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ABSTRACT: In this work, we have determined the thermodynamic parameters of the reduction of four
different variants ofThiobacillus versutusamicyanin by electrochemical techniques. In addition, the
thermodynamic parameters were determined of the low-pH conformational change involving protonation
of the C-terminal histidine ligand and the concomitant dissociation of this histidine from the Cu(l) ion.
In these variants, the native C-terminal loop containing the Cys, His, and Met copper ligands has been
replaced with the corresponding polypeptide segmeniBsefidomonas aeruginosaurin,Populus nigra
plastocyaninAlcaligenes faecali$-6 pseudoazurin, anithiobacillus ferrooxidansusticyanin. For the
reduction reaction, each loop invariably holds an entropic “memory” of the mother protein. The
thermodynamics of the low-pH transition vary in a fashion that is species-dependent. When present, the
memory effect again shows a large entropic component. In particular, loop elongation tends to favor the
formation of the Cu(l)-His bond (hence disfavors His protonation, yielding lowkg, palues) probably

due to an increased flexibility of the loop in the reduced state. Overall, it appears that both reduction and
low-pH transition are loop-responsive processes. The spacing between the ligands mostly affects the change
in the conformational freedom that accompanies the reaction.

The investigation of the reduction reaction of electron available on how th&®' of the copper center in these species
transport (ET) metalloproteins may help in understanding and its enthalpic and entropic components are modulated by
the molecular features that determine the reduction potentialmetat-ligand binding effects and by electrostatic interactions
of the metal center. The latter is a key parameter for protein involving permanent and induced protein dipoles, net protein
function (1-5). It can be dramatically affected by pH- charges, and solvent dipole@1(39). Moreover, many
dependent conformational transitions, which may bear on reduced cupredoxins undergo a conformational transition at
the electron donor and acceptor capability of the protein ( low pH in which the coordination geometry of the Cu(l) ion
17). Such a pH-induced transition, thus, may act as a changes from distorted tetrahedral to trigonal planar as a
molecular switch of redox activity. consequence of protonation and detachment from the metal

Blue copper proteins (cupredoxins), which participate in of the solvent-exposed histidine ligarH13, 40, 41). Such
respiratory, anabolic, and catabolic processes in plants anda conformational change induces a remarkable increase in
bacteria {, 7, 18—20), constitute a protein class for which theE®' value, because of the stabilization of the cuprous ion
the redox thermodynamics have been investigated in somein the tricoordinate state, which hampers ET to the physi-
detail. In fact, much theoretical and experimental work is ological partnersk, 8—10, 12, 13, 24, 38, 39, 41—-45). It
has been proposed that this transition may function as a

TThis work was supported by the Ministero dell'lstruzione, molecular or-off switch of the photosynthetic proces$, (
deII’Univ_ers_itae della Ricerca of Italy (PRIN 2003) and the Fondazion_e 10, 45_47)_ The structural, kinetic, and thermodynamic
Cassa di Risparmio di Modena (to M.S.) and by the COST (Cooperation . . . G m -
in the field of Scientific and Technical Research) D21 action of the aSPects of this transition (herein termed the “acid” transition)
European Community (WG D21/0011/01) (to G.W.C.). have been thoroughly investigategl 0—13, 40—49).

* To whom correspondence should be addressed. Telepht88: We have previously shown that the thermodynamics of
059 2055037. Fax:+39 059 373543. E-mail: sola.marco@unimore.it.

¢ University of Modena and Reggio Emilia, both the reduction reaction and the acid transition in
s Leiden University. cupredoxins ardominateddy solvent reorganization effects
1 Abbreviations: AH®, enthalpy change for reductiom\S”, related to the change in the hydrogen bonding network

entropy change for reductiolSH*'a7, enthalpy change for the acid  gmong the water molecules within the hydration sphere of

transition;AS” at, entropy change for the acid transitidgf;, standard . . .
reduction potential; ET, electron transport; CV, cyclic voltammetry; the molecule 12' 13,23 27, 50)' This conclusion relies on

PGE, pyrolytic graphite edge electrode; SCE, saturated calomel the observation that for the cupredoxin family the measured
electrode; SHE, standard hydrogen electrode; Ami-Az, Ami-Pc, Ami- enthalpies and entropies of both reactions show a compensa-

PAz, and Ami-Rc,T. versutusamicyanin C-terminal loop mutants 4y hehavior; i.e., the mutual differences in the reaction
containing the peptide segmentsRofaeruginosazurin (Az),P. nigra ! ’

plastocyanin (Pc)A. faecalisS-6 pseudoazurin (PAz), ad ferrooxi- enthalpy and entropy are much greater than those in the
dansrusticyanin (Rc), respectively. reaction free energyl@, 13, 23, 27, 50—58). Amicyanin

10.1021/bi050261r CCC: $30.25 © 2005 American Chemical Society
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Redox Thermodynamics of Amicyanin Loop Mutants

protein Sequence of the C-terminal loop
Amicyanin Cys Thr Pro His Pro Phe Met
Plastocyanin | Cys Ser Pro His GIn Gly Ala Gly Met
Pseudoazurin | Cys Thr Pro His Tyr Ala Met Gly Met
Azurin Cys Thr Phe Pro Gly His Ser Ala Leu Met
Rusticyanin Cys GIn lle Pro Gly His Ala Ala Thr Gly Met

Ficure 1: Polypeptide sequence of the C-terminal ligand loop in
the cupredoxins under investigation.

constitutes an interesting case. It features reaction thermo-

dynamics which nicely fit within the compensation plot for
the reduction reaction but not within that for the acid
transition (L2). The latter behavior is due to some yet
unknown property of the protein matrix which makes His
protonation and detachment from the Cu(l) ion in amicyanin
the most favored among cupredoxi®s 12, 44, 45). Here,

Biochemistry, Vol. 44, No. 29, 2009945

AS" =S q— S« = NF(DE®'/dT)
Thus, AS”'\c was determined from the slope of the plot of
E°" versus temperature which turns out to be linear under
the hypothesis thaAS”'. is constant over the limited
temperature range that was investigated. With the same
assumption, the enthalpy changeH*' ) was obtained from
the Gibbs-Helmholtz equation, namely, from the slope of
the E®'/T versus 1T plot (21, 24—27).

The thermodynamic parameters for the acid transition
(AH® At andAS™ at) were determined from thEdependence
of the (apparent) I§, values obtained from the pH depen-
dence of the reduction potential, as described elsewfTere (
8, 10, 12, 13, 24, 38, 39, 42—45, 59, 61, 67). For all species
but Ami-Rc, theE®' increases linearly below pH 6, with a
slope of approximately 5660 mV/pH (not shown) as a result

we have focused on the sequence features of the C-terminabf the coupling of Cé&" reduction with the protonation of

ligand loop containing the three copper ligands Cys, His,

and Met. In particular, we have measured the thermodynam-

ics of the reduction reaction and of the low-pH conforma-
tional change for four different variants dthiobacillus
versutus amicyanin in which the native loop has been

the C-terminal His residue, and the concomitant detachment
from the metal. Ami-Rc is affected by a severe peak
broadening that prevents determinationsf below pH 6,

in agreement with a previous repo8tlj. The low-pH region

of the E*'/pH profiles was fitted to the following single acid

replaced with the corresponding polypeptide segments ofbase equilibrium equation, which applies to the above

Pseudomonas aeruginosaurin (Ami-Az), Populus nigra
plastocyanin (Ami-Pc)Alcaligenes faecaliS-6 pseudoazurin
(Ami-PAz), andThiobacillus ferrooxidansusticyanin (Ami-
Rc) (59-61), which are from two to four residues longer
(Figure 1) 69-61). The role of the length of the polypeptide

spacers among the copper ligands in the thermodynamics o

the two processes, namely, &1 and the K, of the acid
transition, has not yet been fully assesse@63). Evalu-
ation of the influence of loop elongation on the enthalpic
and entropic terms may help to distinguish the electronic
(ligand binding) and electrostatic effects from those related
to the flexibility and solvent accessibility of the metal center.

EXPERIMENTAL PROCEDURES

Proteins. The C-terminal loop mutants of. versutus
amicyanin (Ami-Az, Ami-Pc, Ami-PAz, and Ami-Rc) were
isolated as reported previous9 61). All chemicals were
reagent grade and were used without further purification.
Deionized water (resistivity of 18 cml) was used
throughout.

Electrochemical Measuremeng8yclic voltammetry ex-
periments (CV) were carried out with a PAR model 273A
potentiostat/galvanostak 1 mmdiameter pyrolitic graphite
disk (PGE) was used as a working electrode for Ami-Az,
Ami-Pc, and Ami-PAz %9), whereas a mercaptopyridine-
treated 2 mm diameter gold disk was used for Ami-Bt) (

A saturated calomel electrode cara 5 mm diameter Pt

electrode served as the reference and counter electrode,

respectively. The modification of the working electrode, the
configuration of the “non-isothermal” celbd—66) used for

the thermodynamic measurements, the properties of the

voltammetric signal, and the other experimental details of
the T-dependent and pH-dependdtit measurements were
reported previously12, 13, 21, 25—27).

Thermodynamic Parameterdsing a non-isothermal cell,

the entropy for reduction of the oxidized proteidsX',c) is
given by @2, 64—66)

conditions ¥, 12, 13, 67):

EOI — EOI (l)

lim

+ 2.3RET|og(1+ [HTT/K)

whereE®*'im is the limiting E* value at high pH anda is

the (apparent, since it is measured at finite ionic strength)
His proton dissociation constant for the reduced protein.
Because of the deterioration of the voltammetric signals at
low pH, measurements could not be performed below pH 3.
The K, values were determined at different temperatures
in the range of 535 °C. The transition thermodynamics have
been evaluated using the integrated van't Hoff equatl@ (

13, 16, 17);

_AH"xr1 ASar

PKav= 2R T~ 2R

)

In particular, the enthalpy and entropy changes were obtained
from the slope and intercept of the&Kpversus 1T plot,
respectively.

RESULTS AND DISCUSSION

The thermodynamics of Cti — Cu" reduction AH
and AS”,;) for the T. versutusamicyanin loop mutants,
determined from the temperature profiles&sf (Figure 2),
are listed in Table 1 (thE®'/T vs 1IT plots yielding theAH®'
values are available as supporting information). Also listed
are the thermodynamic parameters determined previously for
the cupredoxins from which the various ligand loops were
taken (herein named “donor” cupredoxing)l). The van't
Hoff plots for the acid transition (AT) are shown in Figure
3. To facilitate discussion, we refer to the protonation
reaction; therefore, thAH® .1 and AS” a1 values obtained
from the least-squares fits of th&pversus 1T plots to eq
2 are listed in Table 2 with the sign changd®,(13). The
pKa value for Ami-Rc, which could not be determined at
any temperature due to signal deterioration below pH 6, was
estimated by NMR to be lower than 4.5 at 25 (61).
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0.38 previously shown that the main determinants of the enthalpy
036 change of the reduction reaction in blue copper proteins are
T e | localized within the first coordination sphere of the metal,
0.34 and are related, in particular, to the strength of the bond
between the Cu and the axial ligand (involving a Met sulfur
s 0% or a GIn oxygen)Z1, 24, 26, 27). However, also electrostatic
b 030 interactions between the metal and permanent and induced
e T — dipoles (protein and solvent) and nearby charges on the
0281 o & & & . o . | protein @1, 24—27, 50) affect the reduction enthalpy, as
previously shown for plastocyanin and azurin mutants and
026 {00 TO—0—0—0—0—0— in agreement with theoretical estimat&5{37, 69—71).
024 , , . , Metal—charge interactions must indeed be invoked to
0 10 20 30 40 understand the conservation of the reduction enthalpy of
T¢C) amicyanin following loop replacements. In fact, it has been

FiGURE 2: Temperature dependence of the reduction potential of SNOWN previously that rhombic sites (with tetragonal or
T. versutusamicyanin loop mutants. The slope of the plots yields tetrahedral distortions) enthalpically stabilize the Cu(ll) ion
the AS’c values: Q) wild-type Ami, (@) Ami-Az, () Ami-Pc, more than the axial site1, 24, 26, 27, 38, 39), most
e S e e 53 oo 15 Sa BODABl because of a sronger il copper g2t 24,
Iineé are least-squares fitsyto the data poFi)nts. FI)Error bFf)irs have the26’ 27, 38.’ 39)' Hence, the increase in the rhombicity of the
same dimensions as the symbols. copper site in the loop mutant§9, 61) would have been
expected to increas@&H® . (less negative values) with
Ligand loop replacement in amicyanin induces measurablerespect to that of the wild-type protein. Therefore, the
changes in the free energy of both reactions in most casesinvariance ofAH*';. upon loop replacement may be inter-
The E* values for the four loop mutants are higher than preted as the result of two counteracting effects: enthalpic
that of wild-type amicyanin and lower than those of the donor stabilization of Cu(ll) due to the increase in metal site
cupredoxins, in agreement with previous repoBs, 61). rhombicity and an opposite electrostatic contribution. The
In particular, theAE®' values EE* yt — E°' wi—amj) increase latter term is probably related to the greater length of the
with increasing reduction potentials of the donor cupredoxins inserted ligand loops which reduces the solvent accessibility
(Table 1) (this observation is merely phenomenological; there of the redox center and enhances the number of the
is no clear basis on which any quantitative correlation can surrounding protein permanent dipoles in the mutags (
be discussed). Hence, each inserted loop holds a sort of61). Thus, a more effective screening of the electrostatic
“memory” of the native donor protein. However, we note interaction between the metal center and the water dipoles
that the thermodynamics of the reduction reaction in the loop is obtained, and a selective enthalpic stabilization of the
mutants are much closer to those for wild-type Ami than to reduced over the oxidized form is expected, analogous to
those for the native donor species. This would suggest thatthe behavior of other cupredoxingl( 25—27). This would
the structural and dynamic features of the inserted ligand also be in accordance with recent PDLD/S-LRA calculations
loops are not tightly conserved in the mutants, but are (35), which indicate that the ligand loops in plastocyanin
affected by the rigid scaffold of the host protein that tends and rusticyanin increase the reduction potentiaM®0 and
to reproduce the features of native amicyanin. These results~80 mV, respectively, as a consequence of the electrostatic
are in line with spectroscopic results for these loop mutants effect of their permanent dipoles.
(49, 59, 61, 68). The way in which loop elongation affects The changes in the entropy of reduction (and in the entropy
the K, of the acid transition is not unequivocal. In fact, the of the acid transition as well) are related to changes in the
pKa values for the Ami-Pc, Ami-PAz, and Ami-Rc mutants solvation and flexibility of the polypeptide chai?, 24—
are lower than that for wild-type amicyanin, as are those of 27, 38, 39, 50). Since the solvent contribution is compensated
the donor proteins, but thekp value of Ami-Az is almost by the enthalpic term, it cannot be responsible for the
identical to that of wild-type Ami even though native azurin entropy-based free energy changes detected for the mutants
does not undergo such a transition down to pHL2, @0, presented here. Therefore, the dominant contribution must
31, 40, 59, 61). Therefore, the C-terminal ligand loop affects come from the inserted loops, given that the structural
the redox potential of the loop variants in a generic way, features of the rest of the protein are almost unaffected by
but its effect on the acid transition is less predictable. This the loop elongation 59, 61). The reduction reaction is
means, as noted previousl$9), that in addition to the  entropically more favored in the loop mutants (except for
spacing between the copper ligands, structural features ofAmi-PAz). This, in agreement with previous suggestions
the loop affect the reactions. The same conclusion was(59), can be tentatively ascribed to a reduction-induced
reached by loop contraction experimerg,(63) in which increase in the flexibility of the ligand loop in Ami-Az, Ami-
the Ami loop was introduced into Paz, Pc, and Az. In all Pc, and Ami-Rc as compared to that of the wild-type
cases, the effects were the opposite of those discussed heramicyanin for which the opposite effect (resulting in a
Loop contraction indeed resulted in a decreade®irby 30— negativeAS™ . value) is apparently prevailing. The reason
60 mV and in an increase in th&pvalues. of this effect is likely to be related to the poorer packing of
Effects of Loop Substitution on the Reduction Reaction. the non-native loops against thkbarrel structure of the
The mutation-induced changes in the free energy of reductionprotein as compared to the native loop in amicyanin, as
feature only a modest enthalpic contribution and in most proposed previously by Canters et @#9,(61). However,
cases are mainly entropic in origin (Table 1). We have since the loops include mostly nonpolar residues, the
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Table 1: Thermodynamics of the Cu(Hy Cu(l) Reduction for the Loop Mutants @f. versutusAmicyanin and for the Wild-Type Proteifis

E* AH% ¢ AS ¢ —AH®"JF TAS JFP AE®' © —AAH®" JF° TAAS' JF°¢

protein (mV) (kJ/mol) (I molrt K™% (mV) (mV) (mV) (mV) (mV)
wild-type Amid +255 —-29 —-12 +301 —-37
Ami-Az® +294 —28 +1 +290 +3 +39 —-11 +40
Ami-Pc? +296 —30 -2 +311 —6 +41 +10 +31
Ami-PAz® +275 —30 —13 +311 —40 +20 +10 -3
Ami-Rc?® +355 —29 +16 +301 +49 +100 0 +86
P. aeruginosaz’ +307 —49 —65 +508 —201
SpiPd +366 —46 —36 +477 —111
A. faecalisPAZ +275 —16 +37 +166 +114

T. ferrooxidanRc? +680

a All values obtained in 0.1 M phosphate buffer (pH 7). Errors/Ast®’,c andAS™'c are+2 kJ/mol and+6 J mol* K1, respectively (calculated
from the upper value of the standard deviation of the least-squares fits of the data points within the series). TSt + TAS” /F often
does not close exactly t&°' since, because of the experimental error, M. and AS”' . values are rounded to the closest integext 25 °C.
¢ AE” (=E° mut — E”wi—ami); the same difference holds for the enthalpy and entropy vaftemm ref27. € From this work.! From ref21. Note
that the loops of the plastocyanins from spinach Bndigra are identical? From ref31

Effects of Loop Substitution on the Acid Transitidine
interplay between transition enthalpy and entropy in the
various mutants is different for the acid transition. In Ami-
Az, the changes IM\H®'ar and AS”' A1 are compensatory,
6.0 with the former tending to increase th&pIn Ami-Pc, the
two effects are small but additive and both decreaselthe p
In Ami-PAz, the K, decrease is totally entropic. Thus, for
Ami-Pc, Ami-PAz, and Ami-Rc, elongation of the loop
between the His and Met ligands disfavors protonation and
5.0 dissociation of the His ligand. This effect is remarkable for
the latter mutant §1). Apparently, the rusticyanin loop

45 . . . , contains in itself some remarkable properties that prevent
32 33 34 35 3.6 His protonation and let the protein function physiologically
1T x 10° (K™) at very acidic pH values3Q, 31, 61). These data support
FiIGURE 3: van't Hoff plots for the acid transition of loop amicyanin ~ the hypothesis that the acid transition is a sequence-
mutants: Q) wild-type Ami, (@) Ami-Az, (l) Ami-Pc, and &) responsive procesd(, 11, 42, 45, 62, 63, 70) and indicate
Ami-PAz. Solid lines are least-squares fits to the data points. Pleaseinat the effect of the different lengths of the spacers has an

note that the transition enthalpies obtained from the slope of these. . . .
plots refer to the deprotonation reaction; those reported in Table 2 important entropic component. In particular, in all cases, loop

instead refer to the protonation reaction, and hence, the signs areelongation apparently tends to favor the formation of the Cu-
reversed. ()—His bond (hence yielding lowerky values) probably

due to an increased flexibility of the loop in the reduced
Table 2: Thermodynamic Parameters for the Acid Transition (AT)  state and a favorable entropic term. This would explain why

6.5

PK,

5.5 1

(involving protonation at the metal site) of the Loop MutantsTof Ami-Rc, with the longest loop, has the highes$”. value
versutusAmicyanire in the series (Table 1) and displays the lowdst (61). The
AHYAtS AS'AT>  —TAS"aAr® AGar¢ same argument may be used to tentatively explain the
rotein kJ/mol) (3 mortK~-%) (kJ/mol) (kJ/mol cd L 9 y . v p
r P A ¢ 4 ) ¢ T ) ( " ) ( % ) 'Kg‘4 variability of the K, values for the acid transition in the
wild-type Ami - — - . . .
Ami-Az —27 +29 -9 -36 63 native species.
Ami-Pc —-22 +32 -10 -32 56 i A7 i
A PAZ By 116 s e 1 n .thIS context, the case of Ami-Az is puzzling. The.
Ami-Rc na na na na <4.% invariance of the free energy is the result of an enthalpic
CU_cumﬁngbF‘c *i% *?471 jég *gi 3-421 term which favors protonation (i.e., &pincrease) and an
spinacl - - - . : : :
Rhusverniciferasd  —11 a9 15 5% 45 entropic tgrm WhICh,. as for the othgr species, favors
CBF +34 +197 —-59 —24 42 deprotonation. The origin of the enthalpic effect cannot be
aValues obtained in 10 mM phosphate buffer and 100 mM sodium €Stablished safely at present. It may originate from a bonding
chloride.? Errors forAH* ar andAS™ a1 values aret2 kJ/mol and+6 effect involving the C-terminal His in the new environment

J molt K™, respectively (calculated from the upper value of the provided by the Ami scaffold. The loop replacement also
standard deviation of the least-squares fits to the data points within may have an effect on the rotational barriers of His in both
the series)¢ At 298 K. 4 The error affecting the appareriKpvalues is h l-b d d d hich h b
40.2 pH unit (determined from the upper value of the standard deviationt e metal-bound an . protonated states w 'C, five een
of the least-squares fits to the data points within the series). As a Proposed to strongly influence thé&(pand the kinetics of
consequence, the error fAG* a7 is £1 kJ/mol.© From ref60. f From the transition 40).

ref 12 In conclusion, it appears that a transition-induced change

oxidation state-dependent effect is not easy to explain, in the number of accessible conformational states (which are
although the increased polarity of the non-native loop due sensitive to sequence features) is one of the determinants of
to the presence of one more polar residue adjacent to thethe free energy change of the acid transition in blue copper
solvent-exposed His may play a role in sensing the decreasegroteins. This change appears to be sensitive to the sequence
charge of the metal site upon reduction (freri to 0). characteristics of the ligand loop.
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SUPPORTING INFORMATION AVAILABLE

E®'/T versus 1T plots of T. versutusamicyanin loop
mutants (Figure 1) and*'/pH profiles for the Ami-PAz
mutant at differerent temperatures (Figure 2). This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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