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Understanding the molecular mechanisms responsible for regula-Table 1. Denaturation Temperatures and Thermodynamic
tion of the redox potentialsE¢") of proteins is a problem of Parameters of the Redox Reaction for the Cyts ¢ Examined

immense fundamental and practical importance. Monoheme Class To? Ti(re-s)” E°r AR AS°'e
I cytochromesc (cyts c), in which heme Fe is coordinated to His cyte (°C) (°C) (Vvs SHE) (ky mol™?) (I K~mol™)
N and Met S atoms as axial ligands at the redox center, are some PA 50.4 78 0.29F —-42 —47
of the best characterized redox active protéiamologous Class sm ggg 10%? 002%24 —gi —ig

o . gm ) > ) - _
| cyts ¢, thermophilicHydrogenobacter thermophilug/tochrome HT 918 - 100" 0218 _31 a5

css#2 (HT) and mesophilid®seudomonas aeruginosgtochrome
Css1® (PA), exhibit a unique thermodynamic property, i.e. despite  aThe denaturation temperature of the oxidized protein in the presence
their structural similarity together with their 56% sequence identity, of 1.5 M guanidine hydrochlorid® ¢ * The dissociation temperature of
the oxidized form of HT is significantly more stable than that of thet F(te_ls éo)ord”&a“ct)'n bonttﬂ;.] TT%Heﬁpeanentdal F:l'_rrors fgr ch( sr°e)dox

. . . potential E°'), reduction enthalpyAH*®'), and reduction entropyAS™
PA, as reflected by the large difference in denaturation temperature,yere.£0.005 V,+3 kJ mot, and=5 JK-mol 2, respectively. The valties
(Tw) (Table 1)%ab Site-directed mutants of PA, for which amino  were obtained from the plots presented in Figuré @btained from ref 4f.
acid substitutions were selected with reference to the corresponding(egfhe values were slightly dllffefeg_t_ffom those repotéddue to possible
residues in HT, exhibited thermostabilities between those of PA ifferences in experimental conditions.

and HT**~¢ (Table 1). Among the cyts examined, overall protein

stability correlated well with structural features of hydrophobic 0.30 PA
protein interior. m .“‘u“"i\

NMR and optical characterization of the heme active sites in (J,:) 0.25 Sm "u .
the oxidized (paramagnetic) forms of PA, its mutants, and HT have ” -
revealed that the overall protein stability correlates well with the < HT °
stability of the Fe-S coordination bonéf.Here, we illustrate a series E,_, 0.20f gm
of studies involving temperature-dependent cyclic voltammetry a
(cV) an_le NMR spectra of the cyts. On t_he basi_s_, of a scrutiny 015 =550~ 30 40 50 60 70 80 90
of relationships among the overall protein stability,+3 bond Temperature (°C)
stability, and redox properties, we propose a molecular mechanism

; S Figure 1. Temperature dependence of the redox potentiaty ©f PA
underlying redox regulation in the cyts (W), sm @), gm (a), and HT ). E* values decrease with increasing

To determine the relationship between the redox properties andtemperature. The plots & vs T are satisfactorily represented as straight

P prop . : : an

overall protein stability, we first carried out electrochemical lines, although those for the PA proteins at higher temperatures exhibit a
measurements at 2& using CV6 The resultingE®’ values were ~ downward curvature.
in the range of+0.2 — +0.3 V, i.e. similar to those reported for _ _ o
other Class | cyts’a¢ (Table 1). TheE* values for the PA mutants, mutants) gave straight lines at lower temperatures and exhibited
F34Y single (sm) and F7A/NV13M/F34Y /E43Y/V78I quintuple downward curvature with increasing temperature, while those for
(gm), were lower than that of the wild-type, corresponding to an HT exhibited a straight line over the_ temperature range examined
increase in overall protein stability. These results indicate that, upon (Figure 1). The temperature at which the plots started to show
Thus, theE*' values of cyts are determined by the overall stability the denaturation temperature (Table 1). The curvature observed for
mutation(s), as manifested in thdis, values (Table 1). dynamically more stable than the reduced as the thermal denatur-

On electrochemical measurement atd °C, we observed CV ation proceeds. This is because the oxidized heme becomes more

curves below 70 and 8T for PA and sm, respectively. In contrast, ~Stable with removal of the hydrophobic heme environment on
those for gm and HT were detected up to°85 Plots ofE* against ~ denaturation, as demonstrated by model stuffiés.

temperatureE —T plots)for PA proteins (wild-type and the two From theE”—T plots we estimated the enthalpiaki®’) and

; entropic (\S) contributions to theE®' value (Table 1)&°¢ For
Department of Chemistry, University of Tsukuba. ; or ; ; :

* Daiichi Pharmaceutical Co.. Ltd. Fhe PA_ protelr_1§, theAH va_Iues increased con5|stently_ with

ﬁGraduate School of Engineering, Osaka University. increasing stability of the protein, whereas k&' values remained
Graduate School of Pharmaceutical Science, Osaka University. :

O Department of Biotechnology, University of Tokyo. essen.tlally' unchanged. These results suggest.that the effect.of the

v Graduate School of Biosphere Science, Hiroshima University. mutations in the PA protein on tHe&’ value is mainly an enthalpic
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Oxidized forms stability of the Fe-S bond, which was inferred from the dissociation
sorc PA orc sm o5c qm o5°c L HT temperatureTmre-s)) Obtained through variable temperature mea-
- - l surement of the 695-nm absorption band (Table 1).
i These findings, together with those described in our previous
60°C I ; 0°Cl | 60° Jl °°C1L study#" demonstrate that the overall protein stability /2bond
stability, and redox property of cytare mutually related to each
2°C I 22°c 2° 22°C | other. The protein conformational change induced by the mutations,

which increases the overall stability of the oxidized form, happens
to determine the FeS bond stability* Since the overall protein
stability of the reduced form is less affected by the mutations than
HT that of the oxidized one, thE®' values of the mutants decrease

with respect to that of the wild-type PA in an enthalpic manner.
95°C l 95°C 95°C I 95°C I Generally, oxidized heme is less favorable in the hydrophobic

3

10 - 10 10 30 0
Chemical shift (ppm) Chemlcalshm(ppm) Chemical shift (ppm) Chemlcalshlﬁ(ppm)

Reduced forms

i i environment of the heme protein pocket compared with reduced
| 60 I 60°C I 60°C I heme. In the mutants, the oxidized heme is stabilized tolsome extent
A : through the stronger F€S bond, leading to the regulation of the
i redox properties in the proteins. This is how the protein structure
22°C__JL_ 2°C ‘ 22°C ,‘ W 2°¢ ,‘ A influences functionality of the cyts.
Chgmlcal shift (ppm) Chgmical shift (ppm) Che?mcal shift (ppm) Chemlcal shlﬂ (ppm) Acknowledgment. This work was supported by a Grant-in-Aid

Figure 2. 'H NMR signals of the resolved Fe-bound Met side-chain protons O Scientific Research on Priority Areas (A), “Dynamic Control
of PA, sm, gm, and HT at pH 6.00 and the indicated temperatures. The Of Strongly Correlated Softmaterials” (413/14045203), from MEXT.

signals of the reduced and oxidized forms are shown at the bottom and . . . . . .
top, respectively. The corresponding Fe-bound Mgtproton signals® Supporting Information Available: Additional figures (PDF). This
are connected by dotted lines. material is available free of charge via the Internet at http://pubs.acs.org.
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