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ABSTRACT

We have used zinc-substituted hemoprotelns to study long-range electron
transfer between redox centers at fixed and known distancea. The photo-excited
zinc triplet etate in one subunit of the aj-g2 electron transfer complex of
[2n,Fe] hybrid hemoglobin transfera an electron to its partner aguoferriheme

subunit at a rate, k=100 s~l, The temperature dependence of this electron
tranafer from 77K to 313K is indicative of non-adiabatic electron tunnelling in

which the accompanying nuclear rearrangements proceed by nuclear tunnelling.

For the complex between zinc—substituted yeast cytochrome ¢ peroxidase (CCP) and
native yeast cytochrome ¢, electron transfer occurs at 4 rate, kg=138 3-1, com-

pared to k¢ = 17 s~! in the complex between the yeast enzyme and horse cyt T
The difference demconstraetes the specles aspecificity involved in physioclogical
electron tranafer. Oxidation of ferroporphyrin by the 2inc porphytin radical ia
more rapid, and, for the yeast cytochrome, occura with a rate, ky ~ 104 5-1,

INTRODUCTION

Receuntly, we have discovered (ref.1-3) that long-range electron transfer
(ref.4,5) between centers held at fixed and known distances can be studied by
gubatituting zinc protoporphyrin for heme in one of the partners of a protein
electron transfer complex. A significant feature of the appreach 1s that it
permits us te measure Lransfer rates over a wide range of temperatures because
the electron tranafer process is photoinitiated and occurs unimolecularly, within

the previously formed complex.

Mixed-metal, {M,Fe], hybrid hemogloblne represent the best characterized
oystem employed. Chaina of one type (o ox B) are substituted with closed shell
zinc protoporphyrin (ZnP) and chaing of the opposite type are oxidized to the
aquo-ferriheme (FelllP) state (ref.1,2). FElectron transfer occurs within the
a1-B2 electron transfer complex between chromophores that are separated by pro-
tein residues and a2t a metal-metal distance of 25 A (ref.6) (Fig. 1). The ZnP
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Fig. 1. BRepresentation of the (al .B2 ) gubunit pair, electron transfer complex,
within [aFe g20) hybrid hemoglobin in the deoxy-Hb (T-state) quaternary struc-
ture. The distance between Fe(o) and Zn{o) atoms ia 24.7 A (ref.6).

and FeP planes are roughly parallel, and the shorteat diatance between atoms of

the ringe is about 20 A.

This approach also has been applled to an archetyplcal physiologlcal electron
tranafer reactionm, that between yzast cytochrome c peroxidase (CCP) and cyto-
chrome ¢ (cyt c) (ref.7), by employing the complex between zinc—substituted CCP
(ZnCCP) and native cyt ¢ {ref.3). Modeling studies of this complex by Pouloas and
Kraut (ref.8) led them to propose & etructure in which the two heme planes are
nearly parallel, at a metal-metal distance of 25 A and an edge-to-edge distance
of 17-18 A, TIn this report we first deacribe the basls of these measurements,

then summarize the results to date.

ELECTRON TRANSFER PROCESSES

Reversible electron transfer within a zinc—substituted, protein electron

transfer complex is initiated by flash photoproduction of the slowly decaying
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zinc protoporphyrin triplet state (3ZnP). The 3ZnP 1a a good reductant and can
decay back to the ground state or can reduce its ferriheme partner by lomg-range

electron transfer

ke

3zaP + FeIllp > (znP)t + Pellp (a)

Az a consequence, 3ZpP within the complex decays with a rate comstant, kp, which
ig the sum of the intrineic triplet decay rate constant, kp, and of that for
electron transfer: kp = kp + ky¢. The redex potential for this reaction varies
with the 1dentity of the partners within a protein electron—transfer complex,
but falls within a range, bEb‘ ~ 0.8-0.9 Vv (ref.2,3).

The intermediasteas formed by {(a) regenerate the ground atate in a reaction
directly analogous to a physlologically impeortant proceas, namely electron

transfer from FellP to thermalized porphyrin catiom radical, ZnPt
kh
(zupPt) + Fellp -——> zup + FelllP (b)

The potential of this reactlon agalin varles with the syatem, but 1n general

it is comparably excergic with (a): AE,- ~ 0.85-1.D V.

ELECTRON TRANSFER WITHIN THE MIXED-METAL Hb HYBRIDS

Figure 2 presents the progrees curve for the decay of the 3ZaP produced by
flash excitation of the mixed-metal hybrid in which electroen transfer is
blocked because the heme 1s iniltially in the high-spin, Fell state, [aFeI[,an].
The triplet decay rate, kp = 50 £ 5 5_1, 12 the same as that For 3ZnP in an
individual subunit of fully bkubstituted ZnBb (ref.%) and thus long-range energy
transfer and paramagnetic quenching of 3ZnP are negligible. However, when the
partner subunit is initially in the aquoferriheme, Felll, gtate (Fig 2), the
triplet decay rate !s almost tripled, kp = 150 + 10 s~Ll. The triplet decay
enhancement is found to be independent of protein concentration, and, as con-
firmed by observations of ferriheme reduction (see below), Tepresents the
contribution from intramolecular electron transfer within the aj-R2 complex.
Thus, the rate constant for electron transfer at reoom temperature between a 3znp
and aquoferriheme rigidly held 25 A apart within cthe aj-g» electron transfer
complex {8 kp = kp=kp = 100 = 10 s~ L.
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Figure 2. Progress curve of the [3ZnP-ZnP) difference gpectrTum subsgquent ta
flaah photolytic exclitation of [aFe gZn) hybrid hemoglobins, as monitored at
415 mm, Ehe 1sosbestic of the [FelIIp-pellp] diffffence spectrum (ref.l).

A) [aFel! g2ni: gdecay rate, 50(23) s~1. B) [aFet'’ g21]; decay rate,
155(+10) e~1.

The (ZnP)* y—cation radical product of electron tranafer oxidizes its ferro-
porphyrin partner according to reaction (E)- The procesa 1s rapid, and because
kyp »> ¥, the reversibly formed (ZnP+, Pellp) intermediaste 1s in low steady-
state concentration and has not been obaserved directly in the hybrids. However,
when followiong the FelIP concentration subsequent to a flash excitation, one
observes 3 small net heme reduction correspondlng to ca. 15Z of the I20P formed.
This implies that the intermediate not only reverts to the inltial stace by (R),
but that (ZnP)* in the heme pocket of Hb in small part alsoc undergoes a competing
spontaneous reduction (rate comstant, ky) without accompanying ferroheme oxida-
tion, by as yet unidentified protein residues. Analysis of these observations
with kinetic equation for the full reaction scheme Indicates that at room tem—
perature, ky + kp >> ki and kpfkyg ~ 3.

The electron transfer rate, k¢, for the [a(FelllHs0); 8(Zn)] hybrid falls
smoothly from the room temperature value to a non—gzero value, kg = 9 % 4 g~ I,
which i1s effectively invariant from 170 K down to 77 K (ref.2) (Fig. 3). D=ata
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Fig. 3. Temperature dependence of the electron transfer rate, ki, in the
[a(FeIIIHy0); B(Zn)] hybrid hemoglobin. The solid line is a plot of eq. 1,
employing the parameters given in the text (ref.2}.

in the temperature dependent regiom (T > 253 X) can be fir to the Arrhenlus
expression {(k = A exp(-Ez/kT)), to give Eg = 2 kcal/mole. The low temperature
rate constant is comparable to that reported te occur over comparable distance in
frozen glasses (ref.l0). The temperature response of k; is similar to that in
the clagsic case of nonadiabatic electron transfer from cytochrome to chlorophyll
in C. vinosum (ref.11). Only in theae two systems have the full temperature
tesponse, including observation of a low-temperature plateau, been observed, and

only with the [Zn,Fe] hybrid is the molecular architecture known.

The regime of temperature independence indicates that the transfer process
involves nonadlabatic electron tunmelling in which the accompanyling nuclear
rearrangement proceeds by nuclear tunnelling; the temperature-dependence indi-
cates coupling of the transfer process to thermal vibratfons and/or fluctua-
tions (ref.4). For purpoaes of comparison to C. vipnosum, the temperature-
dependence of Ky (Fig. 3) can be deacribed by the eimplest form of the semf-
clagsical (ref.ll) treatment of thermally assisted, monadiabatic electron
tranefer. It incorporates vibronic coupling to osciilators of a aingle fre—

quency, w, and may be writtem in terms of three parameters (ref.4)

k¢ = a Jtanh(Io/1) exp(-8 tanh(Tc/T)) (1
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Here, T. = hw/2kp; and the other parameters are interpreted as follows: B8 =
ET!kBTc = (AEO'—Q)2/2kwl. where the activation enmergy in the high temperature,
classical 1imit¢ ig Et = (aE; - 1)2fﬁ1, and % is the reorganization energy;

a = (2r/B) | H| 2//27tw) ; B is the electron tunnelling matrix element. The
solid curve in Figure 3 represents the reeult of a nonlinear least squares fit
of the data to eq 1 and employs the parameters, Ty = 275K, g = 2.14 x 107 E‘l,
8 = 10.3 K. Calculations with B and Tec give ET = 0.244 V and employing AF, =
0.8 ¥2 one obtaine A = 2.3 (0.27) eV, with the alternate values arising from
the quadratic nature of 8. For comparison, the values for C. vinosum are 2.24
{0.090) eV. Taking either wvalue of A, one obtalns from a the tunnelling matrix
element for the Hb hyhrid,J HI ~ 3-4x10~8 &V, which is comparable to values

expected on the basis of simple parameterization schemes (ref.4).

ELECTRON TRANSFER WITHIN THE ZnCCP/cyt C COMPLEX

The triplet decay curves of 3znCCP and of a [3ZnCCP!cyt ¢] complex, in which
elactron transfer has been blocked by prior reductlon of horse cytochrome ¢ heme,
are exponential, with the same decay rate, kp = 126 £ 2 g~1l, in each case. Upon
titration of ZnCCP with horse cyt Ef, the 3Znccp decay remains first order, but
the rate increases from kp, linearly with horse cytochrome ¢, until a 1l:1 ratio
is reached, and then remains constant at a plateau value characteristic of the
complex itself: kp = 143 + 3 s~1 (ref. 3) (Flg. 4). Because kp and kp are simi-
lar in magnitude, the Iznp progress curvee for enlutiome with substoichlometric
cyt Ef exhibit 2 compoelte rate, kphg = {1-f)kp + { kp, where f is the fraction
of [ZnCCP/cyt ct] complex; Figure 4 in fact presents akgpg = kopg = kp =
(kp -kp}f. The shape of the titratlion indicates that ZnCCP and the cytochrome ¢
form a atrong l:1 complex {3 » 108 H'I), consistent with previous studies
{ref.7). The enhanced triplet decay within the complex represents long-range
electron transfer according to eq (a}, with the plateau rate belng kp = kp + kg
From the measured kp and kp, one obtalne the electron transfer rate to the low-
apin ferriheme within the [ZnCCP/horse cyt gf] complex: kg = 17 + 3 sl at
20°C.

First order analysis of the 3zopP decay curves upon addition of yeast cyt Ef
to InCCP gives a titration curve like that of Figure 4. However, the plateau
rate charactrerlstic of the complex itself 1s much greater for the yeast cyt Ef:
kp = 264 + 11 s”l, cCareful examinstion of the substoichiometric progress curves
indicates thet they can be analyzed as the sum of a elow phase, free ZnCCP, and

a rapid phase, the complex. Fixing the rate conatante for glow and rapid
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Fig. 4. Change {Akghg) in the observed rate conastant (k,pg) for the first order
decay of 3znp upon titration of ZnCCP with horse cyt ct.  The curve represents
protein binding asswming a composite rate as described in tert and a single ¢yt

£+ binding site having Kz = 108 ul, Inset: The *2ZnP decay traces for the
uncomplexed ZnCCP and fully complexed ~2ZnCCP; golid lines are theoretical,

enploying kophg = 126 8! and 144 g1, respectively (ref.3).

components at kp = 126 s~! and kp = 264 57!, the fraction of peroxidase exhibit—
ing the fast phase grows lipearly with the addition of cyt ct, reaching unity at
equinolar concentrations (Fig. 5). The break at 1:1 stoichiometry again corre—
sponde to complex formatiom with Kz » 108 1. Prom kp and kp one obtains a wuch
higher rate for electron transfer within the [ZnCCP/yeast cyt Sf] complex: kg =
138 + 12 -1 at 20°C. Thus, although yeast and horse eytochromes ¢ are highly
similar in all ways (ref.7), electron transfer from the 3ZnP of the peroxidase to
the ferriheme of the cytochrome occurs roughly 10-fold faster with the evelu-

tionarily homologous yeast cytochrome.

The kinetic difference spectra obrained from the complex between the two
yeaat proteins discloge & gmall absorbance that decays with rate kp and matches
that of the electron transfer intermedlate, [(ZnCCP)*/cyr e]. Preliminary
steady-state kinetle analysia of this translent at wavelengths corresponding to
the (3ZnCCP/ZnCCP) inosbestics, indicates that ki/kp ™ 1/100, and thue,

Ky ™ 104, This represents the first direct measurement of the rate for the

thermal procesa, (b), an exact analogue of the physiological electron traunsfer
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Fig. 5. Propottlon of the rapld component in a description of the IZnCCP decay
curve by a two exponential function (free Izacer decay, kp = 126 3‘1; complex,
kp = 264 s71; see text) during titration of ZnCCP with yeast cyt E*' The curve
represents protein binding asauming a single ¢yt ¢ binding eite having K, =

108 ¥~l. lnset: Experimental and theoretical progreas curves for JZnP decay as
the fraction of [yeaat eyt ¢+/ZnCCP] complex assumes the values, 0, 0.32, and
1.0 {ref.3).

reactlon. Xote particularly the large difference in 20°C rates for two pro-

ceases, (E) and (b), which are comparably exoaergie.

CONCLISLIONS

Our results to date, eummarized in Table I, represent a first step In
measuring electron transfer between redex centers In gtructurally well-charac-
terized protein complexea. The observation of electron tuonelling within cthe
cryatallographically known enviromment of the Hb hybride will permit chemical
modulation of the energetic and vibronic aspects of rhe proceass through varistion

of the macrocyclea, metals and ligands of donor and acceptor chromophores.

The difference in electron Eranafer rates between complexes of yeast ZnCCP
with yeast and horge cytochromes ¢ demonetrates the fine degree-of gpecles apeci-
ficity involved in physiological electron transfer, and must reflect aubtle
structural differences bertween the two complexes. Stwlies of a wide varlety of
natural and chemically modified cytochromes ahould permit a correlation of

electron trangfer rate with protein structure.



TABLE 1.

Summary of Rates and Distances of Electron Transfer

kp?{s71) k?[s71) L CY
[a[FellIlHs0);8 (2n)] 55£3 100410 25
hemoglobin hybrid
{a¢Zn); (8FelllHg0}] 55+3 100410 25
hemoglobin hybrid
ZnCCP-cyt ct 126+2 173 ~25
{from horse heart)
ZnCcPrcyt ct 1262 138412 ~25

{(from yeast igozyme)

a
kp and k;y are the rate constants at room temperature
R {8 the metal-to-metal distance.

ACKNOWLEDGMENTS

This work has been supperted by NIH Grant HL13531 and NSF Grant PCM 76-81304.
It has been &ncouraged by atimulating discuesions with H.B. Gray, 5. Iaseid,
G. McLendon, J. Miller, M.A. Ratner, snd R.P. Van Duyne.

REFERENCES

l. J.L. McGourty, N.V. Blowgh and B.M. Hoffman, J. Am. Chem. noc., 10> (1L¥83)
4470-4472.

2. 5.E. Peterson-Kemmedy, J.L. McGourty and B.M. Hoffman, J. Am. Chem. Soc.,
106 (1984) 5010-5012.

3. P.S. Ho, C. Sutoris, N. Liang, E. Margoliash and B.H. Hoffman {1985}, 1in
Presa.

4., A general discussion of long-range electron transfer may be found in
D. DeVault, QuantumMechanical Tunnelling in Biclogical Systems, Cambridge
University Press, New York, 19B35.

5. References to recent atulies parallelling our own, such as those of Gray,
Isied, McLendon, Miller and Closs, and their respective coworkers may be
found in References 1-3.

6. G. Fermi and M.F. Perutz, in I.C. Phillips and F.M. Richard (Eds.),

Haemoglobin and Myoglobin: Atlas of Molecular Structures in Bilology, Oxford

University Press, Oxford, Vol. 2, 198l1.

7. T. Yonetani in P.D. Boyer (Ed.), The Enzymes, Academic Press, New York, Vol.

XII1, 1%66, pp- 345-361.
8. T.L. Poulos and B.C. Finzel, Protein Peptide Rev., in press.
9. H. Zemel and B.M. Hoffman, J. Am. Chem. Soc. 103 (1981} 1192-120l.
10. J.R. Miller and J.V. Beitez, J. Chem. Phys. 74 (198l) 6746-6756.
11. D. Devault and B. Chance, Blophya J. & (1l966) 825-847.



