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Abstract: The thermodynamic parameters of protein reductidAd{,c andAS>'c) were measured for a number

of blue copper proteins including spinach plastocyanin, cucumber plastociarimomonas aeruginoaaurin,

Rhus vernicifera stellacyanin, cucumber stellacyanin, and horseradish umecyanin through voltammetric
techniques in nonisothermal experiments at neutral pH. Including previous estimates for other members of the
same protein family, we discuss here the thermodynamics of the electron-exchange reaction for twelve blue
copper proteins from different sources. The enthalpic terxhif*/F) turns out to be the dominant contribution

to the reduction potential in this protein class. However, the entropic t€x®°(,/F) heavily affectsE®’,
especially for the azurins. These data were analyzed in the light of the structural and dynamic information
available on protein folding, geometric and electronic features of copper ligation, and solvation properties of
the two redox states. It is clearly seen that the reduction enthalpy of the subfamily of the “phytocyanins” is
less negative as compared to that of the other cupredoxins, most likely owing to a stronger axial ligation of
the copper ion (which results in a nearly tetrahedral coordination geometry) and the greater exposition of the
site to the solvent, which are both factors that stabilize the Cu(ll) ion. The reduction entropy, which in most
cases is negative, is instead apparently related to the solvation properties of the site. In addition, by analogy
with class | cytochromes, an increase in protein rigidity could also contribute to the entropy loss on reduction.
Finally, it is apparent that the strategy of protein control of the reduction thermodynamics in high-potential
electron-transfer metalloproteins (blue copper proteins, class | cytochmidd@aPs) is the same: a dominant
enthalpic term arising from ligand-binding interactions and electrostatic factors at the metal/protein interface,
which strongly stabilizes the reduced state, is most often opposed by a weaker entropic term due to changes
in protein dynamics and solvation properties, which disfavors protein reduction.

Introduction and kinetic propertie313-1> Reduction enthalpies and entropies

] ) were determined in the past only for a few species by variable

The thermodynamics of the electron-exchange reaction for temperature spectro-electrochemical measurements and direct

the members of a given family of redox metalloproteins, electrochemistry at solid electrode®-1° The availability of a
analyzed in the light of an extensive information on the |arger data set should, in principle, allow information to be
individual structural and dynamic properties, may help elucidate optained on how the thermodynamics of the redox reaction are
how the protein controls the reduction potential of the metal influenced by the electronic and structural properties of metal
within the serieg:2 This is of use for the general understanding  |igation and the electrostatics at the metal center, including the
of the mechanisms which regulate the driving force for the interaction with the solvent, and by the dynamic and solvation
electron flow between metalloredox partners in biological properties of the molecule as a whole. To this end, we have
systems. Such an approach can be profitably applied to bluemeasured the reduction thermodynamics of a number of wild-
copper proteins which are among the most thoroughly inves- type blue copper proteins from different sources, most of which
tigated electron-transfer metalloproteins in terms of overall are structurally characterized either in solution or in the crystal

protein structuré;® electronic features of metal ligatiénl2 state. In particular, we have determined the standard enthalpy
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and entropy change for the reduction of the Cu(ll) center for

Battistuzzi et al.

um) water slurry on cotton wool for 5 min, and finally treated in an

six blue copper proteins from bacteria and green plants throughultrasonic pool for about 10 min. Modification of the electrode surface
variable-temperature direct electrochemistry using nonisothermalwas performed by dipping the polished electrode itl mMsolution

cells20in the same conditions (0.1 M phosphate buffer, pH 7).

Most of these species, namely spinach plastocyanin, cucumbe
plastocyanin, cucumber stellacyanin, and horseradish umecyanirﬁ/

were investigated for the first time in this respect. In addition,
the reduction thermodynamics were remeasuredfaudomo-
nas aeruginosaazurin andRhus vernicifera stellacyaniré!

of 4-mercaptopyridine for 30 s and then rinsing it with Nanopure

vaater.27‘30 The PGE electrode was subjected to the same cleaning
rocedure, in which the duration of each step was halved, and used
ithout further treatment. Protein samples were freshly prepared before
use, and the concentration of each, in general about 0.1 mM, was
checked spectrophotometrically. A single voltammetric wave which

was either reversible or quasi-reversible was observed for all species.

Overall, including the literature values, we have discussed the Peak separation in CV experiments varied from 60 to 90 mV for scan

reduction thermodynamics for twelve blue copper proteins from
different sources.
It is known that the electronic and geometric properties of

the metal site in blue copper proteins are imposed by the protein

matrix through electrostatic interactions and hydrogen bonding
at the metal-protein interfacé:>1112This way the protein also
controls the reduction potential, which previous theoretical work

rates in the range 0.62.2 V s'%. Anodic and cathodic peak currents
were almost identical and both were proportional to protein concentra-
tion and »*2 (v scan rate), indicating a diffusion-controlled
electrochemical process. Given the reversibility or quasi-reversibility
of the electrochemical process, the symmetrical shape of the voltam-
mograms and the almost negligible influence of the scan rate on the
half-wave potentials, thE,, values (taken as the average of the cathodic
and anodic peak potentials) can be confidently assumed ak&°the

has correlated to the nature and strength of the axial bond toyajues. The temperature dependence of the reduction potential was

copper®” We found here that the enthalpic contribution&d
invariably prevails on the entropic term, in a way which closely
parallels that observed previously for class | cytochromés
The first coordination sphere of the metal turns out to control
the gross features of the reduction enthalpy in a rather
straightforward way. The reduction entropy, which is instead
apparently linked to solvation and dynamic properties of the
molecule, although contributing to a lesser extenEtbthan

the enthalpic term, plays an important role in the control of the
reduction potential in these species.

Experimental Procedures

Materials. All chemicals were reagent grade and were used without
further purification. Nanopure water was used throughout.

Protein Purification. Plastocyanin from spinact8pinacea olera-
cea),plastocyanin and stellacyanin from cucumb@uumis satius),
andR. verniciferastellacyanin were isolated with slight modifications
of the literature method®2° P. aeruginosazurin and umecyanin from
horseradishArmoracia laphatifolig were from Sigma.

Electrochemical MeasurementsCyclic voltammetry experiments

determined with a “nonisothermal” céf3! in which the reference
electrode is kept at constant temperature, while the temperature of the
working electrode is varied. For such an experimental setting, the
standard entropy change of the reaction center upon redu&®hd

is obtained from the plot oE*' vs temperature. The enthalpy change
(AH"¢) is obtained from the Gibbs-Helmholz equation, namely from
the slope oE*'/T vs 11T plot. Measurements were invariably performed
in 0.1 M phosphate buffer at pH 7. F&. aeruginosaazurin, the
experiments were run also at pH 5 and 8. For each protein, the
experiments were performed at least two times, and the reduction
potentials were found to be reproducible withir?2 mV.

Results and Discussion

The positive reduction potentials of blue copper proteins are,
in general, accounted for by the selective stabilization of the
Cu(l) ion by ligand-binding interactions and the rather hydro-
phobic environment and the small solvent accessibility of the
metal site*>° Analogous arguments apply to the heme iron of
class I cytochromes.! Analysis of the enthalpic and entropic
components of the free energy change of Cu(ll) reduction may

(CV) were performed with a potentiostat/galvanostat PAR model 273A. contribute to the understanding of the origin of the relative
A 1-mm diameter gold disk and a pyrolitic graphite disk (PGE) were gtapjjization of the two oxidation states. The thermodynamics
used as working electrodes, and a saturated calomel electrode and Y: Cu(ll) reduction of a large number of blue copper proteins

5-mm diameter Pt electrode were used as a reference and counte., . gifterent sources, determined from the temperature de-
electrode, respectively. Potentials were calibrated against th&'MV or : . . .
pendence oE® in nonisothermal experiments, are listed in

MV * couple (MV = methyl viologen)f® All of the redox potentials . § I
reported in this paper are referenced to the standard hydrogen electrodel @ble 1, along with those obtained in the past by us and by
The electric contact between the reference electrode and the workingOthersz16-19.21 The present data fdP. aeruginosaazurin and
solution is obtained with a Viycor set. All measurements were carried R.verniciferastellacyanin are in excellent agreement with those
out under argon using a cell for small volume samplés=(0.5 mL) reported elsewhere from spectro-electrochemical experireits.
under thermostatic control. The best electrochemical response for azurinReduction enthalpies, as well as most of the entropies, are
and umecyanin was obtained with a 4-mercaptopyridine surface- negative as shown in Figures 1 and 2, respectively. The enthalpic
modified gold _electrode. A pyrol_ytic graphite electrode was us_ed for and entropic contributions t&” (—AH® J/F and TAS™ /F,
brocedure of the working eleciode 15 Giuia (0 the voliammetic CSPECHvely) are also reported. The favorable enthalpy change
response. The gold electrode was first treated with anhydrous ethanolfclr, Cu(ll) reduction appears to be the determinant of the high
for 10 min, polished with alumina (BDH, particle size of about 0.015 E va!ues of blue copper Centers.. On 'the Comrary, Cu(ln)
reduction turns out to be almost invariably disfavored on
entropic grounds, with the only exceptions being those of the
cucumber basic protein (CBP), spinach basic protein (SBP), and

(20) Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M. J.
J. Am. Chem. S0d.979 101, 1131-1137.
(21) st. Clair C. S.; Ellis, W. R.; Gray, H. Bnorg. Chim. Actal992
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(22) Borchert, M. T.; Wessels, J. S. 8iochim. Biophys. Actd97Q
197, 78-83. (27) Eddowes, M. J.; Hill, H. A. OJ. Chem. Soc., Chem. Commun.
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Biophys. Actal974 359, 47—54.

(24) Aikazyan, V. Ts.; Nalbandyan, R. FEBS Lett1979 104, 127—
130.

1977, 771-772.
(28) Allen, P. M.; Hill, H. A. O.; Walton, N. JJ. Electroanal. Chem.
1984 178 69—86.
(29) Battistuzzi, G.; Borsari, M.; Ferretti, S.; Sola, M.; Soliani,Hr.
(25) Reinhammar, BBiochim. Biophys. Actd97Q 205 35—47. J. Biochem1995 232 206—-213.
(26) Kuwana, T. InElectrochemical studies of biological systems (30) Battistuzzi G.; Borsari, M.; Dallari, D.; Ferretti, S.; Sola, Eur.
Sawyer, D. T., Ed.; ACS Symposium Series, No. 38, American Chemical J. Biochem1995 233 335-339.
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Table 1. Thermodynamic Parameters for the Reaction Center in Blue Copper Pfoteins

protein AH” ¢ (kJmofY)  AS' (I moltK™) E”®(mV) —AH*JF(MmV) TAS'J/F*(mV) ref

plastocyanin $pinacea oleracéa —46 —36 366 477 -111 this work
plastocyaninPhaseolusulgaris) —38 -10 360 391 -31 18
plastocyanin Cucumis satius) —45 —30 374 466 —92 this work
azurin Pseudomonas aerugingsa —49 —65 307 508 —201 this work
azurin Pseudomonas aerugingsa -50 —68 307 516 —208 18
azurin Alcaligenes denitrificans —36 -32 276 374 —-98 19
azurin Alcaligenes faecaljs —43 —58 266 447 —181 19
stellacyanin Rhusvernicifera) -25 —22 187 259 —68 this work
stellacyanin Rhusvernicifera) —23.7 —-17.6 191 246 —54 18
stellacyanin Cucumis satius) -32 =21 265 330 —65 this work
CBP (Cucumis satius) —20 +31 306 207 96 2

SBP Spinacea oleracea -31 +7 345 321 22 16
umecyanin Armoracia laphatifolig —33 -17 290 342 —52 this work
fungal laccaseRolyporusversicolor) -73.1 +7.1 780 757 15 17

a All values obtained in 0.1 M phosphate buffer at pH 7, except those for fungal laccase which refer to pH 5.4, 0.2 M phosphate. The literature
values are from spectro-electrochemical data obtained from nonisothermal OTTLE experiments. Average Atidhs andAS™ . values, aret2
(kJ molY) and£6 (J mol* K=1), respectively? At 25 °C.
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Figure 1. E*/T vs 11T plots for blue copper proteins from various  Figure 2. Temperature dependence of the reduction potential of blue
sources. The slope of the plots yields thaH'c values. ) cucumber copper proteins from various sources. The slope of the plots yields the
(Cucumis satius) plastocyanin; @) spinach Gpinacea oleracga AS’'. values. ¥) cucumber Cucumis satius plastocyanin; @)
plastocyanin; &) Pseudomonas aeruginosezurin; @) horseradish spinach Bpinacea oleracéalastocyanin; 4) Pseudomonas aeruginosa
(Armoracia laphatifolig umecyanin; M) cucumber Cucumis satius) azurin; @) horseradish Armoracia laphatifoliy umecyanin; M)

stellacyanin; ©) Rhusverniciferastellacyanin. Protein poncentration, cucumber Cucumis satiug) stellacyanin; ©) Rhusvernicifera stel-
0.1 mM; base electrolyte, 0.1 M phosphate, pH 7. Solid lines are least- |acyanin. Protein concentration, 0.1 mM; base electrolyte, 0.1 M
squares fits to the data points. phosphate, pH 7. Solid lines are least-squares fits to the data points.

invariably smaller than the enthalpic term, heavily affects the cys ligands, and is weakly coordinated by the axial ligang(s),
E® of most species, in particular that of the azurin family. Itis show more negative reduction enthalpies than those species,
noteworthy that this behavior closely parallels that of class | sych as cucumber stellacyanin and CBP, which possess a more
cytochromesc.l_ _ tetrahedral site as a result of a stronger axial ligat‘diClearly,

The Enthalpic Term. The most notable correlation between i the former sites the weak donor interaction of the axial ligand
the reduction enthalpyAH®) and the coordination features  fayors the reduced over the oxidized $ifedespite the prefer-
of the copper center involves the strength of axial ligation. In : :
particular, it turns out that the species with an axial copper site, MO(IS%B)iOC?UJS_S’Qé 2'\?52 “QSEL“%O'E' A.. Phizackerley, R. P.; Freeman, H).C.
such as azurins and plastocyanins, in which the metal resides (33 Hart, P. J.; Nersissian, A. N.; Valentine, J. S.; Eisenber@rbtein
in, or in close proximity to, the NNS plane formed by the His  Sci.19965, 2175-2183.
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ence of the Cu(l) ion for a tetrahedral coordination. These Table 2. Thermodynamics of Protein Reduction f@seudomonas
thermodynamic data are in line with the role proposed by aeruginosaAzurin at Different pH Values

Solomon et al. for the weak CtL(Met or GIn) axial bond pH E” (mV) AH%c(kJmol?) AS’(JmoltK™) ref
imposed by the protein matrix as the key electronic contribution

- ; s 5 338 —52 —65 this work
to the high reduction potential in blue copper protéifn&uch 5 348 48 —47 21
a control is clearly exerted on the enthalpic contributio&to 7 307 —49 —65 this work
Indeed,P. aeruginosaazurin and CBP show almost the same 7 307 —50 —68 18
E°' despite very different strengths of axial ligation [EB(Met) S ggg :g :g’g t2hl|s work

= 3.12 and 2.61 A, respectively], owing to the compensating
effects of the reduction entropies (Table 1). However, it must
be pointed out that since the interaction of the metal site with for the former species (Table 1) [at long bond distances, the
solvent dipoles also influenceeH®',? the less negativAH® ¢ shorter Cu-O(Gly) bond for the former species (2.95 vs 3.13
of cucumber stellacyanin and CBP as compared to that of the A), which should stabilize the oxidized state, would appear to
other species could also involve a contribution of the greater play a minor role], the more negative reduction enthalpies for
stabilization of the oxidized site by the solvent, since it is known stellacyanins as compared to CBP (Table 1) are opposite to what
that these species possess the most solvent-accessible metal sitgge could expect from the greater stabilization of the Cu(ll)
in cupredoxing?33 ion by the binding of the amide oxygen of Gin in stellacyanin

It is worth noting that the above two protein groups identified at a shorter distance (2.21®)yas compared to the methionine
on enthalpic grounds coincide with those recognized on the basissulfur in CBP (2.61 A32 (as noted elsewhefahe lowerE®’ of
of the overall electronic properties of metal ligation in blue stellacyanin as compared to CBP is entirely entropic in origin).
copper sites. Indeed, from geometry and energy calculationsThus, additional electrostatic factors from outside the immediate
on model complexes, blue copper sites were grouped &)to ( environment of the metal clearly affe&H*' ., although they

axial sites characterized by a trigonal geometry witlh @u— could not be identified from a simple inspection of the X-ray
(S)Cys bond, anddj rhombic sites with a tetragonal geometry structures?33 The changes inE° due to point mutations
containing allo bonds to the strong His and Cys ligaié@3hese involving residues of the second coordination sphere in azurins

two geometries turn out to be very similar in energy; thus, it support this view® 40 although in some instances entropic
was proposed that the choice of either structure is made by thecontributions to the change in potential cannot be exclifed.
protein through the interactions of the metal coordination set On the other hand, we note that the reduction thermodynamics
with the immediate environmet.The results of the two sets  for cucumber andr. verniciferastellacyanins are very similar
of electronic structure calculation'*?can be reconciled by  despite the relatively low sequence identity (34%6)The
considering the strength of axial ligation as the most effective extremely negative\H*',; value for fungal laccase cannot be
device for the modulation of the electronic and geometric discussed on safe bases owing to the absence of structural
structure of the site by which the protein builds the most information, although the arrangement of the four copper ions
convenient metal geometry in the context of the electrostatics, is believed to be closely similar to that of ascorbate oxidase,
hydrogen bonding, and hydrophobicity of the environment. in which a plastocyanin-like type 1 center lies in proximity of
Within this framework, we believe that singling out whichever a type 2 and type 3 centers clustered near each other. The matter
coordination feature as the ultimate determinant of the reductionis further complicated by the fact that intramolecular electron
enthalpy would be rather academic. Thid*'c values are linked  transfer occurs between the type 1 and the type 2 or type 3
to the properties of the metal coordination set as a whole, not coppers'? and that these redox centers are likely to influence
of an individual bond. Indeed, the strength of axial ligation is each other. Kinetic data suggest that the blue copper center is
known to be linked to the CuS(Cys) bond strength?-12 as exposed to the solvefi.
indicated by the correlation found between the decrease in the The reduction potential d?. aeruginosaazurin is known to
stretching frequency of the Gt5(Cys) bond in resonance be modulated by an aciebase equilibrium with algs req= 7.31
Raman spectra and the increase in the tetrahedral character oind [K, .x = 6.262! The X-ray structures of this species at the
the site, as a result of a stronger interaction of the axial ligand. acidic and alkaline pH limits unequivocally identifies His35,
Thus, the previous model proposed on the basis of a muchwhich is located in the vicinity of the metal site, as the residue
smaller data set which attributed the control of the reduction responsible of this equilibriuff We have remeasured the
enthalpy of this protein class to the electronic properties of the thermodynamics of protein reduction at pH 5 and 8 (Table 2).
trigonal N(His}S(Cys) binding set, and particularly of the€u  The AH*\. values are in good agreement with previous estimates
S(Cys) bond;3> appears to provide only a partial picture of the  from spectro-electrochemical measureméhtbut the entropy
role of metal coordination in this respect. values differ to some extent. The present data indicate that the
Differences inAH®,. among proteins with the same site decrease ifE*’ with increasing pH for this species is an entirely
geometry (either axial or rhombic), cannot be rationalized easily enthalpic effect. This observation, in principle, fits with the near
by simple arguments of coordination chemistry. Thus, while
the longer Ct-S(Cys) bond in oxidizedP. aeruginosaazurin (37) Baker, E. N.J. Mol. Biol. 1988 203 1071-1095.

. . \ . 38) Pasher, T.; Karlsson, B. G.; Nordling, M.; MalmstroB. G.;
as compared to that iAlcaligenes denitrificansizurin (2.25 Vaﬁmg)ard' TEur. J. Biochem1993 212 289_396_ °

vs 2.14 A)3637is in line with the more negativdH'; value (39) Hoitink, C. W. G.; Canters, G. W. Biol. Chem1992 267, 13836~
13842.
(34) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; (40) Nishiyama, M.; Suzuki, J.; Ohnuki, T.; Chang, H. C.; Horinouchi,
Bonander, N.; van Pouderoyen, G.; Canters, G. W.; Loehr, T. M.; Sanders- S.; Turley, S.; Adman, E. T.; Beppu, Protein Eng.1992 5, 117-184.
Loehr, J.J. Am. Chem. S0d.994 116, 11489-11498. (41) Messerschmidt, A.; Ladenstein, R.; Huber, R.; Avigliano, L.;

(35) Blair, D. F.; Campbell, G. W.; Schoonover, J. R.; Chan, S. |.; Gray, Petruzelli, R.; Rossi, A. A.; Finazzi-Agré\. J. Mol. Biol. 1992 224, 179~
H. B.; Malmstran, B. G.; Pecht, |.; Swanson, B. |.; Woodruff, W. H.; Cho,  205.
W. K.; English, A. M.; Fry, H. A;; Lum, V.; Norton, K. AJ. Am. Chem. (42) Thuesen, M. H.; Farver, O.; Reinhammar, B.; Ulstrupcla Chem.
Soc.1985 107, 5755-5766. Scand.1998 52, 555-562.

(36) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters, (43) Reinhammar, B.; Malmstna, B. G. InCopper ProteinsSpiro, T.
G. W.J. Mol. Biol. 1991, 221, 765-772. G., Ed.; Wiley: New York, 1981; pp 169149.
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absence of pH-induced changes in the overall protein structure,Scheme 1.Separation of the Measured EntropyS'c) for
the only significant change being a highly localized conforma- Protein (P) Reduction into an Intrinsic Terd&'j) and
tional rearrangement involving residues-3% 3¢ Since the  Solvation TermsAS”sox AS”'sred?

metal site also turns out to be unaffected by the pH change, the AS®;
relative stabilization of the oxidized over the reduced state with Pt e - Prea
increasing pH would appear to be simply the result of a general SO, AS®', oy
electrostatic effect related to the increase in the negative charge ' '
of the protein due to His35 deprotonation. v AS®'

The Entropic Term. Table 1 unequivocally shows that the P“‘(_HZO) e Frea(H:00n + (n-m) 1,0
reduction entropy plays an important role in the controEdf # Clearly, this also applies 0AHc.

in most blue copper proteins. Information on the molecular bases . .
bperp by NMR experiments and studies on mutated prot&§3The

of the entropy change can, in principle, be obtained from the .
comparison of the three-dimensional structures of the two redox ?(-ray data for all blue copper proteins show that there are no

states for the various species. Of the proteins considered in thismternal water mo_IecuIes but that several are bound to surface
work, the azurins fromA. denitrificang”#445 and P. aerugi- pockets with relatively low thermal parameters and also on the

nos&64647 are the only ones for which both structures are hydrophobic patch that surrounds the solvent-exposed imidazole

i _hindi ictidi ,33,37,47,48
available. We also considered the structures of poplar |olasto-rlng of the Cu binding histidine(s}: - .
gy . The binding of an electron to an oxidized protein can be
cyanin;® which is closely related to French bean and spinach

L - . decomposed, like any other binding event in solution, into
plastocyanins in terms of sequence (about 80% identity) and :
950 . , solute- and solvent-associated processes (Schefi&a)vent
overall structuré?>°The determinants of the reduction entropy

clearly do not reside within the first coordination sphere of the release or binding by the solute can promote substantial entropy

o and enthalpy changé%:%> Thus, the measured reduction
metal. In fact, the crystal data show that the metal site is rather Ao )
rigid, as a consequence of a network of hydrogen bonds andenthalpy and entropy for the present proteiil”’rc andASc,

i : . n be represent
van der Waals interactions. The only change of the Cu(ll) site can be represented as

on reduction is a slight increase in metigand distances (from AH® = AH®" + AH®' 1
0.05 to 0.1 A)3637.44-48 This conserved copper site geometry e ! s (1)
is in line with the requisite of minimizing the reorganization AS” = AS" + AS”, )

energy for fast electron transferLikewise, for all species the

se(;:ondary strugtrl:re tlurnsf out t'o bfe closerl1y S|m|Iafr 'nf the t\r/]vo where subscripts i and s denote the intrinsic thermodynamic
redox states (with only a few significant changes far from the ,, . eters of the electron binding to the protein and those

metal center) fashwell as the atomic ten?periature fac:]ors and the;ising from solvent reorganization effects, respectively. In terms
distribution of the ordered water molecules on the protein ¢ scheme IASs= AS”s red— AS”s oxaNdAH"s = AH req

surface?®37444648)\/e noted elsewhere that the greater exposition _ AH®¢ . A number of models for the hydration of nonpolar

to the solvent of the metal site of CBP, stellacyanin, and fungal q,tes and biopolymers recognize that the structural reorganiza-
Iapcase as compargd to pIastogyanms a”‘?' azurins 1s associatefhn of the hydrogen-bonding network in the hydration sphere
with remarkably higher reduction entropies (which become ¢ the molecule induces largely compensating enthalpy and

positive for CBP, SBP, and laccagelhe present data strongly entropy changé& 65 (although such a compensation turns out
suggest that these two features are correlated. In fact, relativelyot 1 be a strict requisite of the thermodynamics of solvation
high AS”c values are obtained also for umecyanin and SBP ¢ jigand-binding processe®The entropy of transfer of a water
which belong, along with stellacyanin and CBP, to the cupre- mojecule from the bulk solution to the hydration sphere of a
doxm_ subfamiliy of the phytocyanin$:3232 This group of protein (AS”'s req and AS”s ox in Scheme 1) is positive and
proteins shows common sequence and structural featuresincreases with increasing the binding strength, up to a limit of
including the solvent accessibility of both Cu-binding his- gpout+-29 J mott K1 for water binding to an high-affinity

tidines?>*instead of only one for azurins and plastocyanins. sjte such as a metal center or polar groffiEhus, the negative
This effect cannot be interpreted unambiguously, although it is
likely to be related to a reduction-induced reorganization of __(52) Vila, A. J.; Ferfiadez, C. OJ. Am. Chem. S0d996 118 7291

water molecules onto the protein surface near the copper site (53) chervenak, M. C.; Toone, E. J. Am. Chem. Socl994 116

influenced by the hydrophobicity of the environment (see 10533-10539.

below). That the solvent effects are important in modulating __ (54) Stephanos, J. J.; Farina, S. A.; Addison, A.Biochim. Biophys.

o : Acta 1996 1295 209-221.
theE®' values of blue copper proteins was demonstrated recently (55) Stephanos, J. J.: Addison, A. W.Inorg. Biochem199Q 39, 351—

369.
(44) Hoitink, C. W. G.; Driscoll, P. C.; Hill, H. A. O.; Canters, G. W. (56) Dunitz, J. D.Chem. Biol.1995 2, 709-712.
Biochemistryl994 33, 3560-3571. (57) Blokzijl, W.; Engberts, J. B. N. FAngew. Chem., Int. Ed. Engl.
(45) Shepard, W. E. B.; Anderson, B. F.; Lewandoski, D. A.; Norris, G. 1993 32, 1545-1579.
E.; Baker, E. NJ. Am. Chem. S0d.99Q 112 7817-7819. (58) Ben-Naim, A.Biopolymers1975 14, 1337-1355.
(46) van de Kamp, M.; Canters, G. W.; Wijmenga, S. S.; Lommen, A.; (59) Lumry, R.; Battistel, E.; Jolicoeur, Garaday Symp. Chem. Soc.
Hilbers, C. W.; Nar, H.; Messerschmidt, A.; Huber, Blochemistry1992 1982 17, 93—108.
31, 10194-10207. (60) Lee, B. InAn anatomy of hydrophobicitfisenfeld, J., DiLisi, C.,
(47) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters, Eds.; Elsevier: North- Holland: Amsterdam, 1985; pp13.
G. W.J. Mol. Biol. 1991, 218 427-447. (61) Grunwald, EJ. Am. Chem. S0d.986 108 5726-5731.
(48) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, (62) Yu, H.-A.; Karplus, M.J. Chem. Phys1988 89, 2366-2379.
H. C.J. Mol. Biol. 1986 192, 361-387. (63) Matubayasi, N.; Reed, L. H.; Levy, R. M. Phys. Chem1994
(49) Moore, J. M.; Lepre, C. A,; Gippert, G. P.; Chazin, W. J.; Case, D. 98, 10640-10649.
A.; Wright, P. E.J. Mol. Biol. 1991, 221, 533-555. (64) Lee, B.Biophys. Chem1994 51, 271-278.
(50) Driscoll, P. C.; Hill, H. A. O.; Redfield, CEur. J. Biochem1987, (65) Lee, B.; Graziano, Gl. Am. Chem. Sod.996 118 5163-5168.
170, 279-292. (66) Gallicchio, E.; Mogami Kubo, M.; Levy, R. Ml. Am. Chem. Soc.
(51) Marcus, R. A.; Sutin, NBiochim. Biophys Actd985 811, 265— 1998 120, 4526-4527.

322. (67) Dunitz, J. D.Sciencel994 264, 670.
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AS'. values for most blue copper proteins (and for all terms toE® in blue copper proteins and class | cytochroroes
cytochromesc as well} could be due, at least in part, to a turn out to be similar. In both families thE> would be
negativeAS™'s term arising from a reduction-induced release remarkably positive (as high as500 mV) if it were only for

of water molecules from the hydration sphere of the protein, as the enthalpic contribution arising from ligand-binding interac-
noted elsewherg:%° This would be accompanied by a com- tions and electrostatic factors at the mefafotein interface.
pensating (negativelH®'s value in eq 1). The correlation of ~ Such a high value is invariably decreased (with the exception
AS’ ¢ with the degree of solvent exposition of the site mentioned of a few blue copper species) by an entropic term which
above would suggest that hydration of the protein surface disfavors protein reduction. It is noteworthy that this thermo-
surrounding the exposed imidazole ring of the Cu-binding dynamic picture also applies to high-potential iresulfur
histidine(s) is a major determinant akS”s. A simplistic proteins (HiPIPY273This is unlikely to be fortuitous and could
interpretation of the less negative reduction entropy of phyto- possibly indicate that the polypeptide matrix adopts the same
cyanins as compared to azurins and plastocyanins would imply strategy for the control of the reduction potential in these
that fewer water molecules are released from the hydration electron-transport metalloproteins which is likely to be facilitated
sphere of the former protein family upon reduction, which could by the presence of two opposing contributions.

in some way be consistent with the strong hydrogen bonds
formed by water molecules with the distal imidazole nitrogens
of both the copper-binding histidines which protrude from the
protein surfacé233Moreover, differences in the extension and

amino acid composition of the hydrophobic patch around the species), at variance with the axial bond to the metal. The

exposed histidine(s) could also be responsible for a different strength of axial ligation and the nature of the axial donor atom-

reduction-induced change in the degrees of freedom of the water . . : R
structure in its proximity. However, we believe also that (s), which are imposed by the protein and may vary in different

- . . species for blue copper proteins or change as a function of pH
OX|dat|on_ state d_epe_ndent_ changes_ in the flexibility pf the in cytochromeg, are important for the tuning of the structural
polypeptide chain, including creation and suppression of

I . ; . and electronic features of the metal site and, hence, of the
vibrational and torsional degrees of freedom, which contribute . L o - )
o . " . enthalpic contribution t&®'. Additional electrostatic factors due
to AS”; and are still largely unknown for this protein class,

likely play a significant role in the reduction entropy, as recently tooltgﬁt prgtne(;n ﬁlr;:/r'irzc;r;)rm(fr;tca:)nn(:r;[gst;%vﬁ:; (tr:r;cihna;g:czzhggm
proposed for cytochromes!7%7IMoreover, for the positively P Y, P y

charged phytocyanins, such as CBP, SBP, and stellacyanin that it is still not understood in detail on quantitative bases.
positive contribution tc'AS°'rC could ar,ise fr(;m a differential , a_l’he_rmod_ynamic studies of mutated proteins would _be iIIumin_at-
binding of anions to surface sites of the oxidized and reduced 'r?g n tht's resp?fct.tTh;mefntropﬁ/ cfhta;]nge folr p:otel? reductlton
protein. Indeed, oxidized CBP was shown to specifically bind ast ?I S ropg € ?I% 0 or adot etse € ?ctr:on- rat”fpff .
different anions with greater stoichiometries as compared to the metafloproteins. The conserved structure ot the metal site in
reduced forn?. Thus, protein reduction would induce a release the tW_O redox sta_tes indicates th_at changes_ln the dynar_nlc and
of anions and, hence, an increase in entropy. The compensatin&owat'on properties pf the protein are the likely determinants
enthalpy change likely associated with the above changes in® A4S r. Hence, this term would appear to be related to
the hydrogen-bonding arrangement of water molecules uponProPerties of the metalloprotein as a whole, which can thus be
protein reduction would constitute only a minor fraction, though Modulated by the properties of the medium such as ionic
significant, of the AH*' value for these species (and for strength?-3%.74.75and dielectric constarit. The latter factor may
cytochromes: as well)! which instead turns out to be mainly play_a _role since most of these species exert their role in the
related to binding interactions at the metal center and to Proximity of the cell membrane.

electrostatic effects at the metgirotein interface (see above). ) )

The present data would also indicate on thermodynamic Acknowledgment. This work was performed with the
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