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We have investigated the elcctron transfer (ET) reactions between turnip cytochrome f. and the native and NO,-Tyr83-modificd
forms of spinach plastocyanin (PCu) at 10.0°C and ionic strength 0.200 M(NaCl), in both directions as a function of pH. The
PCu(11) /cytochrome f(I1) rate constants in the pH-range 4-6.8 reflect active and remote binding site protonation. At higher pH,
NO,-Tyr83 and positively charged residues on cytochrome f are deprotonated. and both native and NO,-modified PCu ¢xhibit a
cumposite rate constant variation m this pH range. When framed by ET theory this pattern is fully understandable in terms of
variations in reduction potentials and clectrostatic interactions, caused by the protonation cquilibria. The rate constant ratio
kit ggenative s however, only 1.04 for the PCu(Il)/cytochrorae f{I1) reactions in spite of a 18 mV higher reduction potential for
NO.-Tyr83-modificd PCu. This is much lower than the value of 1.47 expected from ET theory solely on the basis of such a
reduction potential effect. A similar ¢ffect is seen for PCu(l) /cytochrome f(III) for which the low-pH k™" /k ™™ ratio is 0.51.
Notable but smaller cffects are also observed for the small reaction partners [Fe(CN) '~ *~ and [Co(phen);]**/**. The effect of
NO,-modification in addition to the reduction potential effect can be resolved into a small reorganization cnergy increasc
around the copper atom and a smalier clectronic transmission coefficient for ET through the Cu/Cys84/Tyr83 scquence. The
former cffect dominates in the reactions with the small reaction partners. while the clectronic effects contribute significantly for
PCu/cytochrome [, supporting the concept that the PCu/cytochrome [ ET is at the remote PCu binding site.

Introduction

Plastocyanin (PCu) and cytochrome f are natural
reaction partners in the photosynthetic electron trans-
port chain, Cytochrome f (M, 29000} is part of the
membrane-bound cytochrome b, /f-complex  {plasto-
quinol : plastocyanin oxidoreductase) [1,2], but car be
isolated and purified in a monomecric water-soluble
form {3]. PCu (one type-1 copper, M, 10500) is a
water-soluble metalloprotein wiich transfers electrons
from cytochrome f to P700 in Photosystem 1(PS D) [4].

Abbreviations: PCu. spinach plastocyanin; PS 1, Photosystem I; P700.
reaction center of Photosystem [; ET, electron transfer.

Correspondence: H.E.M. Christensen. Chemistry Department A,
Building 207. The Technical University of Denmark. Dk-2800 Lyng-
by, Denmark.

No three-dimensional structure is available for cy-
tochrome f. Crystallographic three-dimensional struc-
tures are available for PCu from poplar {3.6} (Fig. 1)
and the green alga Enteromorpha prolifera 7] while the
NMR three-dimensional structure is reported for the
green alga Scenedesmus obliquus [8]. As expected from
the amino-acid sequences and studies of PCu from
ditferent sources, the overall three-dimensional struc-
ture including the active site structure is conserved. We
therefore refer the spinach PCu structure to the struc-
tures already obtained.

A number of previous studies on electron transfer
(ET) properties of higher plant PCu have suggested
that at least two, rather different, binding sites on the
surface are involved in ET reactions with small inor-
ganic redox complexes [4]. One site is adjacent to the
copper atom, with weak electrostatic interactions {(also
described as the ‘north’ site of the molecule). The
other one is a remote ("east’) site of negatively charged
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Fig. 1. Poplar PCu structure {561 The copper ligands Hin37, Cyssd,

HisR7 and Mcet92 as well ac the Cu, Cyasd TyrR3 path are indicated
by bold Tines.

amino acid residues surrounding the solvent-exposed
Tyr&3. The possibility of PCu using two clectron trans-
fer binding sites also in biological clectron transfer has
been extensively studied by vartous approaches, such as
protein modification and kinetics [9-12]. NMR [13,14],
protein cross-linking [15-19]. and theoretical calcula-
tions [20].

The ET properties of cytochrome f. as studied by
use of small inorganic redox complexes with different
charges, suggest that there 1s a common binding site on
cvtochrome f [21] Despite an overall negative charge
at neutral pH there are indications of a positively
charged binding site on cytochrome f [21.22]. conceiv-
ably as a ring of positive charges around an exposed
heme edge as in the thres-dimensional structure of
cytochrome ¢ [23]. A positively charged binding site is
also involved in ET between PCu and cvtochrome f as
indicated from the ienic strength dependence of the
second-order rate constants [24).

The ET rcaction between PCu and cyvtochrome f s
very fast [25) At low pH (< 7.5) the rate constants
decrease with decreasing pH for both the PCu(ll) /cy-
tochrome f(I1) and the PCu(l)/cytochrome f(111) re-
actions [24.26]. This indicates that the cytochrome f
binding site is close to the noegatively charged “cast’ site
of PCu, provided that the number of ionizable groups
in this pH-range at the PCu binding site is larger than
at the binding site on cytochrome f. The pH-depend-
ence can thus be ascribed to two physical cffects, i.c.,
an clectrostatic and a free enthalpy effect. the latter
due to active site protonation on PCu(l). The wwo
effects compensate cach other in the reaction between
PCu(ll) and cytochrome f(I1) which explains the slower

decrease in rate constants as pH is decreased than for
the reverse reaction between PCu(l) and cytochrome
{11 where the two effects reinforee each other. At
high pH (> 7.5) the PCu reduction potential is con-
stant. whereas the cytochrome f reduction potential
decreases with increasing pH due to a change in the
iron ligand environment [22] and probably also because
of rapid conformational changes in the protein struc-
ture as scen for cytochrome ¢ [27]. Furthermore cy-
tochrome [ becomes less positively charged as pH
increases. The overall decreasing rate constants for the
reactions in both directions with increasing pH then
indicate that the inter-reactant electrostatic cffect of
changing pH is stronger than the reduction potential
effect.

An appealing view for the function of PCu in photo-
svnthesis could be that PCu is first bound to cy-
tochrome f by the negatively charged remote binding
site and receives clectrons through Tyr83 at this site.
PCu is subsequently bound to PS 1 (P700) also by the
remote binding site. The PS 1 binding site for PCu has
been shown to be the PS I-F polypeptide [15,28.29].
However, this protein docs not contain clectron accep-
tor prosthetic groups, and its function is thercfore
likely to be docking of PCu into the right position for
adjacent site ET (His87) from PCu directly to P700*.
This view would be in line with the fact that a ternary
complex between PS 1, cytochrome f and PCu cannot
be formed [30].

The reactivity of NO,-Tyr83 modified PCu with
small inorganic redox complexes has previously been
investigated [12], where it was shown that: (a) NO,-
modification of Tyr83 increases the reduction potential
by about 20 mV at pH < 7; (b) deprotonation of the
phenolic group on NO,-Tyr83 modified PCu leads to a
decrease of the reduction potential by 20-25 mV; (¢)
the [Fe(CN),.J} % couple appears to be subjected to
only a fraction of the negative charge developed on the
phenol group deprotonation, indicating that this couple
reacts at the adjacent site away from the Tyr83; (d) in
contrast, the positively charged reaction partner
[(’o(phcn)_l]’“ is exposed to a substantial attractive
potential on phenol group deprotonation, indicating
that this rcaction partner has an ET site close to Tyr83;
(e) these observations could be framed by theoretical
calculations pointing to a facile ET pathway through
the Cu/Cys84 /Tyr83 sequence [20].

In the present work we have extended these investi-
gations to PCu and NO,-Tyr modified PCu ET with its
natural rcaction partner cytochrome f in the pH-range
4.0-9.3. We have disentangled reduction potential, in-
ter-recactant interaction and electronic effects of NO,-
modification and of surface residue protonation by
careful use of clectron transfer theory, and noted some
intriguing differences between the ET behaviour of
cytochrome f and small rcaction partners towards PCu.



Materials and Methods

Purification of proteins

Spinach (Spinacea oleracea) PCu was isolated and
purified from frozen leaves as described elsewhere [31]
Turnip cytochrome f was purchased from Sigma and
purified on FPLC using the following conditions: buffer
A, 20 mM Tris-HC1 (pH 7.5); buffer B, 20 mM Tris-HCl
(pH 7.53) + 0.5 M NaCl, using a 12 ml lincar gradicnt
from 0-249% buffer B, with a flow rate of 1.0 mi/min
on a Mono Q (HR 5/5) anion-exchange column. Puri-
fied cytochrome f shows an absorbance ratio A<q;/A55
of 0.93-0.95 in the rcduced state. All chemicals used
were of analytical grade and made up in Milli-Q water
at room temperature.

NO s-modification and purification of modified spinach
plastocyanin

NO,-Tyr83 modified PCu was obtained as previ-
ously described [12] with minor modifications. Residual
tetranitromethane adsorbed to the protein after gel-
column separation, was relcased by adding sodium
ascorbate. When developing of yellow colour duc to
the trinitromethane-anion had cecased the protein was
reoxidized by [Fe(CN), '~ and extensively ultrafil-
trated (Amicon, YMS membrane) into 20 mM Bis-Tris-
HCI (pH 6.0) before purification. NO,-Tyr83-modified
PCu was purified on a Q-Sepharose HiLoad 16/10
High Performance (Pharmacia) column equilibrated
with 20 mM Tris-HCl (pH 7.5) buffer using a 600 ml
linear gradient from 80 to 200 mM NaCl in 20 mM
Tris-HC! (pH 7.5) with a flow rate of 2.0 mi/min at
4°C.

Determination of protein concentrations

The concentration of cytochrome [ was determined
spectrophotometrically at 554 nm (e =27700 M '
cm ™ ") [30] in the reduced state and the concentrations
of native and NO,-Tyr83 modificd PCu in the oxidized
form at 597 nm. The ‘moiar’ absorption coefficicnt is
only known for native PCu (€<, = 4500 M "' cm ™ ") [4].
It is assumed that the absorption changes in the § —
CullD) transition on NO,-modification can be ignored
duc to the considerable distance between the copper
atom and the site of modification. In comparison,
NO.-substitution in [Fe(phen),]*" where the coupling
between the Fe-atom and the nitro group is much
stronger, increases the “molar” absorption coetficient of
the strong visible charge transfer transition by only 47/
[32].

Kinetics
A Hi-Tech Scientific stopped-flow speciropnotom-
eter PQ/SF-53 (Salisbury. UK) cquipped with On
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Linc-Instrument-Systems (efferson, US ALY stopped-
flow data acquisition software was used. In order 1o
perform kinctic measurements over a broad range of
conditions with limited amount of proteins which are:
scarce or unstable in certain pH-ranges (both of which
apply to NO--Tyr83 madificd PCu), we have developed
jointly with Hi-Tech Scientific. a new device for the
stopped-flow spectrophotometer, which allows simulta-
ncous mixing of three solutions. As shown in this work
such a three-syringe stopped-flow sctup makes it possi-
ble to measure the rate constants over a broad range of
for example pit! with only one solution of cach protein
under investigation. The thrze-syringe stopped-flow
mode was obtained by placing a stopped-flow pre-mixer
(Hi-Tech Scientitic. NA3951) in front of the integral-
mixer. This device (the stopped-flow pre-mixer) gives a
dead vol. of only 35 ul between the pre-mixer and the
integral-mixer.

Kinetic measurcments were performed using the
threc-syringe setup in connection with a pH-jump pro-
cedure. The proteins under investigation were made up
in I mM Mes (pH 6.7). 1=0200 M(NaCl) for the
kinctics cxperiments and mixed in the stopped-flow
apparatus with a third buffer of 38 mM butfer concen-
tration, the pH of the solution after mixing bheing
determined by pH of the latter. The kineties were
studied under first-order conditions, with the Cu-pro-
teins in at least 10-fold excess. The reactions were
followed by monitoring the change in cytochrome f
concentration at 422 nm (3e,, = 1.20-10°M Tem .
determined by conventional spectrophotometry). ab-
sorbance changes for NO.-Tyr§3 modified PCu only
affecting the amplitude. To slow down rates sufficiently
and enable rate constants to be determined by the
stopped-flow technique. the measurements were per-
formed at 10.0 + 0.1°C with the ionic strength adpusted
to 0.200 M(NaCl). The final buffer concentration was
20 mM and the cvtochrome [ concentrations (0.25-
03010 “ M.

In all cases. second-order rate constants (A) were
obtained from experimental first-order values 7%, ) in
accordance with the rate law (Egn. 1.

rate = A, {ovtochrome ] = Alplastocvanin ffovtochrome f )

In no cases did the pH-jump procedure cause any
transicnt  effects due  to interfering  protonation/
deprotonation events, Neither did the data show any
deviation from mono-exponeniial behaviour due to. say
slow conformational changes of cvtochrome f at high
pH. Such changes would. certainly. have been detected
by our data acquisition procedure. The proteins were
brought to the desired oxidation state by use of 10-20-
fold molar excess of sodium ascorbate or {Fe(CN),]* .
followed by ultrafiltration (Amicon. membrane YMS)
against at Tcast 1.5 107 -fold excess of buffer.
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The 58 mM bufters used. were at pH 4.0-5.0, sodium
acetate trhvdiate to which 0.2 M HCT wi, added to
the required pH: pH 6.0-7.0. Mcs to which 0.2 M
NaOH was added; ph 7.5-8.5, Tris to which 0.2 M
HCI was added: pH 9.3, a borate solution obtained
from disodium tetraborate decahydrate, to which 0.2 M
NaOH was added.

Results

The reactions between PCu and evtochrome f are
very fast, and must be monitored at lower temperature
(10°C) and at higher ionic strength (0.2 M (NaCh),
compared to studies of their individual kinctics wivh
small inorganic redox complexes where 25°C and [ =
0.1 M (NaCl have commonly been used.

The pH-dependence of the second-order ra.e con-
stants for the natural forward (Cutll/FedD) and for
the reverse (Cutl) /Fe(ll) reactions involving native
and NO,-Tyr83 modificd PCu are shown in Fig. 2 and
Fig. 3, respectively.

Differences in reduction potentials between ¢y-
tochrome f and its reaction partners (native and NO »-
Tyr83-moditicd PCui ana differences in the reduction
potentials between PCu and NOL-Tyr83-modified PCu
as a function of pH. calculated from the second-order
rate constants are shown in Table 1. The reduction
potential differences obtained arce in agreement with
the pscudo-first-order reactions studied proceeding to
more than 90% completion. which is also justified by
the observed absorbance changes (data not shown).
The reduction potential pattern turthermore agrees
with the values obliined in the studies with the small
inorganic redox complexes [12]. At pH 7 the reduction
potential difference between native and NOL,-Tyr83
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Fig. 3. The variation of rate constants & {(10°C) with pH for the
aviochrome SOHD oxidation of native spinach PCu(l) (@) and NO,-
Tyrs3-modificd PCutD) (@); I = 0.200 M (NaCl).

modified PCu is found to be 18 and 16 mV for the
[Fe(CN), I “7  and the [Co(phen)]*'7** couples re-
spectively, which agrees very well with the value of 17.9
mV obtained in the present study with cytochrome f,
although the temperature is lowered from 25°C to
10°C. It therefore appears that native and NO,-Tyr83-
modified PCu follow the same trend on the tempera-
ture change.

Considering first the Cu(11)/Fe(11) system, the over-
all pattern in Fig. 2 appears at first somewhat compli-
cated but can be resolved into thermodynamic, clectro-
static and electronic effects, when inserted into the
framework of ET theory. In the pH-range 4-6 the pH
profiles reflect protonation at the negatively charged
remote binding site (Fig. 1) on PCu, At high pH both
NO,-Tyr83-modified PCu and cytochrome f are fur-
ther deprotonated. The protonation equilibria are re-
flected in the reduction potentials and electrostatic
intteractions of the species involved and induce rate
constant changes for ET in both directions which ei-
ther reinforce or oppose cach other. This is the origin

TABLE ]

Calculuted diflerences i reduction potentials between cvtochrome f
and redction partners and differences in the reduction potential between
PCu and NQ,-Tvr83-madified PCu as a function of pll from the
reactions between natie and NOS-TveS3-modified PCu with ¢y-
tochrome fat 10°C end = 0200 M (NaCl}

pH PCu NO.-Tyr83-PCu
AF mV) AFE (mV) A4 (mV)
7.0 20.% 387 179
7.5 211 356 14.5
8.5 243 276 33

9.3 323 33 (L8




of the partly non-parallel rate constant variation with
pH.

Anotner interesting feature to be noted relates to
the rate constant ratio &™™ k", The rate constant
for the Cu(I1) /Fe(ID) reaction is virtually unaffected by
NO,-modification at low pH in spite of the 18 mV
reduction potential increase. This behaviour differs
from that of the small rcaction partners, from which a
ratio of 1.2-1.3 (cf. Table II) might have been cx-
pected. It is, on thc other hand, in accordance with
reported observations for the reactions between cy-
tochrome f(11) and both PCu(11} and NO,-Tyr83 modi-
fied PCu(ll) [33.34). Morcover, from the reduction
potential change of 18 mV alone, a ratio of 1.42 would
have been expected (cf. Discussion section). Other
than pure reduction potential c¢ffects must therefore
accompany NO,-maodification and provide a ratc con-
stant decrcase for the NO,-Tyr83 modified PCu(lD/
cytochrome f(ID ET recaction of approximately the
same magnitud. as the increase from the reduction
potential change. Similar. notable but smaller effects,
1.42/(1.2-1.3) = 1.09-1.18 (cf. Table II) in addition to
the reduction potential cffects are observed for the
small reaction partners [12].

These observations are in fact what prompted the
investigations of the reverse rcactions, PCu(1)/cyto-
chrome f(I11) and NO,-Tyr83 modificd PCu(l)/cyto-
chrome f(I11) where data for the latter have not been
reported before. The cffects which lead to a decrease
of the rate constant for PCu(1l)/cytochrome f(II) on
NO,-modification in addition to the reduction poten-
tial cffects would be expected to induce, jointly with
the reduction potential change approximately twice the
effect on the rate constant of the reverse reaction.

This expectation is completely borne out by the data
in Fig. 3 and Table 1Il. These data arc limited to pH
higher than 6, duc to the rather endothermic nature of

TABLE I

Second-order rate constant ratss (K700 R ) us @ funenon of pll
for the reactions between NO--Tvr83 modified and natree PCuowith
small inorganic redox complexes

Rate constants from Ref. 12,

pH Reduction with Oxidation with
[Fe(CN) I [Co- [FetCNy, ) [Co-
(phen) J°- (phen) 1
4.00 1.27 0.53 .57
4.50 1.34 .50 (153
S0 1.19 36 .60
5.50 1.33 0.587 0.54
575 12,60 0.87
6.30 0.64 0.60)
6.50 0.62 (.62
Average  §.34 1.23 0.37 .58
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TABLL I

Compartsen of rate constant rattos (077 R fon the reacnons
of nateee P2 and NO L AVESS madiied PCosedlt oveochrome |ar ow

phl

rH Reduction with Oadation sath
evtochrome (1) cutochrome (11D

J.00 ) 1.049 S

500 Lot

6.0 102 4.5

Average 104 (.51

the reaction at lower pH. The observed ratio
kP zkmie gt pH o= 6.0 s 151, and very close to the
expected value. An approximately similar rate constant
decrease thus appears consistently in the forward and
reverse experimental PCu/cytochrome  f rate con-
stants on NO,-modification, in addition to the reduc-
tion potential effeet.

The rate constants for oxidation of PCu(l) and NO .-
Tyr83-modificd PCu(l) with cytochrome f(1ID) vary in a
non-paraliel fashion with pH. As for PCa(Il}/cyto-
chrome f(ID and NO,-Tyr&3-modified PCutiD) /cyto-
chrome f(11). this can be traced to mutually reinforcing
and counteracting reduction potential and surface
charge variations in the different pH regions.

Discussion

We have provided new experimental data for the
ET reaction between PCu and covtochrome f. and
between NO,-Tyr83-modificd PCu and cytochrome f
in both the natural forward and the reverse directions,
as a function of pH. A key obscrvation is that the
kmue kM pate constant ratio takes low values for
both the forward and reverse reactions, namely about
two thirds of what could be expected solely from the IR
mV increase in reduction potential on NO,-maodifica-
tion.

The data can be referred to reduction potential
changes and to changes of the protein surface charges
when pH s varied, and to reduction potential effects
and clectronic structural changes of PCu on NO>-mod-
ification. A suitable frame for these observations is ET
theory [35] which we shall use in the following way.
The diabatic bimolecular ET rate constant is given by
[36):

@, (F, + 3G+, ~n, )" \
h=x ';:'_"'._\l ' c,\'p{ — b e . e - ,"J\H'l'j (2)

“r

where the activation free energy incorporates L. the
overall molecular. protein and solvent reorganization
free energy JAG,. the reaction free energy, and the
inter-reactant work terms in the reactants” and prod-
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ucts” state. w, and respectively. A, s Boltzmann's
constant and 7 the temperature. The pre-exponential
factor contains the effective nuclear vibrational fre-
quency. @, and the volume of the reaction zone. 31
precise prescripiions for which are available [360.37]. In
addition. it contains the clectronic transmission coelfi-
cient. . which takes small vatues in the diabatic limit
of weak donor-acceptor center interactions, but ap-
proaches unity in the adiabatic imit of strong interac-
tions. Our general conception of the reaction between
PCu and cvtochrome [ is that ET proceeds at the
remote binding site of PCu [21.24.26]. Recent theoreti-
cal caleulations [20] have shown that this path is domi-
nated by clectronic coupling along the Tyr83 / Cvs84/
Cu sequence (Fig, D and that & in Egn. 2 is small and
clearly belongs to the digbatic limit tour unpublished
data).

We tocus here on clhanges in the rate constant on
pH-variation and NO -modification. The changes are
reflected in AG e and s cin £ Cand as it turns ouat.
also i the transmussion cocfticient. k. We therefore
exploit Egn. 2 in the approximate form

g e AL AR JARNAY
s L'\p( )
A LANTEINN .,1\.\[1\A J I\}'I |
l J(,‘f{“”” J(,‘:: v,
Xexp
- i
I H,IH““ <1 [TIMEN) “_’qurm " "hlll\\
r : i
; ~:\n( - ' (3
V2 Al

This form is obtained from Egn. 2 with the reservations
what A" and w,,, arc unchanged on surtace group
protonation or NO.-modification, and the quadratic
AG -term in Egno 2 0s omitted. The Tatter is a good
approximation  when A6, 4w -y <o AE AT
These conditions can be substantiated by the following
observations. By their definition {37391 41 and w,,,
are little aftected by the protein moditications. The
processes are approximately thermoncutral, AG |, being
in the range 0=-70 mV (cf. Table D [ 0w, and w, are
not divectly available but can be estimated by molecu-
tar and diclectric models. For all reasonable parame-
ters [40.41} such models provide I -values in the range
48-97 K /mol for the PCu reactions with small reac-
tion partners and 24- 34 kJ /mol for the reactions with
cytochrome f. in cither case safely cnsuring that the
condition AG,, < 34[:',‘/\', is valid. Screened Coutomb
work terms between local surface ¢hi sges on two sol-
viated spherical diclectric globules are also small [41]
and furthermore compensate cach other in the reac-
tants” and products” states. The interactions would be
significant in a strongly nonlocal solvent region of low
short-range diclectric constant. We shall disregard such
effects. which could, however, be incorporated in a

maodificd analysis [42]. With the above reservations the
advantage of Egn. 3 is then that the electronic, thermo-
dynamic. structural and ~urface charge cffects are sep-
arated very simply, The reduction potential effects are
furthermore available from independent data, and the
rate constant variations therefore provide quantitative
estimates of the work term. and of structural or ¢lee-
tronic changes. Egns. 2 and 3 apply to the PCu and
NO.-Tyr83 modified PCu ET reactions with both the
small reaction partners and cytochrome f.

We first refer briefly to our previous data [12] for
the reactions of native and NO,-Tyr8 modified PCu
with [Fe(CN), JY * and [Colphen),}P 7" Table 11
summarizes &A™ k" at pH < 7. The ratio arising
solely from the 20 mV reduction potential increase on
NO,-maodification of PCu is (.68 for oxidation and 1.48
for reduction, The observed values are 0.58 for oxida-
tion while it is 1.34 and 1.23 for reduction with
[FetCNY LY F and [Colphen) JF =, respectively. In
addition to the reduction potential effect, NO,-modifi-
cation of PCu theretore induces further rate constant
deercases by a tactor of 0.83-0.90 for both oxidation
and reduction of PCu. As no charge evolves on NQO,-
madification in this pH-range. work term changes are
msigmficant and the additional rate constant decrease
must be duc to changes of cither the transmission
coefficient or the reorganization free energy. We shall
show below that NO,-modification could in fact be
accompanicd bv a small decrcase of the transmission
coefficient (up 1o a factor of two or so) for the remote
site Cu/Cys84 /Tyr83 ET path. Since this nath domi-
nates a substantial part of the [Co(phen), ' kinet-
ics. changes of the transmission cocfticient could be a
possible origin ot the obsernved effect for this complex.
It is, however, striking that a notable rate constant
decrease is also found for [Fe(CN),1* Y which most
likely reacts exclusively at the adjacent site, far from
the site of NO -modification. Other cffects, originating
from small structural changes and formally represented
by a reorganization free encrgy increase of about 1.0
kJ /mol must theretore be invoked for [Fe(CN) 1 /4 .
Such efiects would also apply 1o [Colphen),]>” ., but
are not as clearly distinetive as to clectronic transmis-
sion cocfticient effects or molecular structural effects
as for [FACN), 1P

In comparison. the ratio between the rate constants
of deprotonated NO,-Tyr83-PCu at pH 29 and its
protonated torm at pH <7, A%P™ k™0 s 148 for
oxidation with [Fc(CN),,I‘; and 0.53 for reduction with
[Fe(CN), I* [12]. Correction for the reduction poten-
tial decrease of 25 mV on NO,-Tyr83 madified PCu
deprotonation [12] leaves a 10% decrease for k""‘""/
kP for both oxidation and reduction. In addition to
small reorganization free energy changes, these effects
can. however, be caused by repulsive work terms from
the negative charge evolved as the remote ET site on



NO,-modification, cven though [Fe(CN), 1Y ¢ BT oc-
curs at the adjacent site. Data for ET between An-
abaena variabilis PCu and [Co(phen),]**. which occurs
predominantly at the adjacent site (unpublished data),
clectrostatic models for the solvated globular protein
[41], and numerical calculations {44] thus show that the
potential from the remote site negative charge evolved,
extends to the adjacent site and can be of the observed
magnitude.

The PCu and NO,-Tyr83 modificd PCu reactions
with cytochrome f arc much faster (A ~ 10" M "5 1)
than ET between PCu and the small reaction partners,
where the rate constants are approximately 107, 10°
and 10° M ' s ! for [Co(phem),J**, [Fe(CN), ] and
[Ru(NH ,)py}* '. respectively. Since all the reactions
are almost thermoncutral, these differences must arise
from different reorganization free encrgies, work terms
or transmission coefficients. [Co(phen),]** = are the
only reaction partners that undergo major intramolec-
ular reorganization on ET. This effect. rooted in the
Co(lID/Colli) spin change, has been estimated to
about 40 kJ /mol [36.45] which explains the rate differ-
ence between [Colphen),)** and [Ru(NH,).py]*"
(Egn. 2). [Fe(CN), I* " Tike [RUNH D;pyl* /2" un-
dergoes insignificant intramolecular structural changes,
but is accompanied by changes in the ion pair forma-
tion pattern [46,47]. This could well amount to the 24
kJ /mol needed to account for the rate constant differ-
ences. A similar quantity emerges, however. from re-
pulsive electrostatic image forces when the strongly
charged [Fe(CN), '~ is close to the protein [41). They
are insignificant for the doubly charged ions. In com-
parison with both thesc effects transmission coefficient
differences between [Fe(CN),J*" and the doubly
charged ions is insignificant, since the less favourable
transmission coefficients for the latter are compen-
sated by favourable work terms at the negatively
charged remotce binding site. The rate constants for the
three small reaction partners are thus unde:standable
in terms of reorganization free encrgy und work term
differcnces and are litile dependent on the particular
form of these quantities.

Secondly, the larger radius and diclectric nature of
cytochrome f compared with the small reaction part-
ners imply that the solvent / protein reorganization free
energy is smaller. For example, if the two proteins are
represented as spheres of radius 15 A and diclectric
constant €., =5, £, =25 kJ /mol emerges (larger if €,
increases). In comparison F,. for the small rcaction
partners are in the range 39-48 kl/mol if they are
represented by conducting spheres with their crystallo-
graghic radii and PCu as a dieiectric globule of radius
15 A. This difference causcs an order of magnitude
larger rate for cytochrome f than for [Ru(NH,)py}*
The remaining difference is most likely due to more
attractive work terms, causzd by favourable orientation
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of complementary charges at the bicding stes of the
two proteins.

We proceed nest to the new PCuyevtochrome f and
NO,-Tyr83-PCu data. The smatl &' /2™ ratio of
LG4 (Table TID obtained for eytochrome (D) reduc-
tion of the Cu-proteins in the whole pH-range up to 4
is striking both in view of the expected vaiue of 148
from the reduction potential ¢ffect and the values of
1.2-1.3 for the small reaction partners, &™WUC sk
for cytochrome f(H1) oxidation of the proteins is .51,
while as noted, the reduction potential ¢ffect would
correspond to 0.68. As for the small reaction partners.,
NO.-maodification thus induces similar rate cons:ant
decreases for PCu/ceytochrome [ ET in both direce-
tions, in addition te reduction potential cffects, but
now amounting to a factor of 0.7-0.75, notably larger
than for the small reaction partners.

if the reorganization effect observed tor the small
reaction partners is associated with small structural
changes near the Cu-atom on NO,-modification, then
a similar ¢ffeet is expected for the cvtochrome f reac-
tions. This leaves a rate constant ratio of 1.04 (1.2-1.3)
= (.80-0.87 for the PCu/ceytochiome f reactions in
both directions, most naturally associated with the
clectronic transmission coefficient « in Ean. 2 since
w . AV and the work terms are all insignificantly
affected by NO.-modification.  This supports  that
PCu/cytochrome f ET is at the remote binding site of
PCu, as suggested also by ionic strength [24], protein
modification [22], and NMR data [13.14]. We have
checked this (unpublished data) by quantum chemical
calculations of the clcctron exchange matrix clements
for the Cu/Cys84/Tyr83 ET path, analogous 1o our
previous caleulations for npative PCu. The result sub-
stantiates that there could in fact be a small decrease
of the clectronic factor (up to a factor of two) on
NO,-maodification. The cffect arises primarily from a
smaller clectron  exchange matrix clement between
Cys#4 and Tyr83, but the magnitude is at the limit of
what can be achieved by such calculations. A transmis-
sion coefficient change for the [Cotphen), ] * " reac-
tions could also be expected, but would be smailer than
for cvtochrome f. These reactions occur only partly at
the remote hinding site which 1s the one sensitive to
clectronic effects of NO,-madification. The smaller
radii also enable these reaction partners, without af-
fecting the formal kinetics, to exploit different remote
binding sites, such as implied by NMR data for the
binding of positively charged reaction partner ana-
logues [48]. Such a pattern would cxhibit different and
overall less sensttivity of the donor-acceptor overlap to
NO.-modification than for cytochrome f which is con-
ceivably locked in a narrower intermolecular configura-
tion range.

The pH-profiles of the PCu/cytochrome f and
NO,-Tyr83 modified PCu/cytochrome f reactions at



13

pH = 7 are determmed by protonation ot the nega-
tiveh charged residues and Gor PCalln the His87
figand. similar to these of the {Cot phend, ] 7 couple.
At higher pH they are, however, different because
NO-Tyr83 PCu and evtochrome fare here both en-
saged in protonation cquilibria. reflected in their ye-
duction potentials and surface charges. The reduction
potential variation in the phl-range 7-9.3. obtained
from the observed forward and reverse rate consiants
of cvtochrome f. are shown in Table I Subject to
certain reservitions as to the possible conformational
cauilibria of evtochrome f (¢, below). these data ¢n-
able us 1o separate the reduction potential effects from
surfuce charge effects on the rate constant variation
with pHL. Slow interconversion between different cy-
tochrome [ conformers is unlikely as this would give
rise to biphasic behaviour in the rate pattern. Fast
intercomersion might imply that morc than a single
conformer is present mosolution. However, the basie
feature of the anabysis below needs madification only if
other rate parameters than the reduction potential and
inter-reactant work terms are notably different for the
different contormers. With these reservations the over-
afl pH-dependence of the rate constants in the pH-
range 7-9.3 is thus composed of the following specific
effects on the mdividual reactants:

€0 The reduction potential of eytochrome f decreases
with increasing pH by 12 mV in the pH range 7-9.3.
This effect facititates reduction of the PCu’s and re-
tards their oxidation.

(1) Positively charged sutface amino acids near the
eytochrome [ heme group are deprotonated in the
same pH range (7-9.3). weakening electrostatic attrac-
tion between cytochrome f and the PCu's and thereby
fowering the rate constant. Reduction potential and
surface charge effects arising from cytochrome f de-
protopation therctore reinforee cach other in PCu
oxidation but counteract in their reduction. These are
the only protonation cffects which determine the pH
profile for the reactions of cytochrome f with native
PCu. From Figs. 2 and 3 the rate constants for both
oxidation and reduction of native PCu are noted to
decrease with wreasing pH oin this range. but more

TABLE IV

Oualitanie ¢ ctfects of wereasig pFEon raie constanis at pli

rapidly for PCu(l) oxidation than for PCu(ll) reduc-
tion. This is fully in linc with the points above that the
cloctrostatic inter-reactant work term effect is stronger
than the effect from the reduction potential decrease
of the evtochrome f couple. From the cytochrome f
reduction potential decrease of 12 mV in the pH-range
7.0-9.3 (Table 1) the expected rate constant ratio k(pH
9.3) 7k(pH 7.0 is 1.20 for reduction of PCu(ll) and
0.79 for oxidation of PCu(l). The observed values are
0.80 and 0.50, respectively, leaving for bhoth forward
and reverse rate constants a decrease by a factor of
0.63 due to the weakened clectrostatic work terms,
caused by deprotonation of cytochrome [ surface
groups. The corresponding free cnergy change is 2.2
k1, ol which is cquivatent to fully screened interac-
tion: between (wo single charges separated by 13 A,
(¢) The reduction potential of NO,-Tyr83-modificd PCu
decreases in the pH-range 7-9.3 by 17 mV (Table D
due to deprotonation of NO,-modificd Tyr&3 at the
remote binding site. This eftect raises the rate constant
for oxidation by eytochrome fUID, but lowers the rate
constant for reduction by cytochrome f(1D.
(d) The electrostatic interaction between deprotonated
NO,-Tyr&3-modificd PCu and local positive surface
charges on cytochrome f incrcases in the pH range
7-9.3, leading to more favourable inter-reactant inter-
action and higher rate constants for the NO,-Tyr83-
modificd PCu /cytochrome f reactions in the pH range
7-9.3. The reduction potential decrease of 17 mV for
NO,-Tyr83 modified PCu is partly compensated by the
reduction potential decrease of 12 mV for cytochrome
£ leaving a reaction free energy increase of (0.5 kJ /mol
for the oxidation of NO,-Tyr83 modified PCu(l) and a
similar decrease for reduction of NO,-Tyr83-modified
PCu(11). At the same time. since both cytochrome f
and NO,-Tyr83-maodificd PCu are deprotonated. the
work term changes arising from cach reactant as pH is
increased from 7 to 9.3, are also partly compensated, as
long as the charge on the cvtochrome f binding site
remating positive.

All these effects are summarised in Table 1V. They
can be related to Figs. 2 and 3 in two ways. Fust. the
imtial rise in the rate constant for both the forward

< T for the reactiors with eviochrome |

Reduction with evtochrome

Onidation with cytochrome f

PCu

w: Decreasing evtochrome 11 1nCiCasy

b Dieprotonation on ovtochrome f

¢ Decreasing I for NOL IS POy

d: Increasing negative charge on NO .-
STyrS3 PCu

decrease

NO,-Tyrs3 PCu NOL-Tyrs3
mod. PCu mad. PCu
nerease decrease decrease
deerease decrease decrease
decreise nerease
Inerease increase




and reverse reactions in the pH range 7-9.3 suggests
that clectrostatic interactions dominate over reduction
potential effects which would be refiected in opposite
directions for the two rcactions. Secondly, the fact thai
the ratc constant increases indicate that NO,-Tyr83-
modified PCu deprotonation is more important than
deprotonation of cytochrome f in this pH range. At
higher pH the rate constants decrease. and faster for
oxidation of NO,-Tyr83-modified PCu(l) than for re-
duction of NO,-Tyr83 modified PCu(1l). In this higher
pH range, cytochrome f dcprotonation dominates, and
the small reduction potential effects are only weakly
reflected.

The data finally offer the following information. If
the reduction potential and charge effects arising from
cytochrome f are the same for PCu and NO,-Tyr83
modified PCu, then the rate constant ratio k{(pH
9.3)/k(pH 7.0) of 0.80 and 0.50 for NO,-Tyr83 modi-
fied PCu(ll) reduction and NO,-Tyr83-modified PCu(])
oxidation, respectively, arisc from the cytochrome f
part of the system. The reduction potential decrease of
17 mV for NO,-Tyr83-modified PCu when going from
pH 7 to 9.3 gives additional rate constant ratios of 1.41
for oxidation of NO,-Tyr83-modified PCu(l) and 0.7]
for reduction of NO,-Tyr83-modified PCu(ll). To-
gether with the experimental rate constant ratios of
1.20 for NO,-Tyr83-modified PCu(Il) reduction and
1.51 for NO,-Tyr83-modified PCu(l) oxidation this gives
a rate constant increase of about a factor of two for
both NO,-Tyr83 modified PCu(ll)/cytochreme f(11)
and NO,-Tyr83 modified PCu(l}/cytochrome fUID ET
reactions. This effect is associated solely with the addi-
tional negative charge at the remote binding site of
NO,-Tyr83-modified PCu on deprotonation and again
supports the view that PCu/cytochrome f and NO,-
Tyr83-modified PCu/cytochrome f ET is at the re-
mote PCu site. The corresponding work term is 35 mV,
i.e., larger than for the charges involved in cytochrome
f deprotonation. The two kinds of proton must there-
fore be cxposed differently to the electric field of their
reaction partner.

Conclusion

It can be concluded that the comprehensive data for
the reactions of PCu and NO,-Tyr83 modified PCu
towards small reaction partners and cytochrome f from
our present communication and Ref. 12 have provided
a detailed molecular ET pattern. Tyr83-NO, modifica-
tion is accompanied by reduction potential, structural,
and electronic changes, while PCu, NO,-Tyr83 PCu,
and cytochrome f protonation equilibria are accompa-
nied by reduction potential and inter-reactant interac-
tion effects. All thesc effects have been consistently
and quantitatively resolved by judicious use of ET
theory, of which Egns. 2 and 3 are gencral and model
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insensitive tormal representations. with little use of
cxternai parameters. A notable merit of this approach
is ihus that unambiguous information about many of
the cructal microscopic factors which determine the ET
rates of metalloproteins can be obtained using the
whole sct of data on pH- and NO,-modification cf-
fects.

Acknowledgements

This work was initiated at the Department of Inor-
ganic Chemistry, the University of Newcastle upon
Tyne, UK using Brassica oleracea cytochrome f and
we acknowledge hospitality (HLEM.C) and helpful
discussion with Professor A.G. Sykes. We wish to thank
Dr. Jette R. Buur. The Roval Danish School of Phar-
macy, Copenhagen, for great help with the computer
graphics and Martin K. Niclsen for his work in the
initial phase of this project. We acknowledge financial
support from the Danish Natural Science Rescarch
Council, the Carlsberg Foundation, Dircktgr Ib Hen-
riksens Fond, Brédrene Hartmanns Fond and Fab-
rikant Otto Johannes Bruun Fond.

References

—

Ort. D.R. (1986) in Encgclopedia of Plant Physielogy (Stachelin,
LA, and Arntzen, CJ. eds) Vol 19 pp 143-196. Spuinger.
Berlin.

Malkin, R. (1988) 1ST Atlas of Science: Biochemistry., Vol L, pp.

57-04.

Gray, LC (1978) Eur. ). Biochem, 82, 133- 141,

4 Tor recent reviews, see: (i) Svkes. AG. (1985) Chem. Soc. Rev,

14, 283-315.(h) Sykes. A.G. (1991) Stiuct. Bonding 75. 175-224.

(a) Guss, JM. and Freeman, FLC, (1983) 1. Mol Biol. 169,

S21-563. (b) Guss., M., Hucowell, P.R.. Murata. M., Norris,

VAL and Freeman, H.OL (19862 1, Mol. Biol. 192, 361 -387.

f (a) Bernstein, F.CL Koetze, TE. Williams, G.1LB.. Mever Ir.,
Lo F.. Brice. M.D.. Rodgers, J.R.. Kennard, (.. Shimanouchi. T.
and Tasumi, M. (1977) 1 Mol Biol. 112, 535-542. () Abola,
E.E Bernstemn, FCL Bryant, S, Koetzle, T F. and Weng, 1.
(1987} in Crystallographic Databases — Ioformation Content.
Software Systems. Scientific Applications (Allen, F.H.. Berger-
hoff, G., Sievers, F., edv), pp. i07-132, Data Commission of the
International  Union  of  Crystallography,  Born /Cambridge /
Chester.

7 Collyer. C.AL Guss. J.M., Sugimura, Y., Yoshizaki, F. and Free-
man, H.C. (1990) 1. Mol. Biol. 211, 617-632.

8 Moore. J M., Case. D.A. Chazin, W1, Gippert. G.P.. Havel,
T.F.. Powls. R, and Wright. P.E. (1988) Science 240, 314-317.

9 Takabe. T., Ishikawa. H., Niwa, S. and Tanaka., Y. (1954) J.

Biochem. 96, 385- 393,

Anderson. G.P., Sanderson, D.G.. Lee, CH.. Durehli, S.. Ander-

son, L.B. and Gross. E.L. (1987) Biochim. Biophys. Acta 894,

386-398.

Y Gross, E.L.. Curtiss, A.. Durcll. S.R. and White. . (199D
Biochim. Biophys. Acia 016, 107-114.

12 Chrnistensen. H.E M., Ulstrup. J. and Sykes. A.G. (1990) Biochim.
Biophys. Acta 1039, 94102,

{3 King. G.C., Binstiead, RA. and Wiight, P.E. (1983) Biochim.

Biophys. Acta 806, 262-271.

(15

d

e



44

14

[

Ho

17

I8
v
20

-

X

»

dagby, S Drieentl, PO L Goodalll KLG L Redield, C0and Thill
HOALO GE9u Sae ) Brochem, sy B 400

Winn, RN and VoTkin RoEESs e prochenustry 270 3803 Skt
Morand, T /7 Frame. MY Cobvar L K KL Johnson, DAL Kroge-
mann, DWW and Davis, DB (TS Biochemisin 28, 8039 XM 7,
Adam. 7 and Malkin, R a9sd Biodhim, Biophss, Acta 975,
J38 1603

Fakabe, Toand Ishikawa, Hot1oxa) 10 Buochem 102,
Peerey, M and Kostic, NOMUCEOsgY Brochemistny 250 1861 186N,
Christensen, HE M, Conradl S0 Mikkelseno KV Niehsen,
MUK and Ulstrap, 11980 Inore. Cheme 29, 28082816
Beoku-Betts, 1. and Sykes, ALGL (U85 Inorg, Chem. 240 1142
1147,

Tabake. o Niwa., S Ishihawa, H.
Biocheni. 88, 167 1176
Dickerson. R 1 and Timkovich, ROO1975) i The Eazvmes (Bover.
P, odo Vol TEA pp. 397 5470 Academic Press, London,
Niwa. S Eshikawa, B0 Nib o Soand Pakabe, Toa9sm 1. Biochem.
SROITT O ING

Wood, PAM 978 Bochim. Biophve Aeta 337 370 379,
Beoku-Betts, D Chapman, S Ko knov, OV and Sshes. AGL
CTUSS) Inorg, Chem 24,1677 168

) Takano, boand Decherson, REC GOS0 Mol Bioll 133,
79 94 () Fahane, Toand Dickerson, R (1ust) 0 Mol Biol,
(53,95 1iS

Scheller, FEV and Mollern, B (1o Phndiol, Plant, 78 184 494,
Hippler, Mo Ruatwezak, Rooand Hochnel, WO G108y FEGS Lo
250280 280

Mornd, T/ Frame, MK Cohens K K Johnson, DAL Krog-

105,98

and Takenaka, K. G980 1

mann. DWW and Davis, DU 01989) Buochenustry 28, 8039 8947,
Chyistensen, HEEF ML Comad, LS. and Ulstrup, J. (1991) Photo-

syt Rosl 288093,

2 bdwards, LOL Bdwards, Kooand Paloeg 30 (1973 1 Chem ¥ due,

RS
Anderson, G.P . Drahaim, L,
Biophys Acta S100 123 131

and Gross, ELL (1983 Biochim

RE

as

36
3

~J

3
kT
B

= <

1

13
44

4

-

17

Gross, B L and Cartiss. A (1991) Biochim. Biophys. Acta 1056,
o 172

For recent roviews, seer () Ruzoetsov, AM. Ulstrup, 1. and
Voronntsev, MAL (JORR) in The Chemical Physics of Soblvation.
Part C. Solvation in Snectfic Phys al. Chemical and Biological
Systems, (Dogonadze, R.R. Kalman, t... ¥oravshev, A A, and
Ulstrup. L. cds.). pp. 163-273, Elsevier, Amste:dam. (o Chris-
tensen, HEML Conrad, [.S. Mikkelsen, K.V and Ulstrup. J.
991D i Metal fons in Biological Systems (Sigel. M. and Sigel,
AL cdsh Vol 27, pp. 8796, Marcel Dekker, New York,
German, E.D. (1983) Rev. Inorg. Chem. 5, 123-184,

Dogonadze. R.R. and Urushadze. Z.D. (1971} J. Electroanal.
Chem. 32,0 235--245

Reteren.o deleted.

Levich, V.GL (1906) Ady. Electrochem, Eng, 4. 249-371.
German, E.D. and Kusnetsov, A M. (1981) Elecirochim. Acta 26,
1305 160K,

Kharkats, Yulo and Ulstrup, 10 (3990 Chemical Physics 141,
1710,

Kormshev, AAL (H985) in The Chemical Physics of Solvation.
Part A. Theory of Solvation (Dogonadze. R.R.. Kalman, F..
Kormyshev, AA, ang Ulstrup, 3. eds) pp. 77-118. Elsevier,
Amsterdam.

Reterence deleted.

Durcll, SR, Labunowski, JK. and Gross, 1. (1990) Arch.
Biochem. Biophys. 277, 241-254,

Kiaer, AM. und Ulstrup, J. (1986) Inorg. Chem. 25, 644-651.
Bruhn, H.. Nigam. S. and Holtzwarth, J.F. (1982) Faraday Dis-
cuss, Chem, Soc. 74, 1292 140, '

Witiig. F. and Charle, K. (1982) Faraday Discass. Chem. Soc. 74,
141--146.

Amstrong. FAL Driscoll, P.COHLlL HAALD O. and Redticld, C.
(1987) Biochem. Soc, Trans. 15, 767--772, '



