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St(Cu''/Cu') self-exchange can be calculated from?2
AG* = A /4(1 + AGO/))? (4

This means the standard free energy of activation is 42 kJ mol™'.
Thus. assuming the reaction to be essentially adiabatic (x ~ 1).
we find kjy = 2 X 103 M~ 574 at 20 °C. The self-exchange rate
constant has been determined experimentally to be 1.2 x 105 M™!
57 at 20 °C.'® Thus, the agreement between the two values is
satisfactory indeed. The electron self-exchange most likely 1akes
place via the partially exposed imidazole rings of the copper-li-
gating His-92.* A « value of about unity is expected for a system
with delocalization of the metal ion electron density onto the =*
orbitals of the imidazole ligand.

The entropy of activation AS* for the intramolecular electron
transfer from Ru(Il) to Cu(II) in modified stellacyanin can be
calculated by using the theory as formulated by Marcus and
Sutin:?

AS* = AS°/2 - RBd (%)

AS® is the difference between the standard entropies for St-
(Cu''/CuY (-82.8 | K" mol™')'® and for protein-bound Ru-
(NH,)sHis**/2* (15,6 J K=! mol™"; this study). For the distance
d scparating the cleciron donor and acceptor, we use 1.6 nm as
derived from our model,* while for 8, the electron-tunneling barrier,
the widely employed value is 12 nm™.2 We thus obtain AS* =
-193 ) K=" mol™, as compared with the experimentally determined

(18) Dahlin, S.; Reinhammar, B.; Wilson, M. T. Biochem. J. 1984, 2/8,
609-614,

value of ~201 £ 40 J K™' mol™'. The excellent agreement between
the experimentally observed value and that calculated with an
clectron-transfer distance deduced from our tentative St model
lends further support to the usefulness of this computer-calcula-
tion-based model.

Finally, the relatively slow rate that is observed for this in-
tramolecular electron transfer deserves attention. It proceeds over
a relatively long distance (1.6 nm deduced from the modsl), yet
the intervening medium, as perceived in our model, contains several
aromatic residues. The driving force of the reaction is however
smaller (12 kJ mol™) than in other modified redox proteins studied
so far. In azurin modified with Ru at His-83 the intramolecular
electron-transfer rate from the Ru(ll) to Cu(ll) over a 1.8-nm
distance is 1.9 s7' at 25 °C.% The driving force for this reaction
is 27 kJ mol™'. Thus, it is most probably the combination of the
large separation distance between the electron donor and acceptor
with a low driving force that leads to the unusually low rate of
intramolecular electron transfer in Ru-modified stellacyanin.
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A comparison is made between the voltammetric behavior of three clectron-transfer proteins and that of their derivatives obtained
by attachment of a single Ru(NH;)s**/* group to specific histidine (imidazole) residues. The native proteins—plastocyanin (PCu)
from the green alga Scenedesmus obliquus (“blue” Cu®*/'* center, M, ~ 10.5 X 10%), cytochrome cgs, from Pseudomonas stutzeri
(porphyrin Fe**/2* center, M, ~ 9.25 X 10%), and (to a lesser extent) high-potential iron-sulfur protein (HiPIP) from Chromatium
vinosunt ([4Fe-4S)3*/2* center. M, ~ 9.5 X 10%)—require the presence of a cationic reagent (neomycin is used here) to promote
their interaction and clectron exchange with the pyrolytic graphite-“edge” clectrode. By contrast, each of the derivatives PCu-
(His59)Ru(NH;)s, HiPIP(His42)Ru(NH,;)s, and ¢s5(His47)Ru(NHj;)s displays well-defined peak-type cyclic voltammograms
without inclusion of such reagents in the electrolyte. The results indicate the importance of localized (as opposed to overall) protein
surface charge as a determining factor underlying protein—electrode interactions that lead to reversible electron exchange. It is
shown that reduction potentials of the intrinsic and Ru centers in such derivatives may be significantly different from the respective
values for native proteins and the complex [Ru(NH;)s(imid)]3*/2*,

Introduction

An important strategy [or understanding long-range electron
transfer in biological molecules has been to study intramolecular
processes in chemically modified redox proteins, particularly those
derivatized by attachment of Ru(NH;)s at a specific histidine
(imidazole) group.'? A separate yet related development in
metalloprotein chemistry has been the application of direct (un-
mediated) voltammetric techniques.>* In the latter area it has
been important to determine the factors that allow proteins to
interact with electrode surfaces in such a manner as to afford
reversible clectron exchange. [n order to extend our understanding
of these factors and simultancously derive a more quantitative
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picture of the comparative redox equilibrium properties of Ru-
modified proteins, we have investigated the cyclic voltammetry
of three representative classes of proteins and their derivatives.
The proteins selected are plastocyanin (PCu) from the green algae
Scenedesmus obliquus (*blue” CuZ*/'* center, M, ~ 10.5 X 10%),
high-potential iron-sulfur protein (HiPIP) from Chromatium
vinosum ([4Fe-4S8]**/2* center, M, ~ 9.5 X 10%) and cytochrome
¢ssy from Pseudomonas stutzeri (porphyrin Fe3*/2* center, M,
~9.25 X 10%). Crystal structure information is available for each
example: for poplar plastocyanin,’ supplemented by recent 2D
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NMR studies® on the $. vbliguus protein, for C. vinosum HiPIP,
and for Pseudomonas aeruginosa cytochrome css;.2 which has a
sequence similar to that of the P. sturzeri protein® Al three
proteins have one free histidine (His) available for attachment
of the Ru{NHj)« moiety. The preparation and characterization
of the products—PCu(His59)Ru(NH,)..'® HiPIP(Hisd42)Ru-
(NH;3)5! and cqq (Hisd7)Ru(NH;)s'2 —have been described.

Experimental Section

Samples of 8. ohliquus plastocyanin, C. vinosum high-potential iron—
sulfur protein, and P. stutzeri (strain 224) cytochrome css, were isolated
and then converted to their Ru derivatives and characterized as described
previously,'®12 except that a modified procedure was used to purify
Ru-muodified ¢s5;. Here the sample was fully oxidized and chromato-
graphed at pH 5.5 (Mes) by using a Pharmacia FPLC Mono S column,
rechromatographed at pH 8.0 (Tris) on a Mono Q column, and then
subjected to gel filtration on a column of Sephadex G-25-50 (10 X 2.5
cm) using 20 mM phosphatc at pH 7.0 as the cluent. The unbound
fraction wus collected in cach case. A sample of spinach plastocyanin
was prepared according to adaptations of literature procedures.' The
complex [Ru(NH;)s(imid)](PF,), was prepared as described previously.'®

Dcionized watcr was used to prepare all electrochemical solutions.
Most voltammetric experiments were carried out after ultrafiltration-
dialysis of the protein samples (Amicon 8MC, YMS membrane) into a
mixed-buffer clectrolyte medium comprising 5 mM acetate (from BDH
or Aldrich glacial acetic acid) and S mM Mes. 5 mM Hepes, and 5 mM
Taps (cach purchased from Sigma) together with 0.10 M NaCl (Aldrich
or BDH Aristar grade). Protein concentrations were typically of the
order of 100 uM. Unless otherwide stated, all samples were adjusted to
pH 7.0 by addition of small aliquots of concentrated HCI or NaOH
solutions. Some experiments were carried out by using 20 mM Hepes
with 0.10 M NaCl or by using 0.10 M sodium phosphatc (Aldrich) at
pH 7.0 with 0.10 M NuCl added (/ = 0.32). as used in carlier pulse-
radiolysis experiments.'®'2 Neomycin sulfate (Sigma) was added by
using a 0.20 M stock solution adjusted to pH 7.2

For cyclic voltammetry, a nonisothermal cell featuring a three-clec-
trode configuration was used'3~'¢ in which the saturated calomel reference
(SCE) was held at 25 °C (at which Egcg = 244 mV vs the standard
hydrogen clectrode SHE) in a jacketted side arm linked to the sample
compartment through a luggin capillary. The sample compartment,
holding typically 450 uL of solution, was immersed in a water bath that
could be maintained at various temperatures. The pyrolytic graphite-
“cdge” (PGE) working clectrode was constructed as described previ-
ously.'* Prior to cach cxperiment it was polished with an aqueous alu-
mina slurry (Banner or Boehler, 0.3 um) and sonicated thoroughly. The
auxihiary clectrode was a piece of platinum gauze positioned opposite the
Luggin tip. The sample was made anacrobic by passing humidified Ar
across the surface of the stirred solution. Stirring was stopped for
measurement of cvclic voltammograms. Where necessary. the electro-
chemical response was promoted by addition of small aliquots of neo-
mycin from a glass syringe. Cyclic voltammetry was carried out with an
Ursar Instruments potentiostat used in conjunction with a Bryans-Gould
60000 or a Houston Instruments 2000 XY recorder. Formal reduction
potentials £° were determined from the average of reduction (E ;) and
oxidation (£ ) peak potentials as recorded once a steady state had been

(6) Moore, J. M.; Case, D. A.: Chazin, W. J.; Gippert. G. P.; Havel, T. F;
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389.
(9) Ambler, R. P.; Wynn, M. Biochem. J. 1973, 131, 485.
(10) Jackmann, M. P.; McGinnis, J.; Powls, R.; Salmon, G. A.; Sykes, A.
G. J. Am. Chem. Soc. 1988, 110, 5880.
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Figure 1. Cyclic voltammograms of S. obliquus plastocyanin, C. vinosum
HiPIP, and P. stutzeri cytochrome css; and their Ru derivatives: (A)
{bottom) native PCu, 100 uM in 0.10 M NaCl, 20 mM mixed buffer,
0.4 mM neomycin, pH 7.0 (temperature 2 °C, scan rate 100 mV 57!,
current scale 1.0 uA), (top) PCu(His59)Ru(NHj)s, 100 uM in 0.10 M
NaCl, 20 mM mixed buffer, pH 7.0 (temperature 2 °C, scan rate 20 mV
™!, current scale 0.2 wA); (B) (bottom) native HiPIP, 100 uM in 0.10
M NaCl, 20 mM Hepes, 0.4 mM neomycin, pH 7.0 (temperature 4 °C,
scan rate 10 mV s7', current scale 0.1 pA), (top) HiPIP(His42)Ru-
(NH;)s, 130 uM in 0.10 M NaCl, 20 mM mixed buffer, pH 6.9 (tem-
perature 1 °C, scan rate 10 mV s7!, current scale 0.2 uA); (C) (bottom)
native cytochrome ¢ss;, 150 uM in 0.10 M NaCl, 20 mM mixed buffer,
0.6 mM neomycin, pH 7.0 (temperature 25 °C, scan rate 10 mV s,
current scale 0.2 pA), (top) css;(Hisd7)Ru(NH;)s, 100 uM in 0.10 M
NaCl, 20 mM mixed buffer, pH 7.0 (temperature 25 °C, scan rate 20
mV s7!, current scale 0.4 uA). Broken vertical lines indicate positions
of £°.

achieved, i.c. typically after four cycles at a scan rate of 20 mV s,
Results

Representative cyclic voltammograms are shown in Figure 1.
Importantly, when examined using mixed-buffer electrolyte, each
of the Ru-modified proteins gave stable cyclic voltammograms
exhibiting the expected two sets of well-defined peak-type waves,
without any requirement for a cationic promoter such as the
aminocyclitol neomycin. By contrast, for native S. obliquus (and
spinach) plastocyanins and cytochrome css;, achievement of a
satisfactory peak-type response from the single intrinsic metal
center required the addition of small amounts of neomycin. As
this was titrated in, weak and impersistent sigmoidal-type waves
developed into stable peaks with typical separations (£, - Ec)
less than 70 mV at a scan rate of 20 mV s™!. A peak-type response
for native HiPIP was cvident without neomycin, although its
addition to a concentration of 0.8 mM resulted in further
sharpening of the waves. Experiments with native HiPIP carried
out with 20 mM Hepes yielded results that were essentially
identical with tests made by using mixed buffer. In the case of
cither of the native plastocyanins, the voltammetric response
obtained with a 0.1 mM protein solution at 25 °C was not stable
even in the presence of neomycin. For plastocyanin and HiPIP
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Table I. Summary of Electrochemical Data for Native and Ru-Modified Proteins and [Ru{(NH;)s(imid)]3*/2*4a

E%/mV vs SHE AS®,./J K mol™

couple H temp/°C native modified native modified
p p

PCu (S. obliquus)
Cut/* 7.0 25 376 (£5)b¢
Cut/* 7.0 25 389 (£5)4 -26 (£5)
Cut/+ 7.0 25 392 (£5) -36 (£16)
Ru+/2* 7.0 25 142 (£5) +58 (£14)
Cu*/* 7.0 20 397 (£8)¢
Rutt/2* 7.0 20 120 (£8)¢

HiPIP (C. vinosum)
[4Fc-48]3+/2* 6.9 25 357 (£5) -40 (£5)
[4Fc-4S)3+/2+ 6.9 25 387 (£5) -41 (£10)
Ru?*/2+ 6.9 25 150 (£8) +12 (£3)
[4F¢-48]3+/2+ 7.0 20 389 (8)¢
Ru*/2t 7.0 20 122 (£8)

/ cyt co5) (P. stutzeri)
Fei*ir 7.0 25 228 (£5)f
Fed*/zt 7.0, 7.7 25 264, 268 (£5)
Ru'*/2* 7.0,7.7 25 116, 119 (£8)
Fei+/* 6.5.7.0.7.7 25 (269, 266, 266) (£5)¢
Ru*/2* 6.5.7.0,7.7 25 (109, 106, 102) (£8)*
[Ru(NHj)4(imid)]¥*/2*

Ru’+/2* 7.0 25 109 (£5) +37

GAIll duta obtained with use of mixed-buffer clectrolyte containing 0.10 M NaCl except where specified. ® From kinetic studies with [Co-
(phen);]**/2*.22 <Value 363 mV obtained by titration with [Fe(CN)¢]>7/47.1¢ 4 E% value at 25 °C obtained by extrapolation of £E°’ vs T plot, where
values are determined in presence of 0.4 mM neomycin. €0.10 M phosphate buffer with 0.10 M NaCl (/ ~ 0.32 at pH 7). /In presence of 0.8 mM

ncomyein. fIn presence of 0.6 mM ncomycin.

and their derivatives, we made voltammetric measurements at
various temperatures over the range 1-25 °C and detcrmined
values for the reaction center entropy AS®, (S%eq - S°,) from
the temperature coefficient of plots of £/ versus 7,8 as shown
in Figure 2. Voltammograms obtained for Ru-modified plas-
tocyanin and Ru-modified HiPIP in phosphate buffer were less
satisfactory, since they showed broader peaks with larger sepa-
rations (£}, - £). On the other hand, those obtained for Ru-
modified cytochrome css; were sharp and well-defined at 25 °C
irrespective of whether mixed or phosphate buffers were used. In
all cascs, voltammetric peak currents were proportional to (scan
ratc)'/? over at least part of the range of scan rates used (5-500
mV s7"), showing that reaction was controlled by diffusion of free
species to the electrode surface. All potential data were obtained
from voltammograms that met this criterion.

For the Ru-modified proteins we assigned the high- and low-
potential couples in each case to the intrinsic metal center and
[Ru(NH;)s(His)]**/2*, respectively. This is reasonable if we
assume that reduction potentials are unlikely to be shifted greatly
from their values for the native proteins (and the complex [Ru-
(NH;):(imid)]**/?*). Measured formal reduction potentials,
relevant conditions, and reaction entropies (where determined)
arc shown in Table 1.

Discussion

By the attachment to each protein of a single Ru complex
having a formal 3+ charge, the electrochemical requirement of
plastocyanin, cytochrome c¢ss,, and to some extent HiPIP for the
presence of a cationic promoter (neomycin) is removed. Such
promoters probably act by creating a noncovalent bridge between
the negatively charged surface of the protein and that of polished
PGE, which is rich in oxide functionalities and is believed to bear
an cffective negative charge at pH 7 over the potential range of
these experiments.'* This ternary interaction allows the protein
to bind at sites on the ¢lectrode surface in such a manner as to
enable fast clectron transfer to occur®*13-16, For HiPIP, which
is a weakly acidic protein, the gross effect of Ru modification on

(17) See. for example: Yee, E. L.; Cave, R. J.; Guyer. K. L.; Tyma, P. D.;
Weaver, M. J. J. Am. Chem. Soc. 1979, 10/, 1131 and references
therein,

(18) Taniguchi, V. T.. Sailasuta-Scott, N.; Anson, F. C.; Gray, H. B. Pure
Appl. Chem. 1980, 52, 2275,
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Figure 2. Variation of £°’ with temperature for native and Ru-modified
proteins, showing least-squares fits: (left) (@) Cu?*/1* couple in S.
obliguus PCu(His59)Ru(NH;)s, (W) Cu®*/'* couple in native S. obliquus
PCu, solution containing 0.4 mM neomycin (least-squares fit indicated
by broken line), (¥) Ru?*/?* couple in S. obliqguus PCu(His59)Ru-
(NH3)s, (O) [Ru(NH;)¢(imid)]3*/%*; (right) (@) [4Fe-4S]*/2* couple
in C. vinosum HiPIP(His42)Ru(NH;)s, (m) [[4Fe-4S]**/2* couple in
native C. vinosum HiPIP, solution containing 0.4 mM neomycin, (¥)
Ru’*/2* couple in C. vinosum HiPIP(His42)Ru(NH,);, (O) [Ru-
(NH3)s(imid)}**/?*. All data were obtained with 0.10 M NaCl, 20 mM
mixed buffer.

the overall protein charge is to transform it from slightly negative
to neutral (or slightly positive). This property is sugggested from
the amino acid composition'? and from the ion-exchange behavior
of each form: both oxidized and reduced HiPIP bind (respectively
more tightly) to an anion-exchange column (DE23) at pH 7.3,
whereas the oxidized Ru-modified form binds weakly to a cat-
ion-exchange column at pH 5.2."" Ru modification also transforms
the overall charge on cytochrome css, to approximately neutral
(pH 7.0), as judged by amino acid composition® and ion-exchange
behavior. On the other hand, by the same criteria, it is certain

(19) Dus, K.: De Klerk, H.; Sletton, K.; Bartsch, R. G. Biochim. Biophys.
Acra 1967, 140, 291.

(20) Adzamli, I. K; Davies, D. M_; Stanley, C. S.; Sykes, A. G. J. Am.
Chem. Soc 1981, /03, 5543.
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that plastocyanin retains an overall negative charge at pH 7.0
after single-site modification.®'® The latter result, in particular,
suggests the importance of localized charge (as opposed to the
sign of the overall protein charge) in underlying the protein=
electrode interaction that is necessary for reversible electron ex-
change.

For native and derivatized plastocyanin and HiPIP, and for
[Ru(NH;)s(imid)]3*+/2*, graphs of E* vs T were linear (Figure
2). In addition to yiclding valucs for AS® , this enabled us to
determine the reduction potential of plastocyanin at 25 °C (for
which voltammetry at this temperature was not stable) by simple
extrapolation. Referring o Table I, we are able to make the
following comments.

We first compare the voltammetrically measured formal re-
duction potentials for the native proteins with earlier determi-
nations.

For S. obliquus plastocyanin (Cu?*/!*), the value of 389 mV
at 25 °C obtained in the presence of neomycin is appreciably
higher than in previous studies.'® Thus, titration of the S. obliquus
protein with [Fe(CN)4]*/% (for which an E£®’ value of 410 mV
was used) at 25 °C in 0.10 M phosphate (pH 7.0, / = 0.21 M)
gave reduction potentials for native and Ru-modified proteins of
363 and 385 mV, respectively. If (597 nm) is 5000 M~ cm™!
instcad of 4500 M~ ¢cm™! as normally used (a value of 5160 M~
cm™ has recently been reported by Gewirth and Solomon?'), then
the £°” value must be raised by 5 mV. Furthermore, in this
investigation we have mcasured the reduction potential for Fe-
(CN)*/% under identical conditions used for the earlier titration
and found it to be 418 mV. This correction also increases £°7
for plastocyanin. From kinetic studies on S. obliquus plastocyanin
with [Co(phen);]3*/2*, E°" is calculated to be 376 mV at pH 7.0.2
We have also checked the reduction potential of spinach plasto-
cyanin for which direct clectrochemistry is also promoted by
neomycin. This was found to be 384 mV when an clectrode
predipped in ncomycin is used (this gives a transient peaklike
voltammetric responsce when it is used with a solution of plasto-
cyanin containing no ncomycin) and 387 mV in the presence of
0.6 mM ncomycin. We do not fully understand these differences
and arc uncertain whether the discrepancy arises entirely from
the presence of ncomycin. It is possible therefore that the £°7
value for native plastocyanin is slightly higher than the value 370
mV that is widcly used and may be closer to 380 mV. Some other
reported determinations of £° for plastocyanins cover a sur-
prisingly large range: a valuc of 340 mV has been obtained for
bean plastocyanin by thin-layer potentiometry using [Co(phen);]**
as mediator,'® a value of 390 mV has been measured for the protein
from Chlorella ellipsoidea by equilibration against [Fe-
(CN),]774.2 and a value of 360 mV has been determined for
spinach plastocyanin by direct cyclic voltammetry in the presence
of [PL{NH;),]**."

The reduction potential of 228 mV for native cytochrome css,
(Fe3*/2%) is somewhat higher than the value of 200 mV (pH 7)
measured at ambient temperature by cquilibration against [Fe-
(CN)e]>7/*+.2*  We found that the reduction potential of cyto-
chrome ¢ss, did not change on increasing the neomycin concen-
tration from 0.4 10 0.8 mM.

The reduction potential of HiPIP ([4Fe-48)%*/2*) as measured
at 4 °C in 20 mM Hepes, 0.10 M NaCl, increased from 367 to
371 mV as the ncomycin concentration was raised from 0 to 0.8
mM. Our value of 357 mV at 25 °C, obtained by using mixed
buffer in the presence of 0.8 mM neomycin, is in good agreement
with the value originally reported by Bartsch and co-workers using
the Fe(CN),*~/4 equilibration method.'?

For all three proteins, attachment of the Ru(NH;)¢3* group
causes an increase in the reduction potential of the metal center
of the protein. For plastocyanin, the effect is quite mild (taking

(21) Gewirth, A, A.: Solomon, E. I. J. Am. Chem. Soc. 1988, 110, 3811,

(22) McGinnis, J.; Sinclair-Day, J. D.; Sykes, A. G.; Powls, R.; Moore, J.;
Wright, P. E.; Tnorg. Chem. 1988, 27, 2306.

(23) Katoh. S. Narure 1960, 186, 533.

(24) Leitch, F. A.: Moore. G. R.; Pettigrew, G. W. Biochemistry 1984, 23,
1831,
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the above-mentioned variations into consideration, the increase
is within 21 mV when compared at 25 °C), but for HiPIP and
cytochrome cy5(, £°” 1s changed more sigmficantly, the increases
being around 30 and 36 mV, respectively. Placing a positive
charge in the vicinity of a protein redox center is expected to raise
its reduction potential (relative stabilization of the reduced state),
and the magnitude of this effect is expected to depend upon the
separation distance and effective dielectric constant of the in-
tervening medium.?* From the respective crystal structures we
do indeed note that for plastocyanin? the through-space separation
distance (Cys84{S} to His59{ring}) is of the order of about 12 A,
whereas for HiPIP (Cys43{S} to His42{ring})” and for cytochrome
c55 (axial Met61 to Hisd7 {ring}),% much shorter separations of
about 8 A are estimated. In each case, E% values at pH 7.0 were
similar regardless of whether studies were made in mixed or
phosphate buffer. For cytochrome css;, the absence of any var-
iation of E°’ with pH over the range 6.5-7.7 contrasts with the
pH dependence in this range that has been reported for the native
protein and attributed to ionization of Hisd7.22 Disappearance
of this acid—base equilibrium (pK = 7.8 for ¢ss, from P. stutzeri
strain 224) is expected if Hisd7 is coordinated by Ru(NH;)s**.

For the intrinsic metal centers in plastocyanin and HiPIP, the
temperature coefficient d(£°7)/dT is slightly negative, yielding
small negative values of AS®,.. The results suggest that for the
reduced forms there is a small increase in solvent ordering or a
more compact conformation. Entropy changes for native and
derivatized proteins are very similar in view of the error (at least
5 J K™ mol™) that we estimate to be likely in the determinations.
The respective values of =26 and =36 J K=" mol™! for native and
Ru-modified plastocyanin may be compared with the value -10
J K~' mol™! obtained'® by optically transparent thin-layer pro-
tentiometry studies using [Co(phen);]** as mediator.

For each modified protein, as studied in mixed-buffer elec-
trolyte, reduction potentials of the Ru centers are higher than that
measured under the same conditions for [Ru(NH,)s(imid)]**+/2*,
Although the increase in £°’ is consistent with the decrease in
solvation and dielectric shielding that is expected upon attachment
to the protein surface, such a simple view is not altogether clear
from the values for AS°’,.. Thus, while the positive AS®, de-
termined for the free complex is certainly consistent with relaxation
of solvent ordering accompanying the decrease in charge,'” the
differing relative directions of change in AS®. observed for
modified plastocyanin (larger) and HiPIP (smaller) show that
other, less tangible influences are operative. Furthermore, re-
duction potentials for the Ru site are significantly lower when
measured in phosphate buffer as compared with mixed buffer.
This suggests that decreased solvation and dielectric shielding at
the protein-bound positively charged Ru center may be com-
pensated for by binding of HPO,Z (or H,PO,") close by. Such
an interaction could stabilize the oxidized state of Ru while having
a negligible influence on the redox properties of the intrinsic center.

Determinations of intramolecular rate constants for electron
transfer from [Ru(NH;)<(his)]?* to the intrinsic metal center have
each been carried out by pulse radiolysis'®'2 on solutions con-
taining 0.10 M phosphate at pH 7. It is thus appropriate to use
our measurements of reduction potentials obtained in the presence
of phosphate to estimate driving forces (AE) for those reaction
systems. Our values of AE are as follows: plastocyanin, 277 mV;
HiPIP, 267 mV; cytochrome ¢ss;, 260 mV. However, it should
be emphasized that the measured AE corresponds to a state of
equilibrium and need not necessarily describe, accurately, the
energetics that are appropriate for the intramolecular electron-
transfer system. In our experiments, the measured E£°’ value for
the Ru site is obtained under the condition of the intrinsic site
being reduced, and the E°’ value for the intrinsic site is that
measured while the Ru site is oxidized. By contrast, for the kinetic
experiment, the initial state (that is, with the Ru site reduced while
the intrinsic site is oxidized) is by necessity an unstable one for
which we are unable to determine reduction potentials. The driving

(25) Schulz, G. E.; Schirmer, R. H. In Principles of Protein Structure;
Springer-Verlag: Berlin, 1979; pp 30-31.
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force for intramolecular electron transfer may thus differ from
the voltammetrically determined value of AE depending upon the
degrec to which the reduction potential of one site is sensitive to
the oxidation state of the other site close by.

In conclusion, the experiments demonstrate that interaction of
proteins with clectrode surfaces leading to reversible clectron
exchange is critically influenced by specific attachment of a single
Ru complex. The loss of requirement for a cation promoter even
though the sign of the protein’s overall charge remains unchanged
following modification (as with plastocyanin) provides support
for the importance of localized protein surface charge, rather than
overall churge alone, in determining its interaction with uan
clectrode surface. The voltammetric measurements show further
that the reduction potentials of redox sites in modified proteins

may be significantly different from values assumed on the basis
of the isolated components. In particular, the reduction potential
of the histidine-attached Ru center (which is expected to be largely
exposed at the protein surface) is sensitive to the composition of
the electrolvte.
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Rc(0)Cl3(Me;S)(OPPhy) reacts readily with 1,4,7-trimethyltriazacyciononane (Mejtacn) to form the rhenium(V) oxo cation
[Re(O)Cly(Mestacn)]* (1) in good yield. With the unsubstituted triazacyclononane (tacn). however, both [Re(O)Cly(tacn)]*
(2) and [Re(O);(tacn)]* (3) are formed, even under anaerobic conditions. Oxidation of 2 to 3 [Re(V) — Re(VII)] can be easily
accomplished with a variety of mild oxidizing agents such as Me,;SO and [,, but the oxidation of 1 requires over a month at 80
°C in aqucous nitric acid, Complex 1 is reduced [Re(V) — Re(I11)] by oxygen atom transfer to phosphines. forming [Re-
(OPR;)Cly(Mejtacn)}* (R = Ph, 4; Me, 5). The OPPh;, ligand in 4 is easily displaced by other neutral ligands such as acetonitrile
or acetone. The acetone complex [Re(O=CMe,)Cly(Mejstacn)]* (7) is readily oxidized back to 1 [Re(I11) — Re(V)] by the oxygen
atom donors "BuNCO, OAsPh,, Me,SO, ethylene oxide, pyridine N-oxide, and N,O. These reactions require an open coordination
site ut the thenium(111) center. Surprisingly. it is not substantially easier to oxidize the rhenium(I1I) complex 7 than the rhenium(V)
specics 2. On the basis of these reactions, simple thermochemical cycles are used to estimate the rhenium-oxo bond strength in

1tobe 141 = 9 keal/mol.

Transfer of an oxygen atom between a metal center and a
substrate is one of the most fundamental reactions of metal oxo
complexes.>® Oxygen atom transfer has also received attention
because of its importance in biological systems, in organic syn-
thesis, and in industrial processes. For example, it has been
suggested as the critical step in catalysis by cytochrome P-4504
and molybdenum hydroxylase enzymes.> Despite the interest in
this reaction, oxygen atom transfer is fess well understood than
transfer of a univalent atom by classical inner-sphere clectron
transfer.®  Only oxygen atom transfer processes involving mo-
lybdenum have received systematic study: a recent comprehensive
review states that there are no reports of oxygen atom transfer
to rhenium.?

A primary goal of this study was to examine the effect of metal
oxidation state on oxygen atom transfer reactivity. We describe
here” a series of oxygen atom transfer reactions that interconvert
rhenium(II1). rhenium(V). and rhenium(VI{) complexes, which
cnable, for the first time, a comparison of the oxygen atom transfer

(1) Presidential Young Investigator, 1988-1993: Sloan Foundation Fellow
1989-1991.

(2) Holm, R. H. Chem. Rev. 1987, 87, 1401-1449.

(3) Nugent, W. A Mayer. J. M. Metal-Ligand Multiple Bonds: Wiley:
New York. 1988.

(4) Cyrochrome P-450. Structure, Mechanism, and Biochemistry; Ortiz
dc Montelluno, P. R., Ed.; Plenum: New York, 1985,

(5) Molvbdenum Enzymes: Spiro, T. G.. Ed.. Wiley: New York, 1985,

(6) Taube, H. ACS Symp. Ser. 1982, No. /98, 151-171.

(7) Part of this work was presented at the American Chemical Society 43rd
Northwest Regional Mecting, Spokane. WA, July 1988, paper 120.

reactivity of (wo different redox couples, d* = d? and d? .= d°.
Studies of the related d? oxo complex, which would likely have
one electron in a metal-oxygen antibonding orbital,® were however
thwarted by the instability of this compound. Triazacyclononane
(tacn) and its methylated analogue (1.4,7-trimethyl-
triazacyclononane, Mejtacn) have been used as supporting ligands
because they bind well to both high- and low- oxidation state
complexes.” The observed reactions are used to derive an estimate
of the Re(V)=0 bond strength and to discuss the mechanism of
oxygen atom transfer.

Experimental Section

Syntheses were performed with standard Schlenk or vacuum-line
techniques and a continuous nitrogen flow glovebox except as indicated.
Solvents were dried and deoxygenated by standard methods.'  All
reactions were executed at ambient temperatures unless otherwise stated.
NMR spectra were obtained on Varian VXR-300 or Bruker WM-500
spectrometers. Chemical shifts are reported in ppm downfield from
TMS: 6 (multiplicity, number of hydrogens). NMR spectra in D,O were
referenced to DSS (2,2-dimethyl-2-silapentane-3-sulfonic acid, assigning
the most uptield resonance to 0.015 ppm) for '"H NMR and to MeOH
(49.3 ppm) for C. IR spectra were obtained as Nujol mulls on NaCl
plates with Perkin-Elmer 283, FT 1604, or FT 1800 spectrometers and
are reported in cm™'. Elemental analyses were performed by Canadian

(8) Mayer, J. M. Comments Inorg. Chem. 1988, 8, 125-135.

(9) For a recent review of the coordination chemistry of tacn and Mejtacn
sce: Chaudhuri, P.. Wieghardt, K. Prog. Inorg. Chem. 1987, 35,
329-436.

(10) Perrin. D. D.; Armarego, W. L. F. Purification of Laboratory Chem-
icals, 3rd cd.; Pergamon: New York, 1988,
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