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ABSTRACT. The thermodynamic parameters of the conformational transition occurring at low pH (acid
transition, AT) in blue copper proteins, involving protonation and detachment from the Cu(l) ion of one
histidine ligand, have been determined electrochemically for spinach and cucumber plastodyiamins,
verniciferastellacyanin, cucumber basic protein (CBP), &atacoccusyersutusamicyanin. These data

were obtained from direct protein electrochemistry experiments carried out at varying pH and temperature.
For all species but CBP, the overall conformational change turns out to be exothermic. The entropy change
is remarkably species-dependent. In particular, we found that (i) the balance of bond breaking/formation
favors the acid transition in plastocyanins, which show remarkably negAtifér values, and (ii) the
transition enthalpy turns out to be much less negative (or even positive) for the two phytocyanins
(stellacyanin and CBP): for these species, the transition turns out to be observable thanks to the favorable
(positive) entropy change. Thus, it is apparent that the thermodynamic “driving force” for this transition

is enthalpic for the plastocyanins and entropic for the phytocyanins. Amicyanin is an intermediate case in
which both enthalpic and entropic terms favor the transition. Under the assumption that the transition
entropy originates from solvent reorganization effects, which are known to involve compensative enthalpy
and entropy changes, the free energy change of the transition would also correspond to the enthalpy
change due to bond breaking/formation in the first coordination sphere of the metal and in its immediate
environment. Indeed, this term turns out to be very similar for the proteins investigated, in line with the
conservation of the CuHis bond strengths in these species, except for amicyanin, for which the greater
exothermicity of the transition can be ascribed to peculiar features of the active site.

Copper and iron proteins serving as biological electron the redox inactivation of the protein, in the sense that it
carriers are known to undergo pH-induced conformational becomes unable to carry out its physiological function. For
transitions involving changes in the first coordination sphere that reason, hypotheses have been put forward on the possible
of the metal. In particular, the so-called alkaline transition physiological role of these transitions (which are both
in oxidized class | cytochromesand the acid transition in  reversible) as biological redox switchek (.3).
reduced blue copper proteins have been thoroughly inves-
tigated by spectroscopic and structural meansl1@). For
cytochromesc, additional low-spin Fe(lll) conformers are
known to form when the pH is raised above 8, in which the
native axial methionine ligand is replaced by a surface lysine,
gwse;;q[ir;]?diﬁ%aer&g;ggﬁag 4'[ ”fé;elr r? (:ek()j)lljg:dp ELOQ S(t)lg;eorfsan can be used to more fully characterize t_hese transitions. _We
at acidic pH values, the solvent-exposed metal-bound his-"€cently measured the thermodynamics of the alkaline
tidine undergoes protonation and a series of conformational fransition in mitochondrial and bacterial cytochromes
changes that lead to its dissociation from the cuprous ion Which were found to be remarkably species-dependent, and
and to the establishment of an approximately trigonal planar @nalyzed their modulation by medium properti$, (20—
metal coordination geometr@,(6, 11, 17—19). In both cases, ~ 23). Here, we focus on the thermodynamics of the acid
ligand replacement/detachment from the metal causes atransition in a number of blue copper proteins, which we
dramatic change in the reduction potential, responsible for determined through direct protein electrochemistry experi-

ments carried out at varying pH and temperature. To our
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highlight the role of entropic factors, which are mostly related
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8 Leiden University. to solvent reorganization effects.

The thermodynamics of these processes have been inves-
tigated in less detail in the past, although they provide
information on the balance of chemical bond formation/
disruption and on protein and solvent reorganization effects,
which complements the structural and kinetic data and which
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EXPERIMENTAL PROCEDURES

Proteins Native plastocyanins from spinach and cucumber, 0.45 —
Rhusverniciferastellacyanin, the copper basic protein from
cucumber (CBP}Y,and recombinanParacoccusversutus

amicyanin were isolated and purified as described elsewhere 0.40 1

(24—28). All chemicals were reagent-grade and were used

without further purification. Nanopure water was used 0.35 -

throughout. s
Electrochemical MeasuremenSyclic voltammetry ex- 2

periments (CV) were performed with a potentiostat/gal- 0.30

vanostat PAR model 273AA 1 mm diameter pyrolitic

graphite disk (PGE) was used as working electrode, a 0.25

saturated calomel electrode as reference electrode, and a 5

mm diameter Pt as a counter electrode. Potentials were

calibrated against the MVY/MV* couple (MV = methyl 0.20 -
viologen) @9). All the redox potentials reported in this paper
are referred to the standard hydrogen electrode. The electric L B
contact between the reference electrode and the working 3 4 5 6
solution is obtained with a VVycor set. All measurements were H
carried out under argon in a cell for small volume samples P

(V = 0.5 mL) under thermostatic control. Scan rates varied FIGURE 1: pH dependence of the reduction potential ofersutus

from 0.02 to 0.5 V s. The cleaning procedure of the amicyanin @), cucumber plastocyanirilj, spinach plastocyanin
Ki ) | d . Co | h | . (a), R. verniciferastellacyanin ¥), and CBP @®). Solid lines are
working electrode is crucial to the voltammetric response. least-squares fits to eq T.= 298 K.

The PGE was first treated with anhydrous ethanol for 5 min,

then polished with alumina (BDH, particle size about 0.015 the reference electrode were under thermostatic control, and
um) water slurry on cotton wool for 7 min; finally the the temperature was varied from 5 to 35.

electrode was treated in an ultrasonic pool for about 5 min RESULTS

and used without further treatment. Modification of the
electrode surface was performed by dipping the polished AtpH 7 and 25°C, cucumber and spinach plastocyanins,
electrode inb a 1 mMsolution of polylysine and morpholine ~ CBP,R. verniciferastellacyanin, ané. versutusamicyanin

for 30 s and then rinsing it with Nanopure water. Sodium Yield an electrochemically reversible or quasi-reversible, one-
phosphate (10 mM) and 100 mM NacCl were used as baseE'ECtron and diffusion-controlled voltammetric signal at
electrolytes. Protein samples were freshly prepared beforepotentials E') of +370,+382,+320,+187, and+248 mV

use and their concentration, in general about 0.1 mM, was (vs SHE), respectively, due to the €4* equilibrium of
checked spectrophotometrically. The pH was changed bythe copper center, in agreement with the values obtained
adding small amounts of concentrated NaOH or HCI under €lsewhereZ, 30—32). As the pH is lowered below 6 (below
fast stirring. A single voltammetric wave was observed for 7 for amicyanin), the reduction potential invariably increases
all species, which was either reversible or quasi-reversible. (Figure 1). In the low-pH region (from below 6 for amicyanin
Peak separation in CV experiments varied from 60 to 90 to below 3.8 for CBP), th&*'/pH profile shows a slope of
mV for scan rates in the range 0:02.2 V s'X. Anodic and ~ a@pproximately 56-60 mV/pH. This behavior has been
cathodic peak currents were almost identical and both wereobserved elsewhere for plastocyanids 4, 10, 13), ami-
proportional to protein concentration and? (v = scan rate), ~ cyanin 82, 33), and phytocyanins such as CBP, plantacyanin
indicating a diffusion-controlled electrochemical process. from spinach, and mavicyani8Z, 34, 35) and indicates that
Given the reversibility or quasi-reversibility of the electro- copper(ll) reduction is coupled to a protonation process at
chemical process, the Symmetrica| Shape of the V0|tammo_the active site. Such protonation occurs at the solvent-
grams, and the almost negligible influence of the scan rate €xposed Cu-binding His residue, which detaches from the
on the half-wave potentials, the,, values (taken as the Metal, as previously shown by crystallographic data for
average of the cathodic and anodic peak potentials) can becuprous poplar plastocyani8)( The low-pH region of the
confidently assumed as tii&' values. The experiments were ~curves in Figure 1 was fitted to the following single aeid
performed several times and the reduction potentials werebase equilibrium equation, which applies to the above
found to be reproducible withig:2 mV. In the pH titrations ~ condition (1):

at different temperatures the reference electrode was kept at

constant temperature (2% 0.1 °C), while the half-cell E” =E,+ 2.3Er|og 1+ [H+]/Ka) (1)
containing the working electrode and the Vycor junction to F

1 Abbreviations: AH® a1, overall enthalpy change for His protonation whereE™;p, is the limit E* value at high pH ank, is the

. AT, : . ot

and associated conformational chany&'ar, overall entropy change ~ aPParent His proton dissociation constant for the reduced
for His protonation and associated conformational chamges', protein. For all species the voltammetric response deteriorates
enthalpy change for reductio&yS™, entropy change for reduction;  at low pH (measurements could be extended down to pH 3

E*, standard reduction potential; CV, cyclic voltammetry; PGE, fqr the two plastocyanins, CBP and Sc, whereas no reliable
pyrolytic graphite edge electrode; SCE, saturated calomel electrode ’ ’

SHE, standard hydrogen electrode; pc, plastocyanin; CBP, copper basidata could be collected below pH S for E_:lmicyanin). There_—
protein from cucumber, S®husvernicifera stellacyanin. fore, especially for those species containing a more acidic
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Ficure 3: Apparent K values for the acid transition of various
blue copper proteins as a function off1fvan’t Hoff plot): P.
versutus amicyanin @®); cucumber plastocyanindi; spinach
plastocyanin 4); R. vernicifera stellacyanin ¥); CBP @). Solid

lines are least-squares fits to the data points. Please note that the
transition enthalpies obtained from the slope of these plots refer to
the deprotonation reaction. Those reported in the text instead refer
to the protonation reaction, hence the signs are reversed.

. . : Since we find it more convenient to refer to thetonation
Ficure 2: pH dependence of the reduction potential for plasto- - " : .
cyanins from spinach (A) and cucumber (B) at different tempera- reactllon, we here report the transmpn enthalpies and entropies
tures in 10 mM phosphate and 100 mM NaCI=T5 (@), 10 ), obtained from the least-squares fits of th€,s 1/T plots
15 (a), 20 (v), 25 (®), and 30 ©) °C. The pH values were  to eq 2 with thesign changedThus, theAH® a1 andAS' a7,
corrected for the temperaturgg). Solid lines are least-squares fits  \yhere AT stands for acid transition, refer to the overall
toeql. conformational change occurring upon lowering the pH. The

- . . AH® ar andAS™ a7 values for the various species are listed
binding His, the apparentia values determined here must in Table 1. The acid transition turns out to be exothermic

be affected by a rather conspicuous error, which we estimate, . .
to be +£0.2 for CBP and the two plastocyanins [which is ];c;]raﬁg es?se(r:rzisreb\?;ricéﬁlz’ whereas the sign of the entropy

much higher than thatf0.1 pH units) determined from the
standard deviation of the data fitting] asa.1 for amicyanin ~ DISCUSSION
andR. vernicifera stellacyanin. The various cupredoxins show different susceptibilities to
An analogous increase irfEat low pH has been observed low-pH redox inactivation due to the coupling of electron
for Alcaligenes faecalisS-6 pseudoazurin. The data (not and proton uptake at the copper site. Such a propensity is
shown) are consistent with those reported previously by directly related to the apparenKpvalue of the solvent-
Dennison et al. for the species frohthromobacter cyclo-  exposed C-terminal Cu-binding histidine, which follows the
clasteq(10, 36). An equilibrium with K ®dand K> values order amicyanin> plastocyanins phytocyanins> azurin
of 6.9 £ 0.1 and 6.5+ 0.1, respectively (at 298 K), has = rusticyanin. In particular, the latter two species appear
been observed, which is likely due to the conserved notto undergo pH-induced changes in copper(l) coordination
uncoordinated surface His6 residugs) The presence of at pH values as low as-2Z (1, 17, 37, 38). Whether the
this equilibrium, which apparently also affects the axiaHCu  acid transition takes place or not (at pH values that allow
Met bond @6), and the deterioration of the voltammetric preservation of a reasonable degree of protein integrity)
signal below pH 4.5 prevented a safe determination of the depends on thermodynamic and kinetic factors. The latter,
pKa value of the acid transition for this species, occurring at which have been recently proposed to play a dominant role,
lower pH, at least at the level of confidence needed for the originates from rotational barriers in the isomerization
variable temperature study. process 9). Transition thermodynamics are related to the
For all species, the pH dependencessf was measured ~ €nthalpic and entropic balance of bond breaking/formation
at varying temperatures in the range35 °C at constant and protein and solvent reorganization processes. For those
ionic strength (10 mM phosphaté 0.1 M NaCl). The  SPecies in which the transition occurs at meaningful pH
families of E*/pH curves determined at different tempera- Values (in the sense stated above), comparison of transition
tures for some of the species under investigation are shown€nthalpies and entropies helps gaining insight into the
in Figure 2. The van’t Hoff plots are illustrated in Figure 3. Molecular factors that underlie the variability in the apparent
The [Kapp values increase linearly with increasing temper- PKa values. This issue has been extensively debated since
ature for all species but CBP. The transition thermodynamics the seminal contribution by Freeman and co-workés (

can then be evaluated from the integrated van't Hoff Which showed that reduced poplar plastocyanin at pH 3.8
exhibits at the nearly trigonal planar copper site formed by

equation:
a the His37, Cys84 and Met92 ligands, as a result of proto-
AH\[1)  AS At nation, detachment from the metal and rotation of the
pKapp:( R )(f) ~ <= 2 imidazole ring of His87. Attempts have been made to

correlate the apparentkKp values to sequence features
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Table 1: Thermodynamic Parameters for the Acid Transition (AT) (Invol®Rngtonationat the Metal Site) of Blue Copper Proteins from
Different Sources

AH® ATP AS' AP —TAS ar® AG® prd PKa, PKa,

(kJ mol?) (I Ktmol™) (kJ mol?) (kJ mol?) calce exp

P. versutusamicyanin —24 +42 -12 —36 6.4 6.4
cucumber plastocyanin —41 —54 +16 —-25 4.4 4.4
spinach plastocyanin —47 =77 +23 —24 4.2 4.2
R. verniciferastellacyanin —-11 +49 —15 —27 4.5 4.5
CBP +34 +197 -59 -25 4.3 4.2

aValues were obtained in 10 mM phosphate buffer with 100 mM sodium chidtiéleerage errors om\H*' ar and AS” ar values aret2 kJ
mol~t and+6 J molt K-, respectively® At 298 K. ¢ These values would also correspond to the enthalpic effect of transition-induced changes in
protein structure, under the assumption that solvent reorganization effects yield perfectly compensating enthalpy and entropy changes (see text)

involving the copper ligands, bonding properties of the first counted for clearly in terms of metal coordination features.
coordination sphere of the metal, and solvent accessibility In fact, the stronger axial Cu bond formed by the methionine
of the copper site. In particular, the presence of only two sulfur and the glutamine oxygen in CBP (2.6 A2 and
residues between the cysteine and the C-terminal histidineSc (2.2 A) é3) as compared to that in amicyanin (2.8 A)
has been proposed to be a requisite for the acid transition to(44) and plastocyanin (2.9 A)3f should weaken the Cu
occur @, 10), although recent loop-directed mutagenesis His bond. Moreover, solvent exposition of both metal-binding
studies on amicyanin have shown that this might representhistidines in the phytocyanins would be expected to facilitate
an oversimplification of the real effecto(d0). Moreover, protonation. Therefore, this would suggest that the determi-
following the results obtained for phytocyanins, the impor- nants of the differences in transition enthalpy among the
tance of solvent accessibility of the binding histidine(s) has cupredoxins do not involve the first coordination sphere of
been pointed out3(, 35). It has also been suggested that the copperion. Net protein charge is expected to play a role.
the number of N-H---S(Cys) H-bonds formed by the Cu- Indeed, the highly basic nature of the two phytocyanins is
binding cysteine affect the acid transition. In particular, the consistent with the greater transition enthalpy with respect
presence of two such bonds would stabilize the high-pH four- to the other cupredoxins. However, we believe that solvent
coordinate Cu(l) site, disfavoring the low-pH His dissociation reorganization effects are center stage here. The discussion
(41). However, additional factors related to peculiar structural below will strengthen this view. It is also worthy of note
properties of the species may affect this transition, such asthat the transition enthalpy determined for these plastocyanins
the stabilizing #—s stacking interaction involving the is very similar to the activation enthalpy measured for
C-terminal His and an adjacent Phe residue, which has beeroxidation of the acid form of reduced ruthenium-modified
suggested to be responsible for the absence of detectable lowgreen alga&cenedesmus obliqupkastocyanin AH# = +43
pH change in Cu(l) coordination (at pH 4) in a plastocyanin kJ mol?) due to intramolecular electron transfer from*Cu
from the fernDryopteris crassirhizomg4). to the Rd" bound to a surface histidind). This activation
According to the structural data obtained for poplar barrier is due to the transition of the Cistructure from
plastocyanin ), the processes of covalent bond breaking/ trigonal to distorted tetrahedral (upon proton loss), which
formation in the immediate copper(l) environment involved likely precedes fast Cu— Ru*" electron transfer and hence
in the acid transition include dissociation of the solvent- oxidation to the C#&" blue state 45). The close similarity
exposed histidine ligand from the Cu(l) ion, its protonation, of these data indicates that the activation barrier for the
and the strengthening of the Cu¢i$(Met) bond. Regarding  backward process (reduction plus protonation), which we are
noncovalent interactions, rotation of the protonated imidazole considering here, must be small for plastocyanins. This
ring of the above His residue induces the formation of an support the hypothesis that observation of the acidic transition
additional H-bond. Changes in weak interactions involving in cupredoxins is controlled by kinetic89).
internal residues elsewhere in the protein are very small or  Transition EntropyFrom the data of Table 1, it is clearly
negligible @). Most importantly, it turns out that most of  apparent that the entropic contribution to the free energy
the residues showing (limited) pH-induced changes are change of the acid transition is very important. The magni-
solvent-accessible. Thus, a reorganization of the H-bondingtude of the entropic term compared to the enthalpic contribu-
network in the hydration sphere of the molecule must occur. tion ranges from approximately 10% for spinach pc to 50%
Therefore, the transition thermodynamics can be partitioned for cucumber pc and amicyanin, up to approximately 200%
into two main terms arising from changes in protein for CBP. The sign oAS” 1 is variable among the various
conformation, highly localized at the metal cent&& con), species. The entropic term disfavors the transition in plas-
and solvent reorganization effect&®@’son). tocyanins but favors it in amicyanin and, mostly, in phyto-
Transition EnthalpyFor all species but CBP, the overall cyanins. In particular, it turns out that the thermodynamic
process results to be exothermic. No data are available atdriving force for this transition is enthalpic for the plasto-
present that would allow partition of the overall transition cyanins and entropic for the phytocyanins. Amicyanin is an
enthalpy AH® A7) into the individual contributionsAH®'soi intermediate case in which both enthalpic and entropic terms
andAH's,). It is a fact that theAH® a7 values of Table 1~ favor the transition. The determinants of the reaction entropy
are difficult to rationalize with arguments of coordination cannot be determined safely at present. Contributions arising
chemistry. For example, the two phytocyanins CBP and Sc from events occurring at the site, such as the equilibrium
turn out to be the species for which the acid transition is between different rotamers of the protonated His side chain
more enthalpically disfavored. This result cannot be ac- found for amicyanin ), the increased mobility of chain
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segments in proximity of the site, as observed in the reduced __ 40
H117G azurin mutantl(7), or the formation of an additional 5 20 4
H-bond of the protonated His in reduced plastocyalin ( E
may reasonably play a role. By analogy with the structural < 07 °
data obtained for reduced plastocyani), (pH-induced am‘ -20 1
structural changes occurring elsewhere in the molecule are %40
likely to be small, and hence they hardly contribute per se .75_60 |
to the reaction entropy. The large variability of the transition 8
- T T T T

entropies along the series of proteins considered here is
difficult to reconcile with the rather conserved gross features
of the site and its immediate environment. The fact that the AH®' ;1 (kJ mol”™)

pH-induced changes involve residues which are, or become Ficure 4: Enthalpy/entropy compensation plot at 298 K for the
accessible to the solvent suggests that the main determinantacid transition in blue copper proteins. Error bars have the same
of the reaction entropy are likely to be changes in the dimension of the symbols. Solid lines are least-squares fits to the
H-bonding within the hydration sphere of the molecule, 92t Points.

probably localized for the most part on the hydrophobic patch
surrounding the solvent-exposed metal-binding histidine(s).
Thus, on qualitative grounds, we may tentatively relate the
positive transition entropy for the phytocyanins to the greater
exposition of the copper site to the solvent for these species
in which both metal-binding histidines are accessible to the
solvent.

Interpretation of the Thermodynamic Datéollowing the
considerations offered above, we believe that it is not
unreasonable to consider, to a first approximation, the
measurgd entropy changes as contributed eptirely by SOIVenﬁ”eorganiza’tion effects othe variations in transition ther-
reorganization effects occurring at the protein surface. It has

. . ... .~ modynamics among the different blue coppers. In fact, the
t)heeﬂ Zho;/_vn thart] chan?t?]s in tr|1e Hl-bondlng ?edtwo_trrlj V\;]'th'n. almost perfect enthalpyentropy correlation (indicated by
e hydration sphere of the molecule associated with chemi-y, slope close to unity) demonstrates that ¢thangesin

cal events occurring in blomoleculgs in general involve transition entropy and enthalpy along the series are dominated
compensative enthalpic anq entropic changes at any tem-by solvent reorganization effects it= 298 K, namely
perature 46—53). Therefore, if we assume perfect compen- '
sating behavior for the portion of transition enthalpy and AApHer = AAH®  (>AAH®
entropy due to solvation effects, theG°'ar values would AT sol ( cond)

60 -40 20 0 20 40

of GIn on the C-terminal HisCu(l) bond noted elsewhere
(54). Such an effect due to the strong axial ligation is not
apparent for CBP, but this might be due to the roughness of
the above approximatiofherefore, salent reorganization
‘effects influence the inddual values ofAH® a1 and AS” a7

but have no net effect on the free energy of the transition,
which is mainly linked to the strength of the €dis bond

to be broken and to its immediatexémonment.This is clearly
supported by the H/S compensation plot shown in Figure 4,
which demonstrates the overriding influence of solvent

correspond to the contribution of first coordination sphere AAS” xr = AAS | (ZAAS o)
effects to the overall transition enthalppKi®'con). These
positions can be summarized as follows: This Compensation effect is real and has no statistical Origin,
since the range of variation of the entropy and enthalpy
AH® pr = AH® «+ AH values is much greater than the experimental errors associated
with their determinationg1, 52).
AS ' p1 = AS it AS o & AS” Amicyanin falls somewhat off the plot. Thus, the overall
process involving bond breaking/formation localized at the
AG® pr = (AH o T AH ) — TAS” copper(l) site turns out to be more exothermic and respon-
sible for the higher apparenKp The determinant of this
since effect cannot be clearly defined at present, and further
o , investigations are needed. The composition of the medium
AH 5= TAS" g may play a role, through specific protetion interactions;
then in fact, it has been observed that protonation of His96 of

amicyanin is influenced by phosphatgs).

AG”xr = A H gt CONCLUSIONS

In other words, this approach corresponds to considering The free energy change of the acid transition for plasto-
the influence of solvation changes on the overall free energy cyanins and phytocyanins, and hence their apparé&it p
change of the transition to be negligible, because of com- values, are very similar. However, transition enthalpies and
pensative enthalpyentropy changes. We realize that this entropies differ sensibly. Due to the lack of structural data
may represent an oversimplification. However, we note that in solution and in the crystal state for both high- and low-
the resultingAH®" cont (FAG®' A1) values are similar for  pH forms for most species, the molecular determinants of
plastocyanins and phytocyanins, in keeping with the grossthe AH® a1 and AS” a1 values are at present intractable.
similarity of copper-His ligation in these species and the However, the most striking correlation between the transition
environment of the metal site. It is apparent that dissociation thermodynamics and structural and sequence features of
of the Cu(l)}-His bond turns out to be somewhat more cupredoxins is that the subclass of phytocyanins undergo the
favored in stellacyanin, consistent with the weakening effect acid transition at pH values comparable to those of plasto-
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cyanins, despite the unfavorable enthalpy change, thanks to 20.

a remarkably favorable (positive) entropy change, possibly
related to the greater solvent accessibility of the metal site.
The observation thatH* st can be hardly explained in terms

of properties of the first coordination sphere of the metal, in
which bond breaking and formation are localized, suggest

that solvent-based enthalpy/entropy compensation effects are
operative. Therefore, one possible interpretation of the data
is that transition-induced solvent reorganization effects are 25.

different in the different species: they induce different values
of AH® st andAS” a7, but they are likely to be compensative.

Therefore, the ultimate determinants of the free energy 27.
change reside mostly in the immediate metal environment. 28.
In fact, once the solvent-based enthalpy changes are factored

out, the AH® .on¢ Values turn out to be comparable for the
various species. This is why there are small differences in

the
the

apparent g, values for the various species, in which
copper-histidine bond strengths are rather conserved,

21.

22.

23
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as well as the immediate protein environment. An analogous 3

behavior has been observed for oxidized class | cytochromes

¢, for which the variability of theAG® of the alkaline
transition among species from different sources is much
smaller than that of the enthalpic and entropic ter@d.(

Thus, also in this case solvent reorganization effects dominate 34.

the changes in transition thermodynamics within a homolo-
gous protein series.
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