12)'5 16" 10°? 16‘2 10! 10° 10! . .
Time (s) preted in different ways. For a barnase mute&B)tgnd a

FiGURE 4: Kinetics measurements: Example of kinetics traces at domain of phosphoglycerate kinasy, (the nonlinearity has
four different wavelengths (in nm) and of tryptophan quenching Peen taken as an indication of intermediates in the reaction
(Trp) recorded at 324 K and 3.59 M GdnHCI. The measured data pathway. For human U1A proteinl@), depending on
are shown in black and the lines of the global fits according to eq experimental conditions, it has been attributed either to an
6 in gray. The improvement in signal-to-noise ratio for longer times aggregation of the unfolded protein or to a shift of the
is due to heavier binning. The time resolution of the tryptophan 0 :
fluorescence quenching trace has been reduced for clarity. Five(ransition state to more denatured structures. The aggregation
different phases}—5, are distinguished. Their ranges are indicated had occurred at protein concentrations abovaM8 and
by broken lines. For the nature of these phases, see text. Rhase [GdnHCI] <1.5 M and appeared as an increasing reduction
is the main folding event. In all, similar kinetics recordings have of the folding rate as the [GdnHCI] was lowered. In the
been performed for 165 different—[GdnHCI] combinations present experiment, the total @/toncentration was 5 times
(Table 2). . . .
higher than that for which aggregation of human U1A had

CD middle phase. Hence, it follows that if the parallel been observed. However, at the conditions of lowest [Gd-
pathway theory is correct, all the protein molecules would nHCI], at which proteins are most sensitive for aggregation,
have folded with the faster rate. From the present work, no the actual concentration of oxidizeahfolded cyt ¢ was
conclusions can be drawn if the fastest of the CD phasessignificantly lower, because the folded form is more stable
represents a separate fast path to foldectaytis part of a under these conditions. Moreover, the drop in the folding
consecutive folding scheme. To summarize, the spectralrate reported for humanU1A protein is not observed for cyt
changes recorded in the present study indicate thatcyt ¢ (Figure 6). These circumstances together with the com-
during phaset changes from a collapsed, mainly His-His paratively high [GdnHCI] at which the bend in the [GdnHCI]
ligated state with lowa-helix content to a correctly His- dependence occurs disfavor the aggregation hypothesis in
Met ligated fully folded state. the case of cyt. Thus, the observed changemf—: as a

Nonlinear Arrhenius PlotThe rate constantk) for the function of [GdnHCI] indicates a shift in the folding
folding reaction of phas4, as a function of temperature and mechanism between the low and the high [GdnHCI] environ-
[GdnHCI], are compiled in Table 2. An example of the ment. This can be caused either by a shift in the position of
nonlinearity of the Arrhenius plot for the folding reaction at the transition state along the reaction coordindt@),(in
constant [GdnHCI] is shown in Figure 5. Note that the plot which case the slop@éy—+ in the Ink vs [GdnHCI] plot will
is almost linear from 5 to 40C. Within this temperature ~ change smoothly with [GdnHCI], or by a population of
region, the midpoints of the denaturation curve in Figure 3 intermediatesq), in which case two linear segments of the
are roughly constant. This indicates that the deviation of the plots ought to be separated by a noticeable bend. The shape
Arrhenius plot from linearity arises from a slower folding of the curves in Figure 6 favors the second alternative.
rate due to decreasing thermal stability of the folded protein. The Preexponential Factor of the Eyring Equatioro

Nonlinear In k Dependence on [GdnHCDeviations from account for nonlinear Arrhenius behavior at high [GdnHCI],
linearity also are observed for the dependence df the protein folding rates have been globally fitted according
[GdnHCI] at low temperatures (Figure 6). This deviation at to transition state theory (eqs—5). The validity of the
low [GdnHCI], where Ink is almost independent of [Gdn-  expression for the preexponential fac®in eq 5 has been
HCI], could mean that most of the ferri-oyis already folded discussed in the literaturd (2, 17, 28. Two different ex-
and that only the reduction of folded ferric-cgtoccurs. pressions have been used in studies of the folding rate de-
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Table 2: Natural Logarithm of the Rate Constants of the Folding Reactions in Blessa Function of Temperature (K) and [GdnHCI]

temperature [GdnHCI] (M)
label K 1.63 1.96 2.29 2.61 2.94 3.27 3.59 3.92 4.25 4.58 4.90

5 278.9 1.39 2.40° 1.11¢ 0.9& 0.16 —-1.31 -3.2% —2.86 —-4.03 —6.14 4.1
10 283.9 1.94 2.11° 1.58° 1.3%* 0.68 —0.67 0.21 —2.34 -3.81 —4.72 -3.30"
15 288.9 2.40 2.06° 21F 1.8% 157 0.92 -0.32 —1.09 —-1.14 —4.98 -2.81
20 293.9 2.52 3.00° 2.65° 2.6F 2.03 1.26 0.38 0.26 —-0.52 —2.37 —1.94
25 298.9 2.83 3.2% 3.0° 2.7%F 2.53 1.74 1.12 0.99 -0.59 —1.38 -1.70
30 303.8 3.38 3.46° 3.3¢ 3.24¢ 2.96 2.12 1.53 0.66 059 -—-1.27 —1.95
35 308.8 3.95 3.8% 3.8% 3.7F 3.46 2.83 2.00 0.84 059 -1.15 —1.84
40 313.7 4.37 4.41° 4.2% 4.200 3.82 3.04 2.18 0.90 0.80 0.10 -—2.17
45 318.7 4.78 6.13 5.10 4.51 4.09 3.43 2.32 1.32 141 6.26 —2.3¢
50 323.7 5.28 6.21 5.25 4.63 4.26 3.56 2.35 1.61 Bel  3.98 —2.48
55 328.7 6.74 6.21 5.53 4.84 4.30 351 2.59 191 .29 4.2¢ —-3.04
60 333.6 6.75 6.22 5.58 4.97 451 3.45 2.74 b74 3.2¢ 3.9¢ —-3.3%
65 338.5 6.79 6.36 5.59 4.66 4.63 3.72 338 452 4.0% 3.948 —2.3F
70 343.5 6.74 ND 5.20 451 480 418 4.38 3.62 3.7¢ 3.8# —2.84
75 348.5 6.44 5.81 4.70 458 5.0# 419 3.73 3.18 4.08 413 -1.86

aThe column “label” indicates the approximate temperatures in degrees centigrade used as labels in the figures. ND, not determined. The rates
marked with superscripts A, B, and C are not used in calculation of the apparent activation pardmettr$oo slow to be determined accurately
(tz > 9.5 s).B, unfolding dominates under these conditiofisdeviation from linear [GdnHCI]-dependent response at low [GdnHCI] and low
temperature. At these conditions, only a limited fractior$D%) of unfolded oxidized cyt coexists with folded oxidized cyd (cf. Figure 3). By
laser-triggered reduction with NADH, this unfolded fraction is converted to unfolded reducedaogt will take part in the folding reaction. This
affects the amplitude of the absorbance changes that record the folding event. However, the low amplitudes are still large enough to yield kinetic
rates with reasonable accuracy. The temperature was measured by an HD-9214, Delta Ohm Pt-100 digital thermometer with temperature errors of
less than 0.5 K.
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Ficure 5: Arrhenius plots for the folding rate of reduced cyat .
constant [GAnHCI],K, and AG, respectively. ¢) The non- FIGURE 6: oNonllnear [GdnHCI] dependence of krat temperatures
Arrhenius temperature dependence of the main folding phase atPelow 55°C. The labels indicate the approximate temperature in
[GdnHCI] = 2.94 M. The plot is roughly linear up until 48C degrees centigrade. For the exact conditions, see Table 2. The data
(0.00315 K1). The deviation of the 75C (0.00285 K1) point indicate a shift in a folding mechanism that is [GdnHCl]-dependent
is attributable to the predominance of the unfolding reaction. The at high GdnHCI concentrations to one that is not [GdnHCI]-
open symbols ) and ©) show Arrhenius plots at constant dependent at low GdnHCI concentrations and low temperatures.
equilibrium constant< = 100 000 anK = 100, respectively. The
filed symbols @) and @) show Arrhenius plots at constant
free energy AG = —30 kJ/mol andAG = —3 kJ/mol, respec-
tively. Data at constarik and AG were calculated from eqs—5
and 7.

the addition of an amino acid to the native-like part of the
transition state by chain diffusion. Hence, the following
preexponential factor has been considered more appropriate
1, 2:
pendence on temperature and denaturant: one of these is

the standard Eyring preexponential fact8y: (

.
p="5" (7)

D=10"s" (8)
This factor has been derived from theoretical estimates of
the rate constant for a random coil-to-helix transition (where
one amino acid in a random coil conformation is added to a
wherek, is Boltzmann’s constant anld is Planck’s con- preexisting helix stretch) and is of the order of‘®010*
stant. s1(29). Equations 7 and 8 in connection with egs&L.give
Since this prefactor has been derived for reactions of small equally good fits of the data, however, different values for
molecules, in which a bond is made or broken, it may not AH*, AS,, and AC,*. This makes it impossible to evaluate
be suitable for protein folding. The mechanism by which a experimentally whether eq 7 or eq 8 is the more suitable,
protein molecule leaves the transition state is believed to beand the differences in the resulting parameters make it
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difficult to compare data from different studies. Therefore,
results from fits using both of the preexponential factors are
given in Table 1. Equation 8 does not consider expected
environmental dependencies for a process in which an
unstructured amino acid is included in a structured segment
in a diffusion-like process. It appeared reasonable to expect
this chain diffusion to have the same dependencies as the
Stokes-Einstein equation for calculating the diffusion coef- vé 2
ficient. | have therefore tried a new way of describiDgs —~
a function of temperature and solvent viscosity: (

D=; 9)

-2 L
wherec is a constant. an6
This expression is in agreement with Kramers’ theory for ggure 7: Correlation between the folding rate (k) and the
diffusion-controlled reactions3Q). Schmid and co-workers  equilibrium constant (IrK). The symbols show the folding rates,
(32) have studied the effect of viscosity on protein folding taken from every second temperature series, of the measurements
reactions by adding viscosogens such as ethylene glycol ancomPiled in Table 2. The labels indicate the approximate temper-
sucrose. Taking into account the stabilizing effect of the gtsures in degrees centigrade. The solid lines represent folding rates
. ; ) predicted by eqs 7 and-112 (Table 3).
viscosogen, they found that for a small rapidly folding
protein, like the cold-shock protein CspB froBacillus It has been shown that if IK is kept constant a linear
subtilis the folding and unfolding time constants, are Arrhenius plot is obtainedl( 2). This indicates thaAC,* —
proportional to the change in relative viscosity for viscosity 6,AC, is 0, which is correct within experimental error. By
changes up to at least a factor of 2. Similar results have beereliminating this term from eq 10, the following expression
obtained for protein L32). On the other hand, if the protein is obtained:
quickly collapses to a molten globule conformation, no

viscosity dependence is observed for the following folding ASZG AHZG AG

step @1). Measurements of the actual rate constant for the Ink=1InD + R RT U"rT

addition of an amino acid to a helix segment at one end of E AG

a peptide yielded a rate constant ofx310° x T/273 st InA——2_ 0. == (11)
(33). By using this rate constant taken from the middle of RT RT

the peptide’s unfolding curve (300 K) and the viscosity for

. _ E + .
water @4), the constant of eq 9 is estimated to be roughly \t’\r']zefrriAséﬁés fi‘csttor aeﬁi é'{;'?ct'.s e?t'lj) N eneeTAH’aﬁ Isfth
9x 1Pkgm1s2K™1(9x 10 cP Kts™1). The viscosity quency ’ : vat gy, all wi

of the GdnHCI solutions and its dependence on temperatureAG = 0 as reference point, _Note that normally the reference

(34-36) and concentration3(?) were estimated using data point for the thermodynamic parameters is zero denaturant
X . . 9 concentration 1—3).

given in the literature, AG/RT can be further substituted byln K, yieldin
Activation parameters calculated using the preexponential Y 9

factors from eqs 79 are summarized in Table 1. The fits AS AHE
with prefactors according to eqs 7 and 8 are equally good; |n k= |n D + —2C — —_AG | 6, INK=
the fit with the prefactor from eq 9 is slightly better. The R RT

fact that no significant improvements are obtained may be
due to either the crude way in which the viscosity was
extrapolated or the possibility that phaderepresents a

molten globule-to-folded protein transition which should not This equation states that if the Eyring and Arrhenius plots

| Ea+9| 2
nA—ﬁ_ mInK (12)

exhibit any significant viscosity dependen@i), are made for different IiK’s then the slopes will be constant
Introduction of Free Energy into the Eyring Equatithe ~ @nd the intercepts will vary. This yields a model for which
denaturant concentration can be substituted w or AG the increase in "dl’lVIng force” (IrK) leads to an increase in

(4, 5, 11 as the dependent variable for protein folding. The the apparententropy of activation or, in the case of the
correlation shown in Figure 7 indicates a linear dependenceArrhenius equation, to an increase in igparentirequency
of In k on In K. This observation can be verified by factor. For eq 11, on the other hand, the Eyring and Arrhenius

Ca]cu|ating [GdnHC|] fromAG (app|y|ng eqs -1_4) and using pIOtS at differentAG have different SlOpeS, but the same

this concentration in the analogous expressionXG#: intercept. This results in a model in which tla@parent
entropy of activation is independent of the driving force and
AGH = AH — 6. AH — T(Ast — 0, A + the height of the activation barrier is reduced by the free

energy scaled by, (or, in the case of the Arrhenius
( ACp* —9 mACp)(T —T,—Tln l) + 0,AG (10) equation, theapparentactivation energy is reduced similarly).
To This approach is more appealing because it consists solely
of energy terms. These relationships for egs 11 and 12 are
where 0, is my—+/my—¢ (the ratio of the denaturant depen- illustrated in Figure 5. The slight curvature for the calculated
dence ofAG* and AG according to eqs 44). points is the result of an imperfect cancellationAdE,* —
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Table 3: Eyring Activation Parameters for the Gibbs Free Energy Dependenée Test

cytc Fer cytc Fet cytc Fet protein LA protein LS CspB

parameter units D =kyT/h D =10 D=cTlyp D =kyT/h D =kyT/h D =kyT/h
AHs kJ/mol 117+ 5 120+ 5 102+ 5 90 73 90
AS Jmolt K-t 127+ 15 189+ 16 160+ 15 35 17 81
Om 10°3 4944 35 494+ 35 474+ 35 578 580 937

aThe sum of squared differences between measured and calculated rates is about 7.5% greater than the corresponding fit in Table 1. This is,
however, still lower than the 12.2% used to calculate the 95% confidence limit of TabRel (1). BRef (2). Ref (3).

O0mAC,, probably caused by difficulties in determining the forces. A further benefit of the new approach is the possibility
stability of the protein at high temperature, owing to the of comparing data from studies that have used different
diminishing tryptophan fluorescence. denaturants, such as GdnHCI and urea.

To check the validity of the approach described by eqs In comparing the folding of oxidized and reduced cyt
11 and 12, data foAG andAG* as a function of temperature it is worth noting that the curvature in the GdnHCI de-
and denaturant concentration were needed for other proteinspendence shown in Figure 6 also is observed for the oxidized
In the literature such data were found for three proteins: form of the protein §, 7). The oxidized protein folds more
protein L (1), protein L9 @), and CspB 3). For protein L than 10 times faster at zero driving force under comparable
and protein LOAG andAG* had been described by egs4. circumstances (pH 6.5 instead of 7.0), but has a slightly lower
For CspB, howeverAH, AS andAC, were all denaturant  driving force dependenc®). Roder 88) and Englander?)
concentration dependent and, moreover, urea had been useblave shown that the folding mechanism for oxidized cyt
instead of GdnHCI. From the thermodynamic parameters of iS more complex than a simple two-state model. If the
these three proteins, the folding rate and the free energy ofreduced form of the protein behaves in the same way, then
folding were calculated for a temperatur@enaturant data 6, cannot be used to determine the position of the transition
grid similar to the experimental grid used for aytThese state along the reaction coordinate. The temperature depen-
data sets were then fitted according to eq 11. The results aredence data in Table 1 confirm that a more complex model
given in Table 3. It should be noted that these results areis needed. The positivAS indicates that the protein gets
based on fits of other fits and no errors of the parametersless ordered as it reaches the transition state. For a simple
can be calculated in a normal sense. The maximum diver-two-state mechanism, the activated complex should be more
gence of the folding rate between the published and the ordered than the unfolded protein and hence have a nega-
recalculated fits is a factor of 1.40, 1.00, and 1.13 for protein tive AS* (11). The experimentally derived positiveS thus
L, protein L9, and CspB, respectively. This means, that for supports a mechanism in which reduced cyirst forms a
protein L9, eq 11 gives an equally good fit as egblFor compact misfolded form which then expands to form the
protein L and CspB, there is a small discrepancy betweentransition state of the rate-limiting folding reaction. The
the predicted folding rates for the model described by eq 11 a-helix content of this misfolded intermediate is about
and the corresponding published moddls J). A definite 20% of the folded form Z6). Of the three other proteins
endorsement in these two latter cases is not possible withoutlisted in Table 3, protein L9 also has a positive activation
access to original experimental data. Nevertheless, the resultentropy at zero denaturant concentration, indicating that
appear promising and indicate that eqs 11 and 12 might bedespite arapparentiwo-state behavior its mechanism might
generally applicable to protein folding problems. be more complex. At zero driving forcS'ac is greater

This new approach (eq 11) has both disadvantages andhan 0 for all four proteins (Table 3), emphasizing the
advantages compared to eqsdl A disadvantage is that |mportance.of thorough investigations of early events of
protein stability data are needed to interpret the kinetics data,Protein folding.
but since these are usually collected anyway, this is not a
major problem. On the positive side is that the expression ACKNOWLEDGMENT

becomes simplerAC, only shows up in the stability Thanks are extended to Drs. Harry Gray, Villy Sundstyo
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