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Unfolding Mechanism of Rubredoxin frofyrococcus furiosus
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ABSTRACT: As part of our studies on the structural and dynamic properties of hyperthermostable proteins,
we have investigated the unfolding pathways of the smalksarifur protein rubredoxin frorRPyrococcus
furiosus(RdPf) at pH 2. Unfolding has been initiated by temperature jump, triggered by manual mixing

of a concentrated protein solution into a thermally preequilibrated buffer. The process has been followed
in real time by absorption, tryptophan fluorescence emission, and far-UV circular dichroism. Unlike the
case of the mesophilic rubredoxin fro@lostridium pasteurianunRdCp), RdPf displays a complex
unfolding kinetics, pointing to the formation of at least three intermediates. All of the steps, including
the one involving metal ion release, are extremely slow. However, hydrophobic core relaxation

Fe*™ loss—is rate-determining for RdPf unfolding. This clearly rules out the fact that e solely
responsible for the kinetic stability of RAPf. Results have been discussed in terms of sequential vs parallel
pathways, and the possible role of irreversible phenomena has been taken into consideration. Aggregation
does not appear to play a significant role in the observed kinetic complexities. According to a proposed
sequential mechanism, partial release of secondary structure elements precedes iron loss, which is then
followed by further loss ofs-sheet content and, finally, by hydrophobic relaxation. Although the main
features of the RdPf unfolding mechanism remain substantially unchanged over the experimentally
accessible temperature range, final hydrophobic relaxation gets faster, relative to the other events, as the
temperature is decreased. A qualitative assessment of the unfolding activation parameters suggests that
this arises from the very low activation energi€s)(that characterize this step.

Understanding protein-folding mechanisriis-@) in depth reports of folding/unfolding studies on these unusual proteins.
is a formidably challenging task. Itis a field of considerable Specifically, the forces responsible for the exceptional
activity since the original formulation of the problem)( thermal stability of proteins from hyperthermophiles are hard
Despite the intellectual and experimental endeavors, manyto pinpoint, and they have just begun to be elucidafei-(
questions about several of the relevant issues need to bel6). In particular, the characteristically slow unfolding
addressed. For instance, the folding pathways of proteinskinetics of these proteinsl{) render kinetic studies very
from hyperthermophilic microorganisms represent a particu- attractive experimentally. Within this context, there are
larly interesting aspect of the folding puzzI&—<7). Hy- several mechanistic issues that are poised for systematic
perthermophiles are a subclass of primitive microorganisms investigation. Among those are the specific folding pathways
collectively known as extremophiles. Most of these belong of hyperthermophilic proteins and their relationships to the
to the Archaea(8) domain, and they have the particular pathways of proteins from mesophilic species. The present
ability to thrive under conditions that are not compatible with work represents a first step toward addressing these questions.
most other life forms. In particular, they can withstand high  Rubredoxin fromPyrococcus furiosu$RdPf} has been
temperatures, pressures, and salt concentrations. Hyperthefyell characterized both biochemicall§8) and structurally
mophiles typically live in the proximity of volcanoes, hot (14, 19). Itis, therefore, a very good model system for the
springs, and marine hydrothermal vents. They grow opti- study of hyperthermostable proteins. Previous studies have
mally at temperatures ranging from 80 to 103. Since  shown that electrostatic interactions slow the unfolding
most of these proteins have been isolated and characterizedinetic step involving iron lossl{?). Nonetheless, several

only within the past few years9¢12), thanks to the  mechanistic aspects relative to the unfolding of this protein
pioneering work of Karl O. Stetter, who first revealed the siill need to be elucidated. For instance, it is not clear

existence of hyperthermophilic species, there have been femyhether there is any hierarchy between secondary/tertiary
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structure relaxation and iron loss. Likewise, it has not been monitored at 225 nm. Unfolding was initiated as described
established whether electrostatic forces play any role in thefor the absorption spectroscopy experiments. In this case,
kinetics of unfolding steps other than the one involving metal though, the addition of protein stock solution to the thermally
release. The combined use of different spectroscopic preequilibrated buffer was rapidly followed by manual
techniques provides a particularly powerful tool to address mixing. The dead time for the CD experiments was
the aforementioned issues. We have investigated the denadetermined for each individual measurement, and it was
turation of RdPf in real time by steady-state absorption, generally found to be-60 s. Temperature control for these
circular dichroism (CD), and fluorescence emission. Each experiments was achieved by connecting the cuvette directly
method has been selected for its ability to probe different to an external thermostated water bath. Temperatures were
molecular events such as changes in iron coordination monitored in the water bath with a mercury thermometer
environment (absorption spectroscopy), variations in overall (accuracy+0.5 °C). No corrections for heat losses were
secondary structure (far-UV circular dichroism spectroscopy), necessary since temperatures in the water bath and the
and exposure of the tryptophan (Trp)-sensitive portion of jacketed cell differed by only negligible amounts.

the hydrophobic core to the solvent (fluorescence emission Kinetic Data Analysis Kinetic parameters were derived
spectroscopy). Unfolding turns out to be quite complex. Due by fitting the experimental kinetic traces to an expression
to unusually slow observed rates, manual mixing was for the observed spectroscopic signal of the form

sufficient to ensure that no significant kinetic processes were

missed during the dead time of the experiments. By studying fobs = fxn + fix + fuXy ()
unfolding as a function of temperature, we have also
determined the specific contribution of Arrhenius preexpo-
nential factors and activation energies to the rates of the
individual steps. All the data presented below have been
derived at pH 2.

wherefogs represents the observed spectroscopic sidnal,

is the spectroscopic signal of the native state (N) at time

zero,f; is the hypothetical spectroscopic signal to be expected

in a case where the whole protein is present as the
intermediate (1), and, is the expected spectroscopic signal

MATERIALS AND METHODS at the end of the reaction, when all the protein is in its
unfolded state (U). Equation 1 reflects the fact that signals

Sample Preparation RdPf was isolated and purified detected by optical spectroscopy are a linear combination

according to known procedure$f). Experimental details  of the signals due to each species that absorbs at the

for the absorption measurements have been describedvavelength, or wavelength range, under examination. The

elsewhere7). Protein concentrations ranged from 1 to 20 symbolsxy, X, andxy represent the mole fractions of N, |

uM. These values are representative of thevivo RAPf and U, respectively. These mole fractions are defined as

concentration 18). Buffers consisted of 40 mM glycine follows

solutions at pH 2.0. No additional salts were added to the

buffers (ionic strength 40 mM). Unfolding was irreversible, X = M _ ﬂ _ M )

under our experimental conditions, as assessed by gradually NCOIND YO INGTT Y NG

lowering the sample temperature right after each thermal

unfolding experiment. This behavior did not appear to where [N] is the initial concentration of the native state,

depend on the specific cooling rates (ranging from ap- [N] is the concentration of the native state at tim¢l] is

proximately—1 to —10 °C/min) that were used to lower the the concentration of the intermediate at titpend [U] is

sample temperature. No denaturing agents were employedthe concentration of denatured or unfolded state at time

The kinetics of unfolding was monitored by UwWis Two different reaction schemes were considered when

absorption, Trp fluorescence emission, and far-UV circular fitting the data. Kinetic analysis of the first scheme

dichroism. All the spectra were baseline corrected with the

software Lab Calc (Galactic Industries Corporation). N—U (3)

Fluorescence SpectroscopyThese experiments were yielded an expression for the time course of the N and U
performed with an SLM 4800 fluorometer, in a thermostated concentrations. These were inserted into eq 1, leading to
cuvette, under vigorous stirring. Samples were excited at the following relation
280 nm, and the time course of fluorescence emission was
monitored at 340 nm. The excitation and emission band- fops= fNe’ktJr fu(l— e +a 4
widths were 4 and 8 nm, respectively. Unfolding was
initiated as previously described for the absorption spectros-wheret is the time andh is a generic constant. The unfolding
copy experiments1{). The dead time of these kinetic rate constart and the constara, which has been introduced
experiments ranges between 1 and 2 s. The temperature wat account for small baseline errors, have been treated as
controlled via a thermostated water bath connected to theadjustable parameters. As mentioned, eq 1 has been used
compartment surrounding the cuvette housing. Temperaturein the derivation of eq 4. The second term of eq 1 has been
was monitored using a thermocouple probe connected to aneglected, since the pertinent kinetic model does not predict
Fluke 80TK module plugged into a multimeter. Readings the formation of any intermediate. In the specific case of
were accurate ta-0.5 °C. the kinetic traces from absorption spectroscopy in the visible

Circular Dichroism SpectroscopyFar-UV circular dichro-  region, the optical density of the unfolded form is zero.
ism (CD) experiments were performed on a JASCO-600 Therefore, eq 4 reduces to
instrument, in a water-jacketed thermostated 0.1 cm path Lt
cuvette. The time course of the spectroscopic signal was fos=fe = +a 5)



Unfolding Mechanism of RdPf Biochemistry, Vol. 37, No. 10, 1998379

The second sequential reaction scheme is free energiesAG¥) were obtained by substitutiryH* and
AS in the expression
N—I—U (6)

Fooapgt
Conventional kinetic analysis of eq 6 yielded an expression AG’ = AH' — TAS' (10)

for the time course of the N, I, and U concentrations. NO RESULTS

approximations were made. Substitution of these expressions ) ] .
into eq 1 gives All of the unfolding studies described here have been

performed at pH 2. Under these conditions, the electrostatic

k, component to the free energy of the protein is more

fops= fye ' + fum[e e + unfavorable than at neutral pH7). Furthermore, the salt
21 bridges of RdPf are no longer present. However, RdPf still
fU{ 1+ ;[kze_klt — kle_th]} (7 preserves pseudonative structural features at room temper-
(ky — ko) ature (L3). Regardless of the spectroscopic probe used, RdPf

o _ unfolding rates are extremely slow in the temperature range
wherek; andk; are the kinetic constants for the first and hat has been analyzed.
second step, respectively, of eq 6. The constanendf, Absorption SpectroscopyThe temperature dependence
were derived from the initial and final conditions, respec- qf the charge-transfer absorption band kinetics of RdPf at
_tlvely, \_Nhereasf. was regarc_ied as an _adju_stable parameter pH 2 has been described previously7, All the curves
in the fit. ; should be, to a first approximation, temperature fo|j0w monoexponential kinetics. This is consistent with
independent.  In cases wheffevas observed to vary with e+ release occurring in a single step upon unfolding.
temperature by more than about 20%, the value obtained pj,orescence SpectroscopRdPf fluorescence emission
from lowest temperature data in the series was substitutedyjnetic traces displayed in Figure 1a clearly indicate the
into eq 7. This modified equation, which no longer contains ormation of an unfolding intermediate on a slow time scale.
fi as an adjustable parameter, was used for the fits at theryjs js unusual since unfolding of most proteins studied so
higher temperatures. The rationale for selecting the lowestsa, foliows monophasic kinetic2@). The kinetic traces fit

temperaturef, as the “good” value is that, in a variable- || 1o 4 biexponential expression, derived from the expected
temperature series, it was found that the two kinetic phasesypseryed fluorescence trace for the simple two-step mech-
are more clearly discriminated at the lowest temperature. As 54ism N— | — U. where N is the native state. | is a generic

temperature increases, often the first phase becomes t00 faghtermediate, and U is the unfolded state. Figure 1a displays
to be observed. Therefore, data at lower temperature arehe cyrve fits to the fluorescence emission traces, superim-
expected to more accurately fiteq 7. o posed on the original data. The fits at-728 °C are quite
Equations 4, 5, and 7 were used to fit the kinetic traces. gagisfactory. Slightly poorer results have been obtained for
Typically, curve fitting was done by first testing the ihe traces recorded at 63.3 and 683 These fits apparently
experimental traces against eq 4 or 5. Whenever a satisfacy, erestimate the rate of the first kinetic phase, and they
tory fit was obtained, the calculated first-order rate constant ,,qerestimate the rate of the second kinetic phase. This
kwas regarded as the true value. Otherwise, fitting t0 €q 7 ¢\ggests that the backrate for the first step of mechanism 6
was performed. In the latter case, the process was consideredyq|d not be neglected at lower temperatures. In any case,
to take place according to eq 6, i.e., via formation of an \ye regard the fits based on eq 7 as reasonably satisfactory.
intermediate. The software package KALEIDAGRAPH riqre 2 illustrates the Eyring plot for the first and second
(Synergy Software) was used to implement all the curve- pqpf flyorescence kinetic phases. The fit for the first step
fitting routines. (k) is very good, whereas the fit for the second phask (

Activation Parameters The temperature dependence of s affected by a larger error. This may be explained in terms
unfolding rate constants has yielded activation parametersys o inapility to detect some mechanistic subtleties or, as

for each observed kinetic phase. The Arrhenius equation §iscyssed in the next section, in terms of a temperature-

(20) dependent heat capacity of activation.
A (EJRT) To provide a direct comparison between the kinetic
k=Ae (8) unfolding behavior of hyperthermophilic and mesophilic

was used to obtain preexponential factdks4nd activation ~ SPecies, the unfolding of the mesophilic rubredoxin from
energies,). T,k andR represent the absolute temperature, Clostridium pasteurianuniRdCp) has also been followed,
the observed kinetic rate constant, and the universal gasatPH 2.0and 45.6C (Figure 1b). RdCp unfolding is clearly
constant, respectively. Linear regression analysis was ap-monoexponential, with no observable formation of kinetic
plied to In) vs 17T plots. The slopes anghaxis intercepts |n.termed|ates. This behavior is not surprising, bemg in I|_ne
of these plots yielde#, andA, according to eq 8 AH* and with that of most other meso.phlmc proteins. The intensity
AS were obtained from the slope aneaxis intercept of of th(_e RdCp fluorescence emission trace increases Wl_th time,
In(k'T) vs 17T plots. Linear fits were analyzed according to leveling pff after the protein ha_s unfolded. This indicates
the Eyring equationZl) that _the increase in quantum yield caused by"Release
dominates over quenching due to solvent exposure, as the
_ kkgT (+ASYR)E( AHYRT) protein unfolds.
= Te ) In principle, it is conceivable that some of the observed
kinetic complexities displayed by RdPf may be due to
wherex is the transmission coefficieritg is the Boltzmann aggregation phenomena, rather than to intrinsic intramolecu-
constant, and is the Planck constant. Finally, activation lar processes. To analyze this possibility, we have studied

k



3380 Biochemistry, Vol. 37, No. 10, 1998 Cavagnero et al.

20000 -10

=

15000

150007

w
=
3
8

Fluorescence Emission Intensity
(arbitrary vnits)

=3
2
3

N
T
(]

?

T~

' I 1
0 5000 10000 15000 20000

Time (sec) k2

In(k/T)

10000+

5000+

Fluorescence Emission Intensity
(arbitrary units)

P I U B | | I P R

2.84 286 288 29 292 294 296 298

0 PR TR T RS S T | PRSP S T S R G 't
0 1000 2000 3000 4000 5000 (1/T)x1,000
Time (sec) Ficure 2: Eyring plot for the two RdPf unfolding kinetic phases
(k;, faster kinetic phasek,, slower kinetic phase) as detected by
6000 Trp fluorescence emission, at pH 2.0. Linear least-squares curve
b) fitting was performed on both traces.

Pt -15

5000

Fluorescence Emission Intensity
(arbitrary units)
= 8 & &
g & 8 8
1 1 1 1 1 ] L L " "
\r
Ellipticity (mdeg)

0 .
0 200 400 600 800 1000 1200 | |
Time (sec) 50— ' ' ' ' ‘
. — 0 2000 4000 6000 8000 10000 12000 14000
Ficure 1: RdPf (a) and RdCp (b) unfolding kinetics as followed Time (sec)

by Trp fluorescence emission spectroscopy. The experimental pH o )

is 2.0. The excitation and emission wavelengths are 280 and 340FIGURE 3: Kinetics of RdPf thermal unfolding as followed by
nm, respectively. Experimental temperatures for RdPf unfolding circular dichroism spectroscopy. The experimental pH is 2.0. The
are as follows, going from the lower to the upper trace: 63.3, 68.3, €xperimental temperatures are as follows: (a) 6&6 (b) 66.3
72.3, 74.6, and 77.8C. Nonlinear regression curve fitting for RdPf ~ °C, (¢) 70.1°C, (d) 75.7°C, and (e) 78.3C. Nonlinear least-squares
was performed according to a three-state model, and data were fitcurve fitting was performed. A three-state kinetic model was used
to eq 7. The insert shows the complete RdPf unfolding time course for curve fitting. Data were fit to eq 7.

at 63.3°C. RdCp unfolding was followed at 45°C. Curve fitting . . o

for the RdCp trace was based on a two-state model, as describeconcentrations close to 1QM, intermolecular association
by eq 4. of either the native or one of the RdPf intermediate states

promotes formation of an unfolding-competent more stable
the concentration dependence of the RdPf unfolding kinetics species. This is expected to denature more slowly than its
over the 2100 uM concentration range (data not shown). nonaggregated counterpart, giving rise to slower observed
Apparent rate constants do not appreciably vary between 1kinetics at increasing initial protein concentrations. In any
and 18 uM concentration, suggesting that one of the case, this behavior is not directly relevant to the present work,
following two situations applies: (a) either aggregation does since we have employed RdPf concentrations considerably
not play a role in the concentration range relevant to the lower than 10QuM to follow unfolding.
experiments performed in this work or (b) aggregation is  Circular Dichroism SpectroscopyExperimental far-Uv
fast compared to unfolding, and it occurs only after the circular dichroism (CD) spectra are shown in Figure 3. Data
unfolded state has formed. Case b is kinetically undetectable,are best fit by curves derived from the biexponential
and it does not interfere to any extent with the ability to expression eq 7. Excellent fits are obtained at all experi-
follow intrinsic unfolding events. However, as RdPf con- mental temperatures. Over the course of data fitting, we
centration approaches 1M, significantly slower unfolding observed that the values obtained for the first kinetic constant
rates have been observed. This phenomenon, whose origir{k,) tend to become unreasonably high as higher temperatures
is not entirely clear at present, is not immediately suggestive are approached. This can be explained since, according to
of aggregation, since aggregation is generally expected tothe kinetic trend established by tHe values at lower
give rise to faster apparent unfolding rate constants as proteintemperature, the expected lifetimes of the native state at
concentration is increased. One viable possibility is that, at higher temperatures range between 90 s (at 78)and
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Table 1: Activation Parameters for the Thermal Unfolding of RdPf at pH 2

technique Ea (kcal mof?) A(s™ AH* (kcal morY)  ASf(calmoltdeg?) AG*¢(kcal mol?)
UV —vis® 61+2 4% 10°% £ 2 x 106 60+ 2 101+ 4 25+ 3
fluorescence (first kinetic phase) a21 2x 10%+ 3 x 10%¢ 61+1 105+ 3 2442
fluorescence (second kinetic phase) 43 6x 100+ 4 x 10° 13+5 -39+ 15 27+ 10
CD (first kinetic phase) 5% 1 2x 10%+2 x 10%® 58+1 101+ 2 23+ 2
CD (second kinetic phase) 622 2x 10 £ 7 x 10%¢ 6242 105+ 7 25+ 4

2 The process has been followed by BVis absorption, fluorescence, and circular dichroism spectroscopies. Activation enggiésrhenius
preexponential factors\j, activation enthalpiesAH*), activation entropiesAS’), and activation free energieAG*) were individually derived for
each of the experimentally observed kinetic phases. Unless otherwise stated, uncertainties have been derived by applying error propagation routin
(47) to individual errors on the slopes and intercepts of Arrhenius and Eyring plattivation parameters and uncertainties taken from previously
published absorption datd 7). ¢ These values are for a temperature of°C5

170 s (70.I°C). These times are definitely comparable with
the dead time of the CD measurements (about 60 s).
Therefore, the corresponding kinetic values cannot be -4
accurately defined at temperatures higher than °@0 I
Having taken this into consideration, we have not included
thek; values obtained at 70.1 and 75@Q in the Arrhenius
curve fit for this kinetic phase. However, we have retained
thek; value at 78.5C (dead time, 32 s), simply because it
produces consistent results with the data obtained at the two
lowest temperatures examined and it provides a rough
estimate of the expected high-temperature behavior. It is,
nonetheless, important to remember that the Arrhenius curve
for this CD phase is affected by a considerably large error,
given the limited number of available experimental points
and the unavoidable low accuracy associated with the data

acquired at 78.3C. As a consequence, it is necessary to , , ,
bear in mind that the activation parameters for this kinetic F'¢URE4: Comparative Arrhenius plots for RdPf thermal unfolding
at pH 2, monitored by different spectroscopic techniqu@s:

step are affected by an even larger experimental error thangiscyjar dichroism data. first phase; absorption data (taken from

quoted in Table 1. Cavagnero et al. (1997), fluorescence data, first phase;
Activation Parameters A complete compilation of un-  circular dichroism data, second phasefluorescence data, second

folding activation parameters, according to both Arrhenius Phase.

and Eyring theories, is presented in Table 1. With the

exception of the second fluorescence kinetic phase, all the

values referring to the different kinetic steps are very similar -
g P Y finally leads to the unfolded state formation. The broad

to each other. The activation parameters for the secondf f thi d hanism d d
fluorescence kinetic phase are affected by quite a large error,e."’m.‘reS of this proposed mec anism do not undergo any
ignificant changes over the experimentally tested temper-

due to considerable scattering of the experimental rates values
in the corresponding Arrhenius plot (Figure 4). Therefore, ature range.

the r_esyltlng _data s_hould be regarded as valid o_nly fron_1 a51SCUSSION

qualitative point of view to establish broad comparisons with

the other kinetic phases. As a consequence, we have kept Extension of previous absorption spectroscopy kinetic
our data evaluation below strictly within these limits. studies 17) to Trp fluorescence emission and CD has been
Additionally, all Arrhenius preexponential factofsare also instrumental to reveal that RdPf unfolding takes place via
affected by a large experimental error. This is unavoidable, at least four kinetic steps. Absorption measurements at
given the relatively narrow unfolding temperature range that wavelengths corresponding to the ligand to metal RdPf
is experimentally accessible for proteins. Agafnyalues charge-transfer transitions, i.e., in the visible region of the
should only be considered to establish broad qualitative spectrum, are a good probe for the*Fenvironment. Trp
comparisons. Having taken this into consideration, we fluorescence emission is exquisitely sensitive to the chemical
observe that all the activation parameters for the last environment surrounding Trp(s) in a protein, while far-uv
unfolding kinetic step are considerably lower than those for CD is a good probe of its overall degree of secondary
the other RdPf unfolding steps. structure.

A comparative Arrhenius plot for RdPf unfolding as Multistep Unfolding RdPf unfolds, i.e., it loses its
followed by absorption, Trp fluorescence emission and CD secondary and tertiary structures, on time scales comparable
spectroscopies is presented in Figure 4. A complex five- to those associated with Herelease. More importantly,
state four-step unfolding sequential mechanism can bedistinct kinetic events have been identified along the unfold-
immediately proposed by inspection of these data. This ing pathway. While the absorption data, which display
mechanism comprises initial partial loss of secondary monophasic kinetics, suggest thafFss takes place in a
structure (fast CD phase), followed by ¥Ferelease (fast  single event, the fluorescence and CD denaturation profiles
fluorescence phase, absorption data) and by loss of furtherare biphasic, clearly pointing to intermediate formation

In(k)

L 1 L 1 L 1 n 1 n 1 L 1
0.00284 0.00288 0.00292 0.00296
T

secondary structure (slow CD phase). Extensive solvent
exposure of the hydrophobic core (slow fluorescence phase)
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(Figures 1 and 3). This is particularly interesting since  Detection of unfolding intermediates before the unfolding

single-domain protein unfolding usually takes place as an transition state is important because it enables one to gain
all-or-none event32), with no detectable kinetic intermedi- important insight into the RdPf energy landscape in the
ates. As a result, single exponential unfolding kinetic traces, configurational space region shared between the unfolded

bearing no lag phase, are normally observ@8—29). form and the transition state or ensemble of transition states.
Furthermore, probes of both secondary and tertiary structuresThis has generally not been possible before with mesophilic
usually give rise to very similar rate constanf7,(30), proteins since most of their unfolding intermediates, if

supporting a cooperative process. An exception is given by present, are not sufficiently populated to be detected. The
ribonuclease A (RNase A), which presents a lag phasereason this has been possible for a hyperthermophilic
preceding the detectable unfolding time course, as observedubredoxin lies in the fact that all the RdPf unfolding steps
by NMR (31). However, the unfolding of RNase A appears are slow. This naturally allows sufficient populations of
entirely monophasic when followed by far- and near-UV CD intermediates to build up, and consequently be observed, in
spectroscopy31). More recently, NMR has been able to real time.

reveal similar unfolding features for lysozym8&2f and Fluorescence Quenching&nts Kinetic traces of typical
dihydrofolate reductase (DHFR3J). A different behavior fluorescence protein unfolding processes are characterized
has been observed for multidomain proteins such as phosPy a decrease in the observed signal with time. This is
phoglycerate kinase, whose unfolding proceeds via distinct usually interpreted in terms of solvent quenching due to
kinetic phases, each corresponding to the independentincreased exposure of the Trp-containing hydrophobic probe
unfolding of one of its two domaing4). This general trend  to the solvent, in the unfolded form. In our case, the
for unfolding should be contrasted with the behavior of Observed fluorescence quantum yield increases as the
typical spectroscopic probes in refolding processes. Theseintermediate is formed. This is due to ¥ea strong

are known to be often characterized by several kinetic fluorescence quencher, being released during this step. The
intermediates35). second fluorescence phase corresponds to an increased
exposure of the two RdPf Trp to the solvent, which is
e;_eﬂected in a gradual decrease in fluorescence quantum yield.

. his hypothesis is supported by the CD experiments, which
for RdPf unfoldmg_ correspongjs to the same_event as the ON€iso s%gw biphasic k?nrzatics wit¥1 different Ignetic constants
detected by UV-vis. Accordingly, the relative Arrhenius (Figure 3).

plots are, within experimental error, virtually superimposable
(Figure 4). Activation parameters from UWis are also
very similar to those from fluorescence (Table 1). The
presence of distinct unfolding kinetic phases may well be

related to the fact that RdAPf is a metalloprotein. The
cysteine-tetracoordinate P core is kinetically very stable,  ctivation parameters for Uwis and fluorescence (first
given the high unfoldingAG* derived from absorption  nasey suggest that the two probes describe the same process.
measurements in the visible regioh7). Moreover, iron  aqgitionally, both activation entropy and enthalpy due to
release only occurs after partial secondary structure rEIaxat'onpartial release of secondary structure (first and second CD
has taken place (Figure 4). However, this step is not rate- yhases) are similar to those for the step involving ess.
determining, since the unfolding events that follow’Fe | follows that these unfolding events, despite being distinctly
release are even slower. This rules out the fact thét B gifferent in nature, are characterized by comparable free
solely responsible for the kinetic stability of RdPf. Further- energy barriers, and they therefore have to meet similar
more, it is possible that kinetic complexities in RAPf iinetic demands. A rigorous comparison of activation
unfolding arise, at least partially, becausé‘Feoordination  parameters is not possible because of the associated experi-
bonds are released in sequential, slow steps. This wouldmental error. However, in qualitative terms, it is possible
not disagree with any of our data, particularly the observed to say that the slow rates observed for the second fluores-
monoexponential decay of the WWis absorption signal.  cence phase, the rate-determining step for unfolding, do not
This hypothesis will be tested in future experiments. A clear- arise from highE., but from a particularly smal\, which is

cut detection of unfolding intermediates in metalloproteins in fact much lower than for the other kinetic steps.
has generally not been achieved, so far. These have onlyConsidered from another point of view, this step, which
been detected indirectly from equilibrium thermal unfolding accounts for final hydrophobic relaxation before reaching
measurements, as in the case of bacterial cytochrome P-45@he unfolded state, is characterized by a very I8,

(36) or, more recently, from the guanidine hydrochloride implying that the protein already has a degree of disorder
dependence of unfolding rates, as for cytochramé37). comparable to that of the unfolded state before going through
The unfolding kinetics of the mesophilic RACp presented this step. The calculatelSF value for the second fluores-
here (Figure 1b) provides an excellent comparison to RdPf, cence phase is actually negative. Although very surprising,
since these two proteins share several structural featuresthis finding should not be taken literally given the quality
including the presence of a four-Cys one-Fe irsulfur of the data that we have in hand. More accurate experiments,
center. The monoexponential unfolding behavior of RACp including a higher number of measured kinetic rates, are
suggests that the kinetic complexities observed in RdPf arenecessary to evaluate whether these results hold valid.
an unusual and peculiar property of this hyperthermophilic Finally, regardless of the individual values Afor E,, an
protein, rather than a mere consequence of the presence oimportant difference between the unfolding of RdPf and that
an iron—sulfur center. of RACp (17) is that the overall unfolding rates of RdPf are

By simple comparison of reaction rates at a similar

Activation Parameters The activation parameters derived
from the absorption, CD, and fluorescence data are presented
in Table 1. Both preexponential factor)(and activation
energiesk,) are very high for all the kinetic phases, except
for the slower fluorescence kinetic step. Furthermore, the
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very slow. These slow rates arise as a result of a combinationthat are freed upon Eerelease are potential cross-linking
of smallerA and/or largete,, compared to RdCp. agents. However, thiol-coupling processes are normally
Unfolding Mechanism Comparative Arrhenius plots for  facile at pH 8-8.4 in solution, whereas our working
RdPf unfolding monitored by different techniques (Figure conditions are at pH 2. Nonetheless, the high temperatures
4) reveal that this is a complex kinetic process. As a result involved in our experiments may still favor chemical cross-
of the analysis in Figure 4, the simplest scheme consistentlinking. To test this hypothesis, we have performed control
with the experimental data comprises the following sequential experiments in the presence of a strong excess of DTT (data
model: not shown). We have not detected any differences in the
observed unfolding kinetics. As shown in the previous
N=I,=1,=I;=U(—A) (12) section, the negligible concentration dependence of RdPf
unfolding rates in the concentration range relevant to our
The native state partially loses some secondary structureexperiments suggests that either aggregation does not take
(14, first CD phase), F& is then released {] first fluores- place or it is a very fast event taking place only after the
cence phase, absorption data), more secondary structure isnfolded state has formed. An additional side process that
then lost (s, second CD phase), followed by formation of may compete with unfolding is acid-catalyzed peptide
the unfolded state (U). Irreversible aggregation and/or backbone hydrolysis3g). Whether and at what stage of
degradation either coincide with the last kinetic step or they RdPf denaturation this reaction takes place needs to be
immediately follow the formation of the denatured species. experimentally assessed in future studies. For the current
This kinetic scheme is entirely consistent with the concentra- study, the following considerations suffice to suggest that
tion dependence studies described in the Results. Accordinghydrolytic degradation is more likely to follow than to be
to Figure 4, the transition state for unfolding is crossed as concurrent with RdPf unfolding. Amide bond hydrolysis
Trp gets more exposed to the solvent, i.e., during the lastusually requires more extreme conditions than those em-
step of eq 11. This is what is commonly called a late ployed in this study39), but it is greatly facilitated by the
transition state along the unfolding pathway, since most presence of aspartic acidd), particularly if followed by
structural elements (i.e., secondary and tertiary structure loss)proline @1) and asparagine. These residues are all present
are released during later stages of unfolding. One would beand highly conserved in most rubredoxins from different
tempted to say that this corresponds to an early folding species, including RdPf and RdCp. On the other hand,
transition state, assuming that folding and unfolding pathways hyperthermophilic proteins, particularly when nearly con-
are essentially identical, except for the direction in which formationally intact, are well-known for being extremely
they are traveled. The principle of microscopic reversibility resistant to hydrolysis and other self-degradative reactions
suggests that this is the case if folding/unfolding takes place relative to their mesophilic couterparts, at pH lower than
at equilibrium. However, this does not generally apply to neutral 42, 43). Additionally, hyperthermophilic proteins
kinetic experiments. Additionally, we are unable to experi- have generally been shown to lose activity faster than they
mentally test the reversibility of the process, as discussed inbecome hydrolyzed. This suggests that degradation usually
the next section. Therefore, a late unfolding transition state follows unfolding, and not vice vers&Z?). Finally, water-
does not necessarily imply an early folding transition state, assisted peptide backbone cleavage at low pH exhibits low
in our case. The existence of a kinetic step involving partial activation energies and, at the same time, relatively high
loss of secondary structure prior to *Ferelease is fully positive activation entropiegld). None of the kinetic steps
consistent with equilibrium data, which identify structural detected in this study satisfy this criterion. Therefore, given
fluctuations whose free energy for hydrogefeuterium all the above considerations, the observed kinetic complexi-
exchange is considerably smaller than that for the transition ties are likely to be caused by intramolecular events peculiar
between the native and an¥Falepleted statel@). Although to the RdPf unfolding process. Furthermore, regardless of
the main features of the proposed mechanism apply to thethe nature and the stage at which the irreversible steps take
entire experimental temperature range, the data indicate thaplace, it appears unlikely that these are responsible for most
the second kinetic fluorescence phase, corresponding toof the significant secondary structure relaxation that takes
hydrophobic relaxation, becomes relatively faster than the place upon RdPf unfolding. As a result, our studies can be
other events, toward lower temperatures. In other words, regarded as relevant to the understanding of the actual
hydrophobic relaxation is no longer rate-limiting under these unfolding pathway of RdPf.
conditions. This is an important implication of the very low Features of the Unfolding Transition Statén thermo-

E. that has been observed for this step. dynamic terms, the folding/unfolding heat capacity change
Unfoldingvs Aggregation and Self-Degradatio word is commonly believed to be proportional to the difference
of caution must be introduced at this point. The thermal in solvent exposure of hydrophobic groups between native

unfolding of RdPf is irreversible in our hands. The present and denatured statestq). Similarly, the hydrophobic
data do not allow an assessment of when the irreversiblecharacter of a folding/unfolding transition state can be
step(s) take place. The simplest-case scenario is that this igjualitatively evaluated, with respect to the starting species,
a fast phenomenon, which is triggered by hydrophobic by the magnitude of the activation heat capacitZ{*) for
exposure upon unfolding. If this were the case, these the rate-determining steg®). This, in turn, is proportional
irreversible event(s) would take place right after unfolding. to the curvature of the Arrhenius plot for the rate-determining
Moreover, they would be kinetically undetectable. Alter- step. lItis clear from Figure 4 that, in general, the unfolding
natively, it is possible that these side reactions take placetransition states for the various kinetic steps do not involve
on the same time scale as the observed secondary and tertiargignificant changes in hydrophobicity (i.e., the Arrhenius
structure loss by RdPf. In this regard, the cysteinyl thiols plots are linear) with respect to the ground state or the initial
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state for that step. However, since the experimental data 8.

points for the Arrhenius plot of the rate-determining step
are more scattered than usual, we cannot draw definitive

conclusions on this point with respect to this step on the 4

basis of our data. Since the rate-determining step involves
exposure of the hydrophobic core to the solvent, it may well
be thatAC,* is different from zero for this step.
Sequentials Parallel Pathways Folding pathways are
potentially extremely complex. A more elaborate model

takes into account the fact that some of the pathways may 14.

take place in parallel with others. We constrained this
alternative model to account for the requirement thatals
to be formed along the path, as shown below:

\/

Both models 11 and 12 are consistent with the observed 20.
21.

kinetic data. Itis not possible to definitely say which of the
two models is correct. However, in light of the available

experimental evidence, we favor the first one on the grounds ,3.

that the CD data satisfactorily fit a biexponential expression.

In case the second model were operative, the CD kinetic 24.

trace would, in principle, fit best to a quadriexponential

for the different steps were relatively similar, it would be
virtually impossible to discriminate between the two mech-
anisms.

The slow thermal denaturation rates of RdPf have allowed
direct detection of kinetic complexities taking place upon

unfolding. The present studies suggest that the process takesyg

place via a complex multistep pathway that starts with partial
loss of secondary structure followed by3Feelease. In a
further step, more secondary structure elements are relaxed.
The process ends with exposure of the Trp environment (i.e.,
the hydrophobic core) to the solvent, followed by, or
concomitant with, irreversible step(s). Itis hoped that these
experiments will prompt more unfolding and refolding kinetic
investigations on hyperthermophilic proteins soon.
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