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ABSTRACT. The temperature dependence of the unfolding kinetics of rubredoxins from the hyperthermophile
Pyrococcus furiosufRdPf) and the mesophilglostridium pasteurianurRdCp) has been studied. Results
show that RdPf unfolds much more slowly, under all experimentally accessible temperature regimes,
than RdCp and other typical mesophilic proteins. Rates of RdCp and RdPf unfolding decrease upon
increasing the pH above 2 and diverge dramatically at pH 7. As shown by detailed electrostatic energy
calculations, this is the result of a differential degree of protonation of the negatively charged amino
acids, which causes distinct electrostatic configurations as a function of pH. We propose that ion pairs,
particularly those that are placed in key surface positions, may play a kinetic role by mildly clamping the
protein and thereby influencing the nature and the number of the vibrational normal modes that are thermally
accessible upon unfolding. More generally, these modes are also likely to be affected by the favorable
electrostatic configurations, which we have shown to be directly linked to the extremely slow unfolding
rates of RdPf at neutral pH. Even at pH 2, in the absence of any salt bridges, the unfolding rates of RdPf
are much smaller than those of RdCp. This is ascribed to presently unidentified structural elements of
nonelectrostatic nature. Since electrostatic effects influence the unfolding kinetics of both mesophilic
and thermophilic rubredoxins, these findings may be of general significance for proteins.

Nature has equipped proteins with an organized three- proteins. While it is not entirely clear, at present, what causes
dimensional structure that enables them to perform importantthe exceptionah vivo andin vitro thermostability displayed
biological functions, which include signaling, transport, and by the proteins produced by hyperthermophiles, it is known
catalysis. These require a machinery with a considerablethat heat resistance does not minimally compromise their
degree of conformational flexibility, which can only be ability to efficiently perform catalytic and transport functions
achieved by reversible breakage/formation of relatively weak (2). Whether the thermodynamic stability of these proteins
noncovalent interactions, triggered by small energetic inputs. at their physiological temperatures is higher than that of their
It is not surprising, then, that the thermodynamic stability mesophilic counterparts has not been firmly established to
of proteins is only moderate, and it does not usually exceeddate. Initial studies suggest that there may be no general
15 kcal/mol, with melting temperatures typically ranging answer to this question. Investigations performed on Sso7d
between 40 and 60C. A less well understood situation from Sulfolobus solfataricu€3) indicate that this protein has
occurs in the case of a selected number of microorganisms,an only moderate mesophilic-like intrinsic thermodynamic
commonly referred to as hyperthermophiles, that have the stability. Its peculiarly high melting temperature arises from
peculiar ability to thrive at temperatures ranging from 80 to a rather shallow and low-intensity stability cun4) (vith a
110°C. Most hyperthermophiles are classifiedfaghaea broad free-energy maximum spanning a wide temperature
(1), and they live in the vicinity of submarine hydrothermal range. In contrast to these findings, more recent studies
vents and continental hot springs or solfataric fields. Proteins performed on a hyperthermophilic rubredoxin suggest that
from these life forms are obviously distinct from the more the thermodynamic stability of this protein exceeds that of
conventional mesophilic organisms, which typically live only typical mesophilic proteins5j. On the other hand, the
up to about 40C. Optimal growth temperatures for various  kinetic properties of proteins from hyperthermophiles have
organisms may serve as a rough indication of the expectednot until now been explored.

lower limits to the melting temperatures of their respective 5, excellent model system for the study of the unusual

: properties of hyperthermophilic proteins is the iron protein
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apparent melting temperatur8)( The overall structural  aminomethane or 3N-morpholino)propanesulfonate solu-
features of RdPf both in solution and in the crystalline form tions at pH 7.0. All of the spectroscopic data were baseline-
are very similar to those of rubredoxins from mesophilic corrected. This was done for each time point by subtracting
organisms, except for a small number of extra ion pairs and experimental absorbances from the corresponding absor-

hydrogen bonds9, 10. bances at 700 nm, where no contribution is expected from
We chose to focus our attention on RdPf and its mesophilic RAPf transitions. _
counterpart, rubredoxin fronClostridium pasteurianum Data Analysis. The absorption spectra were analyzed on

(RACp). The latter protein rapidly unfolds at 80 (1) at ~ an IBM-compatible computer, with the software package Lab

neutral pH, and both its biochemistrg1) and its structure ~ Calc (Galactic Industries Corporation). Nonlinear least-

(12—14) have been well-characterized. The present study squares curve fitting was done on a Macintosh computer with
focuses on the peculiar kinetic features that characterize thethe program Kaleidagraph (Synergy Software). The follow-

unfolding of hyperthermophilic proteins. We have deter- ing expression was used to fit the data recorded at 380 nm
mined unfolding activation parameters by measuring rate

constants as a function of temperature. Furthermore, we have ODggs = OD, exp[—ki] + a 1)

studied how electrostatic interactions modulate the unfolding . .

kinetics. where ODRygs represents the observed absorption signal OD
is the absorption signal at time zero, and the time. The

MATERIALS AND METHODS unfolding rate constarktand the constara, which has been

introduced to account for small baseline errors, have been
Protein Preparation. RdPf has been isolated and purified treated as adjustable parameters.
as previously described). Rubredoxin fromC. pasteur- The temperature dependence of unfolding rate constants

ianum (13, 14) was purchased from Sigma. Concentrated has yielded activation parameters for each observed kinetic
stock solutions of the two proteins were used for the phase. The Arrhenius equation

experiments described below. All pH values were deter-
mined at room temperature. Solution pH was checked before i

and after each experiment and found to be identical in each k= Aert 2)
case, within experimental error.

Absorption Spectroscopylhe kinetics of unfolding were
monitored by U\W-vis absorption spectroscopy, with a
Hewlett-Packard 8452A single-beam diode-array spectro-

photometer. Fulllspﬁctra vxiere (;ecorded per each time pomt'analysis was applied to I vs 17T plofs. The slopes and
Spectra were typically analyzed at 380 nm. A 1 cm quartz y-axis intercepts of these plots yielded and A, according

cuvette was used. The temperature was controlled via i, eq 1. AH* and AS' were obtained from the slope and
Haake D1 thermostated water bath connected to the com-

) ) X y-axis intercept of INK/T) vs 1T plots. Linear fits were
partment surroundmg the cuvette housmg.. The eXp?”,me”tsanalyzed according to the Eyring equation

were performed in aqueous buffer under vigorous stirring at
different temperatures. Buffer solutions were placed in the Kk T a8t —ant
spectrophotometer cuvette and allowed to reach thermal k= h € R @RT 3)
equilibrium at the desired temperature. The temperature of

the solution inside the cuvette was carefully measured with (16), where « is the transmission coefficienks is the

a resistor sensor. After the buffer solution had reached Boltzmann constant. anis the Planck constant. A value
thermal equilibrium, a concentrated RdPf solution was .1 was used fox. Finally, activation free energieAG?)

rapidly added and spectral acquisition started. The dead timeys T5ple 1 were obtained by directly solving the Eyring
of this apparatus, inclusive of the time required for mixing equation in the following form:

and, supposedly, temperature equilibration,#1. In all

cases this time was negligible compared to the lifetime of kg T zac*

the species undergoing unfolding. No denaturing agents k= h e RT 4)

were employed. Buffers consisted of 40 mM glycine
solutions at pH 2.0 or 2.7 and 40 mM tris(hydroxymethyl)-  Ejectrostatic Free-Energy CalculationElectrostatic free-
energy calculations have been performed with the program
! Abbreviations used: RdPf, rubredoxin frdRyrococcus furiosys DELPHI (17; Biosym Technologies Inc.). Details of the
Ede' ftleEdbOXln fIfQ”UTOSt“dl;Jm PaSt$UFIaSnUmLY% |Y_t502fyf}19; method of finite differences have been discussed elsewhere
rom, stem bromelain; Tryp, trypsin; Trp Sym-subunit of Trp ; . : :
synthase; Cl2, chymotrypsin inhibitor I, absolute temperatur®, (18). The .prOtem was treated_ with .a dielectric of 4,
universal gas constark; observed kinetic constarkyy, unfolding rate embedded in water 30|\(ent of dielectric constant 80. Hy-
constant; tip, unfolding half-life; «, transmission coefficientks, drogen atoms were built onto crystal structures of RdPf
Boltzmann constanty, Planck’s constant, Arrhenius preexponential (1caa.bkv) and RdCp (5rxn.bkv) prior to electrostatic cal-
factor; E,, Arrhenius activation energyAH*, unfolding activation o . - ) . .
enthalpyAS, unfolding activation entropy\G*.ny, unfolding activation ~ culations using the Biograph program (Molecular Simulations
free energyFe, electrostatic free energfco.u, Coulomb free energy;  Inc.) and AMBER (19) bond and angle parameters. Separate
Esal, solvation free energyAEcou, difference inEcou between pH 7 structures were constructed, representing each pH 2 and 7
and pH 2:AEso, difference inEso between pH 7 and 2, total protein - configuration. No partial charges were used. Unit charges
charge;Aga.ss NUmMber of negative charges added upon raising the pH | d h fthe N and O ch d A
from 2 to 7; Agnes difference in net charge upon raising the pH from Were placed at the centers ot the N an charged atoms.

2to07. solvent accessible surface probe of 1.4 A was ugey An

(15) was used to obtain preexponential factory @nd
activation energiesHy). T, k, andR represent the absolute
temperature, the observed kinetic rate constant, and the
universal gas constant, respectively. Linear regression
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Table 1: Estimated Unfolding Rate Constarks, Half-Lives (1/,), and Activation Free EnergiedAG*,) of RdPf and Some Mesophilic

Proteins at 100C?

Kunt tue AGFyns
protein exptl condns (s (s) (kcal/mol)

tryptophan syntha8éa-subunit) pH 7.80 M GnCF 0.35 2 23
stem bromelait pH3.4 1.2x 10%3 6 x 104 17
trypsirf pH 2 1.4x 10" 5x10° 15
lysozymé pH 2.6, 0.7 M GnCl 1.2 10*2 6x 1073 19
chymotrypsin inhibitor 2 pH 6.3,0 M GnCt 69 102 19
RdCp pH 2.0 3.5¢ 10*2 2x 1073 18
RdCp pH 7.0 3.% 1078 1.8 x 10%2 26
RdPf pH 2.0 2.3 0.3 21
RdPf pH 2.7 5.8< 1073 1.2 x 102 26
RdPf pH 7 19x 10 3.7x 10" 32

aLinear extrapolations to 100C have been performed on the original data, which were acquired in the experimentally accessible temperature
ranges at 1 atm pressurkG*, values have been derived by introduckg values into the Eyring eq 4 and solving it fAG*,. ® Reference 22.
¢ Extrapolated from GnCl concentration dependence stuéiieeference 24¢ Reference 26" Reference 23¢ Reference 25" Deduced from pH
dependence studies (see Figure 3, curve 5).

atomic radius of 1.3 A for the iron center was added to the
bond lengths provided by the program DELPHI.

RESULTS

The present studies indicate that RdPf unfolds much more
slowly than RdCp, under similar experimental conditions.
Additionally, RdPf unfolding rates are much more sensitive

tical Density
e
S 8
N o0
1 |

to pH variations than the corresponding RdCp rates. This & 0.002 -
suggests that particular electrostatic configurations of RdPf 0]
are responsible for the observed kinetic effects. A detailed ]
analysis of our results follows. -0.002
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Unfolding Rates of Mesophilic and Hyperthermophilic 0
Proteins. Thermal unfolding of RdPf and RdCp has been
initiated by a temperature-jump induced by manual mixing.
The process has been followed in real time by absorption | b)
spectroscopy. In the temperature range that has been
analyzed (6296 °C), the unfolding rates of RdPf for the
step involving Fé" loss are extremely slow (see the

accompanying papel{) for a detailed description of the g -12r
RdPf unfolding mechanism). Figure 1 shows the temperature =
dependence of the time-decay of the CysM charge- ~ -13f

transfer absorption bands of RdPf at pH 2.0. The curves L
follow monoexponential kinetics, which suggest that'Fe S14F
is lost in a single step. First-order rate constants are readily
obtained (Table 1), and the corresponding Eyring pl@) (

gives an excellent fit (Figure 1b). A comparison between
RdPf unfolding rates and the available published data for 1,000/T(K)

the unfolding of mesophilic proteins is presented in Figure ¢ ee 1: Temperature dependence of RdPf unfolding kinetics as
2. It is apparent that the unfolding rates of RdPf are followed by UV—vis absorption spectroscopy at 380 nm, pH 2.0.
considerably slower than those of the nonthermophilic (a) Kinetic traces with corresponding monoexponential curve fits.
proteins for which kinetic data are available: tryptophan The temperature for the different traces was as follows going from
synthaseZ2), lysozyme 23), stem bromelainZ4), chymo- the upper to the lower trace: 62.4, 66.6, 71.0, 75.5, 76.First-
IS . order rate constants were determined by nonlinear regression
trypsin inhibitor 2 @5), and trypsin 26). To ensure more  apajysis, assuming a two-state model. (b) Eyring plot.
meaningful comparison among different proteins, some of
the original data from the literature have been extrapolated philic proteins by at least 2 orders of magnitude, in a
to 0 M guanidine hydrochloride concentration. This was mesophilic environment.
only possible in cases where the authors had studied the It is important to note that our kinetic data derive only
guanidine hydrochloride dependence of the kinetic param- from measurements of the unfolding kinetic step involving
eters @2, 25). A rough estimate of the differences in iron loss. However, results presented in the accompanying
unfolding rates between RdPf and the mesophilic proteins paper 21) indicate that this step, although intrinsically very
of Figure 2 is readily obtained by extrapolating the RdPf slow, is not the rate-determining step of the unfolding
curve to a temperature range relevant to mesophilic proteins,process. The rate-determining step is even slower and it
i.e., at values ranging from 20 to 8@. This procedure  occurs later during unfolding. This further supports our
reveals that RdPf unfolds more slowly than typical meso- results and suggests that the rate of iron loss defines an upper

et e s
2.847 2.89 2.932 2.975
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Table 2: Activation Parameters for Rubredoxin Unfolding, According to Both Arrhenius and Transition-State@Theory

A AH* AT
(kcal mol?) (s (kcal mol?) (cal mol* deg?)
protein (exptl error) (exptl error) (exptl error) (exptl error)
RdPf, pH 2.0 61 (3) 4¢ 10°6 (4 x 10%9) 60 (3) 101 (7)
RdPf, pH 2.7 74 5 107 73 125
RdCp, pH 2.0 51 (2) 4 10% (4 x 10%) 50 (2) 88 (7)
RdCp, pH 7.0 49 (5) X 10%2(2 x 109 49 (5) 60 (12)

aE, A, AH*, and AS denote Arrhenius activation energies, preexponential factors, unfolding activation enthalpies, and unfolding activation
entropies, respectively. Experimental errors are expressed as standard deviation of the mean.

0 -2
I .l
2+ I
Brom 1
Lyz 6 2
4+ L
~ -8 N 3
I z
—_ A
< 6 Tryp 10 | 4
= RdPf Trp Syn i .
2 \5
-8 L ‘\‘
CI2 -14 '
-10 | 16 1 I 1 |
0.0024 0.0028 0.0032
12 1 A R 1 | R I 1 . 1/T(K)
0.0028 0.003 0.0032 0.0034 Ficure 3: Arrhenius plots for the unfolding of RdPf and RdCp at
different pH values: (1) RdCp, pH 2.0; (2) RdPf, pH 2.0; (3) RdPf,
I/T(K) pH 2.7; (4) RACp, pH 7.0; (5) RdPf, hypothetical curve projected

FiGure 2: Arrhenius plots for the unfolding of RdPf and a few 0 pH 7 (dotted curve). Experimental curves are the result of the
mesophilic proteins. RdPf, pH 2, as probed by absorption spec- Study of the temperature dependence of the unfolding kinetics by
troscopy at 380 nm: Lyz, lysozyme, 0.7 M GnCl and pH 2.6; Brom, absorption spectroscopy at 380 nm. Curve 5 does not represent the
stem bromelain, pH 3.4; Tryp, trypsin, pH 2; Trp Symsubunit predicted beha\_/io_r of RdPf at pH 7, but ra_lther, it is inte_nded to
of Trp synthase, pH 7.8, the original data have been extrapolatedSuggest upper limits to the expected unfolding rates of this protein
to 0 M GnCl; CI2, chymotrypsin inhibitor 2, pH 6.3, data @t pH 7. Curve 5 has been constructed according to the criteria
extrapolatedd 0 M GnCl. described in the Results.

limit to the intrinsic unfolding rates. RdPf unfolding was Table 3: Calculated Coulomb Free EnergiBso() and Solvation

irreversible, under our experimental conditions. The unfold- Free EnergiesHs,) of RdPf and RdCp as a Function of pH

ing kinetics were wavelength independent over the entire protein pH Ecow AEcou 0 ACadd AGhet  Esol AEsql

wavelength range of absorption by the charge-transfer bands.rdpf 7.0 99.2 8 1, o 22827 _ o004
As shown, the mesophilic protein data of Figure 2 have RdPf 2.0 182.4 :

—83.2 .5 ~ ~1115.6

been collected by different investigators. Small inevitable Rggp ;-8 i’ig-g 431.0 _jg 17 7 __Sgg'g ~2926.8
differences in the experimental conditions (i.e., pH, ionic p_< - : -
strength, etc.) used for each of these proteins and RdPf make *The energy differences for the various terms between pH 7 and 2

; : g are indicated aAEc.u andAEs,. The total protein charge is expressed
rate comparisons less than ideal. A more quantitatively as g, and the number of negative charges added to the system as pH is

meaningful unfolding analysis of hyperthermophilic and raised from 2 to 7 is denotefigus The difference in net charge in
mesophilic proteins is obtained by directly assessing the going from pH 2 to 7 is expressed a@sj.e. Energies have been

temperature dependence of the unfolding kinetics for RdPf calculated at 298 K. Values are expressed as multiplég.oAll the

and its mesophilic counterpart, rubredoxin fr@npasteur- ~ calculations have been performed with the program DELRH). (
ianum (RdCp). These data for both proteins have been

collected under the same carefully controlled conditions. over its mesophilic counterpart. The above is true despite
Arrhenius curves]) for these processes are shown in Figure the fact that protonation of all the RdPf titratable amino acids
3. Over the experimentally accessible temperature range,in a low pH environment8) leads to electrostatic destabi-
the observed unfolding rates constants for the two proteinslization (Table 3). Under these conditions and in a high-
at pH 2 differ by a factor of about & 10%, RdPf being the  temperature environment, RdPf still retains a competitive
more slowly unfolding protein. This difference is quite advantage over its mesophilic counterpart.

remarkable, considering that the two metalloproteins share pH Dependence of Unfolding Rate$he pH dependence
the same tertiary fold and have very similar three-dimensional of the unfolding rates of RdPf and RdCp as a function of
structural features( 10). The expected half-lifet{;) of temperature (Figure 3) reveals that, as the pH is increased,
RdPf extrapolated to 10%C is 0.3 s, i.e., about 2 orders of the Arrhenius curves keep approximately the same slope but
magnitude greater than that of RdCp, at pH 2.0 (Table 1). shift to the left, implying slower unfolding rates at a given
This result highlights the intrinsic kinetic stability of RdPf temperature. This applies to both hyperthermophilic and
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mesophilic rubredoxins. Similar slopes do suggest that Activation Parameters.The unfolding activation param-
kinetic differences between these proteins are to be ascribeceters for RdPf and RdCp, according to Arrhenius and
to preexponential factors only. However, this is not entirely transition-state theory, are presented in Table 2. They
substantiated by our data, since even subtle changes in slopgenerally have greater magnitude in the case of RdPf.
are sufficient to produce sizable variations in activation Furthermore, sizable increases in both activation energies
energies. All the Arrhenius plots in Figure 3 are linear in and preexponential factors characterize the unfolding of
the experimentally tested temperature range. This implies RdPf, upon going from pH 2 to 2.7. In the case of RdCp,
that the unfolding activation enthalpiesH®) do not depend  on the other hand, activation energies do not appreciably
on temperature. As a consequence, there are negligiblevary but the preexponential factors get lower, as the pH is
changes in activation heat capacity between the native stategaised from 2 to 7. Corresponding variations take place when
and the unfolding transition states of RdPf and RdCp. activation enthalpiesAH*) and entropiesAS’) are consid-

In the case of RdACp, the Arrhenius curve shift in going ered. All the observed\S' values are large and positive.
from pH 2 to 7 is quite pronounced. Similarly, the Althoggh our datg do not show I epr|C|tIy, monotonic
corresponding plot for RAPf moves to the left upon varying Variations of unfolding rates with pH are very likely between
the pH from 2 to 2.7. This change in pH accounts for the the experimentally tested pH values: This is consistent with
protonation of a single negatively charged amino acid, basedWhat has ger_lerally been observe_d in the Iltergtﬂ_ﬂz 26).
on the electrometric pH titration curve of RAR)( At pH _ Electrostat_|c Free Energy Studie€lectrostatic interac-
greater than 2.7, RdPf unfolding rates become too slow to tions are er_mrely responsible for the changes undergqne by
be reliably measured at experimentally accessible tempera—a protein with pH £8). The overall s.,e.condary. and tertiary
tures. Therefore, for technical reasons, it was not possibIeStru.Ctures of RdPf undergo only m|n|mal variations as the
to obtain a complete set of pH-dependent Arrhenius curvespH is lowered from 7.t0 28). This suggests that the
for RdPf. The available data show that the RdPf curve shifts observed §Iower unfolding rates of RdPf compared to RdCp
to the left, upon varying the pH from 2.0 to 2.7, by about at low pH's are to be ascribed to subtle, and consequently

one-half of the shift undergone by the RdCp curve as the Z?e:?ic:r? glglgglnt,":tsrttjgtttqursl ?g\(/aigfél %%\ggfsgl;y{ é?;;t%%r;ad-
pH is changed from 2.0 to 7.0. Additionally, we have found PP b y

that RdPf can be boiled for an indefinite amount of time, on In\?vpeps;(\a/zt rgre]cglrr;r?ege;nopﬁéa:er;sr 6static free-eneray calcula-

the order of days, at neutral pH without losing its properties .. . P ; M

(data not shown). These observations indicate that R det'onS in order to estimate whether the rate effects presented
. ) . .in this work would correlate to pH-dependent thermodynamic

upfold'lngblrates %re ml:ﬁh mé)é%senstmve g thg dtepr?tor.]at'(lmchanges. We have calculated the expected variations in the

that unfolding rates of RAP! are dramatically slower that CISCTOSIAIC free energy) of RaPf and RACp between

those of Rdgp at neutral pH. A hypothetié,al unfolding pH 2 and 7. Our calculations have assumed that contribu-

; . tions arise only from fully ionizable residues. This ap-
Arrhenius curve for RdPT at neut_ral PH (F'gu“? 3, curve 5.) proximation is acceptable for qualitative purposes, and it
has been constructed by applying an unfolding rate shift

imilar to that ; d by RAC ina the bH gives reliable results to first order. The electrostatic free
simiiar to that experienced by p upon varying the p energy of a protein is given by the sum of its Coulomb free
from 2 to 7. This curve simply establishes approximate

i Ivation fi :
upper limits to the expected unfolding rates of RdPf at pH energy Ecou) and its solvation free energizdo) components

7, and' it has' obviously not.h|ng to do with the; actual Eg = Ecoy + Esy (5)
Arrhenius profile of the protein at neutral pH, which may
be further shifted to the left by an unspecified amount. This
is due to the fact that the sensitivity of RdPf to electrostatic
effects is greater than that of RdCp, as discussed above. Tabl
1 shows that the expected upper limit to the unfolding rate
of RdPf at pH 7 and 100C is 1.9 x 10°% s The
corresponding lower limit to the unfolding half-lifet16)
under the same conditions is 3<710*5 s, i.e., about 102.8

h. This number is presumably compatible with the lifetime
of cells of P. furiosusin its natural environment, e.g., cells

The DELPHI program has been used to derive values for
EcouandEsq. The calculation involves solving the Poisson

oltzmann equation for the electrostatic potential and
subsequently converting the results into energigse is
calculated as the difference in reaction field energy between
an in solvent and an in vacuo calculation. It is important to
note that, because of uncertainties associated with the choice
of the water and protein dielectric constants, the absolute
: ) . values of the energies here should only be used to highlight
have a doubllng_nme of about_ 4.0 min at 160 l_mder trends. In addition, precise calculations of the solvation term
laboratory conditions 27), and it is consistent with the ;16 b1y 2 states are subject to slight structural differences
observedin vitro thermogtabﬂﬂy of Rd.Pf at the optimal i, the proteins between the pH 2 and the pH 7 states, which
growth temperature of this microorganism. are unknown at this time. On the other hand, since small

To confirm the validity of our results, we have repeated structural fluctuations have less effect on the Coulomb
the unfolding experiments a number of times to estimate the contribution, relative pH-dependent variations witliig,y
experimental uncertainties associated with the data collectedcan be relied upon with confidence.
under similar experimental conditions. In general, the data Results from Table 3 show that (i) th&.u term of RdPf
collected at higher pH were affected by greater uncertainties,at pH 7 is considerably smaller than the corresponding term
presumably because unfolding gets exceedingly slow (up toof RdCp, (ii) the stabilization energ&Eco of RAPf from
several days at the temperatures that we have studied) apH 2 to 7 is also smaller and it has opposite sign to the
the pH is raised. Very slow processes are less likely to be AEc,, term for RdCp, and (iii) solvation energies of both
highly reproducible. proteins increase upon decreasing the pH (i.e AfBg, term



3374 Biochemistry, Vol. 37, No. 10, 1998 Cavagnero et al.

is negative). Observations i and ii reflect the fact that the phobic in origin, due to their persistence in the presence of
overall charge configuration of RdPf is much more stable very different RdPf electrostatic configurations. A recent
than that of RdCp. This is due to both the presence of comparison of the structures of RdPf and RdCp suggested
additional salt bridges and to the more uniform charge that the hydrophobic energy associated with the protein fold
distribution of RdPf. The higlk.,, value of RACp at neutral ~ might be stronger in the case of RdABLL). Further insights
pH is ascribed to the prominent separation of opposite into their nature are given by a comparison of the unfolding
charges on relatively distant surface regions and to heavyactivation parameters of RdPf and RdCp at pH 2 (Table 2).
negative charge clustering. The latter effect can be visually Both the activation energlf, and the preexponential factor
assessed by inspection of the published GRAZPi(nages A of RdPf are higher than those of RdCp at this pH.
of RACp @). The negative sign of the RARfE,, term as However, whileE, is only 16% higherA is larger by as
pH is lowered from 7 to 2 is due to the disappearance of the much as about 3 orders of magnitude. A discussion of the
charge neutralization effect as all the negatively charged implications of these kinetic results is beyond the scope of
groups get protonated. On the other hand, the positive signthis study and will be the subject of a future publication.
of the RACpAEcou term as pH goes from 7 to 2 is a The unfolding of both RdPf and RdCp gets slower as the
consequence of the increasingly smaller degree of oppositepH is raised. This enhances the differences between RdPf
charge separation. This results in like-charge clustering dueand RdCp, since the kinetic behavior of RdPf at pH 2.7 is
to the progressive disappearance of negative charge fromsimilar to that of RdCp at neutral pH. Although it has not
the protein surface. The data for the Coulombic term clearly been possible so far to measure the precise unfolding kinetic
underline the thermodynamic relevance of the peculiar chargeparameters of RdPf at neutral pH, our data suggest that its
distribution and of the ion pairs in RdPf. However, unfolding half-life is very long, and it amounts to at least
particularly in the case of ion pairs, it is not possible to 102 h (Table 1 and Figure 3) under these conditions.
directly infer that these interactions confer extra stability to Dramatic increases in activation parameters are also implied
RdPf, since the solvation energy terfs§), being propor- by the trend manifested in going from pH 2 to 2.7. The
tional to the protein net charge (see Table 3), exhibits increase in botte, and A, as well as the increase in both
compensatory effects. AH* and AS, for RdPf, upon increasing the pH from 2 to
2.7, is fully consistent with either the creation of a salt bridge
DISCUSSION or a more generally stable electrostatic configuration. In
The nature of the differences between proteins from accordance with this, calculations done on the native state
hyperthermophilic and mesophilic organisms is not well show that both the Coulomb and the solvation components
understood to date. While most studies that have appearedf the electrostatic free energy of RdPf decrease as pH
so far have concentrated on comparing struct@a8@) and increases (Table 3). Because of the uncertainties associated
thermodynamic4, 5) features, this paper shows that RdPf with the Es term discussed in the previous section, it is not
and RdCp, each produced by one of the two classes ofpossible to quantify the electrostatic free energy component
organisms, display very distinct kinetic properties. As seen of RdPf as a function of pH. However, the trend displayed
in the Results, our data indicate that the unfolding kinetics by both theEcou and Esq terms for RdPf indicates thdg
of RdPf is considerably slower than in the case of several is lower at higher pH values, i.e., the protein is more
mesophilic proteins (Figure 2), including RdCp (Figure 3, thermodynamically stable at higher pH. This poses the
Table 1). More specifically, the unfolding half-lives of RdPf interesting question of whether the large rate deceleration
and RdCp differ by 2 orders of magnitude at pH 2. At this effects observed for the protein as pH increases can be
pH value all of the acidic residues of RdPf have been entirely accounted for by variations in the free energies of
protonated §), all of its salt bridges have been disrupted, the native state or whether, and if so, to what extent, the
and the presence of net (positive) charge repulsion is reflecteddifferent pH-dependent electrostatic changes also affect the
by the high value of the electrostatic free energy (Table 3). properties of the unfolding transition state. The electrostatic
The fact that RdPf still retains slower unfolding kinetics, as calculations presented here only refer to the native state and
well as a considerably higher apparent melting temperatureoffer no clues about the energetic or the detailed electrostatic
(8) than RdCp, clearly indicates that there is a component configuration of the unfolding transition state.
due to forces of nonelectrostatic nature that is contributing Regardless of the origin of hyperthermostability of RdPf,
to the kinetic, and possibly the thermodynamic, stability of we emphasize here that we have observed a direct correlation
RdPf at low pH. These forces are almost certain to be between the degree of thermostability of different rubredoxins
present at neutral pH as well. Our absorption measurementsand the magnitude of their observed unfolding activation free
at 380 nm monitor the electronic environment of thé'Fe energies (Table 1). Specifically, hyperthermostability of a
coordination site. However, it is unlikely that the observed rubredoxin is accompanied by a higher activation free energy
differences in the kinetic behavior of RdPf and RdCp are a of unfolding from the native state. Whatever the molecular
direct consequence of structural variations in the metal ion determinants of hyperthermostability, it is clear that they
core of the two proteins since this has a similar geometry in either stabilize the native state or destabilize the unfolding
RdPf and RACpX0, 13, 14). This view is supported by the  transition state, or both, such that in the case under study
fact that an extremely slow unfolding kinetics has also been there is a dramatically enhanced kinetic barrier toward
observed for the RdPf unfolding steps that do not involve unfolding RdAPf relative to RdCp.
the metal ion to any extent2{). Thus, noncovalent In interpreting the observed pH dependence of the Arrhe-
contributions due to the polypeptidic portion of the protein nius plots of both RdPf and RdCp, we have taken advantage
are likely to play an important role as well. Although these of the fact that changes in pH can be correlated to the
forces are yet to be identified, they are very likely hydro- protonation state of the ionizable surface residues through
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electrometric pH titration curves3®, 33). We have also e
worked under the assumption that forces of nonelectrostatic
nature are affected by pH changes to a much smaller extent
than electrostatic forces. This view is corroborated by the
fact that the experimental apparent melting temperature of
RdPf decreases linearly with pH through protonation of all
the negatively charged amino acid side chains, but it then
flattens out at lower pH values (S. Cavagnero et al.,
unpublished results). In this connection, we note that, as
ionic strength is increased, all surface charges become
shielded. Furthermore, salt bridges are expected to get
weaker, even at high pH, making it very hard to draw any
conclusions. For this reason, we elected to maintain the ionic .
strength at the low value of 40 mM in all of our pH Lys I8
dependence studies. Another important point to be noted isSFicure 4: Ribbon diagram of RdPf based on the crystal structure
that forces such as iefrdipole, dipole-dipole, dipole- (10) showing the main ion pairs of the protein. The sphere in the
induced dipole, and induced dipetnduced dipole are also ~ upper portion of the figure represents théFeenter. Backbones

- . - and side chains of the four cysteine metal ligands are shown
electrostatic in origin 34). Additionally, hydrogen bonds explicitly. The residues involved in salt bridge formation are labeled

are also believed to be of partially electrostatic nat@4.(  on'the figure. Interactions resulting from ion pairs are depicted by
Therefore, all of these noncovalent forces are expected tosolid black bands. The diagram was prepared using the program

display some pH dependence. Nonetheless, we assume thadlolscript (41).

these interactions make a smaller contribution to the elec-

trostatic energy than the ion pairs and classical monopole (40), a concept that is fairly in line with what has generally
electrostatic interactions. We have obviously biased our been found for other proteing3, 26).

calculations in this manner by selecting the appropriate Itis possible that specific electrostatic interactions (as well
charge parameters used in the electrostatic free-energyas hydrophobic contacts) play a special role and affect the

Ala 1
Animilis vl eEs | ,’

calculations presented here. unfolding kinetics in a particular way. This issue has not
There has been much discussion in the literature aboutbeen treated in this work, and it will be addressed in future
the general role of ion pairs in a proteiB5-38). It is studies based on thermodynamic analysis. While we have

currently believed that salt bridges contribute to the ther- focused on kinetic analysis, future experimental efforts will
modynamic stability by only a small extent because of (a) also be directed toward clarifying the role that thermody-
the desolvation penalty that needs to be paid upon ion-pairnamics plays in the thermostabilization of proteins from
formation and (b) to enthalpyentropy compensation effects. hyperthermophilic life forms.
In the specific case of RdPf, protonation of the negatively  The present work has focused on the comparative analysis
charged residues, which results in salt bridge disruption, of hyperthermophilic and mesophilic protein unfolding
lowers the apparent melting temperature by about(8). kinetics. This is, to our knowledge, the first study that has
However, data presented in Table 3 suggest that there mightaddressed this issue. We have shown that the thermal
be a sizable contribution to this effect from simple charge unfolding of RdPf is several orders of magnitude slower than
neutralization. Thus, within the context of protein folding, in the case of mesophilic proteins. The different pH
ion pairs and, more generally, stable charge configurationsdependence of thermal denaturation rates of RdPf and RACp
resulting from uniform distributions of unlike charges, has provided insights into the kinetic role played by
evidently play an important kinetic role that had not been electrostatic interactions in proteins. Itis clear that particular
pointed out before. It is conceivable that the very slow RdPf electrostatic configurations are able to affect unfolding
unfolding rates at neutral pH may result from a mild surface kinetics by modulating both activation energies and preex-
“clamping” effect exerted by the salt bridges on the native ponential factors. We have proposed that localized structural
structure. By providing localized structural constraints in constraints due to electrostatic forces are able to slow RdPf
key positions on the protein surface, ion pairs restrict the unfolding by affecting the way the protein channels thermal
number as well as the nature of the vibrational normal modesenergy from the solvent bath into those modes that ultimately
of the protein that can be thermally accessible and contributesoften those contacts that are part of the transition state in
to the energy flow that can lead to thermal unfolding of the the unfolding process. The specific mechanisms by which
protein. This could be the case for RdPf, as illustrated by this phenomenon may take place are currently under
Figure 4. The observed decreased unfolding rates need tdnvestigation.
be interpreted in this manner in our view. Since these We conclude with a brief discussion of the large preex-
concepts apply to both hyperthermophilic and mesophilic ponential factors &) and activation energies£{ or AH¥)
proteins alike, these effects may be of general significance observed for the protein unfolding kinetics. Although the
in biochemistry. unfolding of a protein is effectively a unimolecular process,
Within the temperature range analyzed in this study, the thermal energy must be channeled into the protein to activate
Arrhenius plots of both RdPf and RdCp are linear, suggesting the protein vibrational modes. In a protein solution, this is
that there is no detectable heat capacity change in going fromaccomplished by the strong coupling between the protein
the native state to the activated compld®)( This supports  vibrational modes and the large thermal bath which it is in
the notion that the activated complex does not have a greateicontact with. If we make the simple assumption that the
number of exposed hydrophobic groups than native RdPf protein, P, can only begin to unfold when it has acquired a



3376 Biochemistry, Vol. 37, No. 10, 1998

Cavagnero et al.

threshold energy of activation, and this threshold is reached 12. Watenpaugh, K. D., Sieker, L. C., and Jensen, L. H. (1979)

when state P* is populated, then we may denote the unfolding

process by the following simple series of events

K1
P—p*

k2
=u (6)

whereK; is the equilibrium constant describing the popula-
tion of P* andk, denotes the first-order rate constant for the

unfolding of the protein from state P*.

Within the context

of this simple scheme, it is trivial to show that

K=

or

K]_k2 — K(kBT/h)(eAsl/R)(eASf/R)(e—AH]_/RT)(e—AHz*/RT)
(7)
AH* = AH, + AH}

AS = AS, + AS, 8

Thus, the measuredH* and AS® (or E, and A) reflect
both the enthalpy and entropy of formation of P* as well as

the kinetic activation parameters associated with the unfold-

ing of the protein from P*.
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