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Abstract: Noninvasive reconstitution of the heme in cytochrome cs with zinc(ll) ions allowed us to study
the photoinduced electron-transfer reaction 3Zncyt cs + cyt (Ill) — Zncyt ¢ + cyt f{11) between physiological
partners cytochrome cs and cytochrome f, both from Chlamydomonas reinhardtii. The reaction kinetics
was analyzed in terms of protein docking and electron transfer. In contrast to various protein pairs studied
before, both the unimolecular and the bimolecular reactions of this oxidative quenching take place at all
ionic strengths from 2.5 through 700 mM. The respective intracomplex rate constants are kyni (1.2 + 0.1)
x 10% s71 for persistent and ki (9 £ 4) x 102 s7* for the transient protein complex. The former reaction
seems to be true electron transfer, and the latter seems to be electron transfer gated by a structural
rearrangement. Remarkably, these reactions occur simultaneously, and both rate constants are invariant
with ionic strength. The association constant Kj for zinc cytochrome ¢s and cytochrome f(Ill) remains (5 +
3) x 10%° M1 in the ionic strength range from 700 to 10 mM and then rises slightly to (7 & 2) x 108 M1,
as ionic strength is lowered to 2.5 mM. Evidently, docking of these proteins from C. reinhardftii is due to
hydrophobic interaction, slightly augmented by weak electrostatic attraction. Kinetics, chromatography, and
cross-linking consistently show that cytochrome f self-dimerizes at ionic strengths of 200 mM and higher.
Cytochrome f(Ill) quenches triplet state 3Zncyt cs, but its dimer does not. Formation of this unreactive dimer
is an important step in the mechanism of electron transfer. Not only association between the reacting
proteins, but also their self-association, should be considered when analyzing reaction mechanisms.

Introduction association are poorly understood. In simple cases there is only
one energetically favorable binding configuration, which is also
She reactive configuration. In more interesting cases, an orienta-

tion that is optimal for binding is not optimal for electron transfer
'or there are multiple binding conformations with similar energy,
only some of which are competent for electron tran&fer.

Very recent studies have shown that hydrophobic interactions
can additionally stabilize the electrostatic compié%:?? Al-

Because electron-transfer reactions between metalloprotein
are essential to life, it is important to understand their mecha-
nisms. The overall redox process may consist of several steps,
including proteir-protein recognition, binding, and subsequent
electron transfet:2 Electrostatic and hydrophobic interactions
govern the affinity and specificity in recognition and associa-
tion* Existence of electrostatic interactions is well docu-
mentedd1® but mechanism and dynamics of electrostatic
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though hydrophobic interactions are expected to be prominenta process of great importance. Because the excited-state reaction
at physiological conditions (ionic strength of chloroplast interior in eq 1 and the subsequent ground-state reaction in eq 2 do not
is estimated at 400 mM), evidence that redox metalloproteins require any redox agents other than the interacting proteins, their
associate solely by hydrophobic interaction is scarce. Here weassociation is not perturbed. Monitoring the electron-transfer
study the unexplored electron-transfer reaction of cytochrome reaction in eq 1 is our means of studying structural and dynamic
f and reconstituted cytochronasgand document the importance  aspects of metalloprotein association.
of hydrophobic forces not only for protein docking but also for
their reactivity.

Cytochromef is the lumen-exposed part of the cytochrome
bef complex. Its iron(Il) form donates an electron to plastocya-

nin(ll) .(in plants and. photosynthetic bactgria) or cytochrome The results of this study are interesting and surprising.
cs(Il) (in cygnobactena and some eukaryot;: algae), the reduced Cytochromef from Chlamydomonas reinhardtistrongly as-
form of which then reduces the cofactor P70 photosystem sociates not only with its physiological partner cytochrocge

1.5:6.23.24 but also with itself. The “cross”-association is driven predomi-
Some algae and cyanobacteria synthesize plastocyanin ofantly, and the self-association entirely, by hydrophobic inter-
cytochromecs. Others produce either protein, depending onthe action. Self-association has been recognized as an important
(un)availability of copper ions in the growth mediuf?® The means of regulating enzymatic reactié#s® To our knowledge,
notion that plastocyanin replaced cytochrooaen the higher  this js the first report of self-association affecting the kinetics
plants and some algae has very recently been refuted whenyf glectron-transfer reaction.
cytochromecs was found in a higher plaif. Although plasto- Previous research in our and other laboratories showed that
cyanin and cytochromes are functionally equivalent electron  mopility within the diprotein complex is necessary for efficient
carriers, their primary, secondary, and tertiary structures are gjectron transfer, as in ecf1Dynamics of electrostatic diprotein

completely different. These proteins, however, have similar complexes has been studied in dé&#-47 but that of non-
distributions of acidic patches and hydrophobic surf&eétow electrostatic complexes has not, until now.

these differences and similarities influence the mechanisms by
which these proteins oxidize the same partner, cytochrf@ite
remains unknown. Electron-transfer reaction between cyto-  Chemicals and Buffers. Distilled water was demineralized to a
chromef and plastocyanfi”.14.17.2428in vitro involves elec- resistivity greater than 17 B cm by a Barnstead Nanopure I
trostatic attraction between the positively charged patch of lysine apparatus. Chromatographic resins and gels were purchased from Sigma
residues in the former protein and the negative|y Charged patchChemical Co.; hydrogen fluoride, from Matheson Gas Products, Inc.;
of acidic residues in the lattér8.28.29 nitrogen and ultrapure argon, from Air Products Co.; BCA protein assay

. . . reagent kit, from Pierce Co.; all other chemicals, from Fisher Chemical

Very little is known about the electron-transfer reaction

i . ) Co. All buffers were prepared from the solid salts NBBy-H,O and
between_ CytOChr(_) - nd Cyt_OChromeﬁ' Ours is the f|r§t S'FUdy NaHPOy-7H,0 and had pH of 7.06- 0.05. For kinetic measurements,
of protein—protein interactions that govern the kinetics of

the ionic strengths higher than 10 mM were adjusted with solid NaCl,
electron transfer between them. Because both of them are hemeyng for chromatography, buffers of particular concentration were made.
proteins, whose absorption spectra overlap, it is almost impos- Unless concentration is stated, the buffers are specified by their ionic
sible to follow spectroscopically the simultaneous oxidation of strength.
one heme group and the reduction of the ofién this study, Proteins. Cytochromef from C. reinhardtii, expressed fronEs-
we overcame this difficulty by reconstituting cytochromgevith cherichia coli was isolated and purified as described previotfsand
zinc(ll) ions and making the electron-transfer step photoinduced. Was kindly provided by Professor William A. Cramer. Cytochrotge
Similar reconstitution of other cytochromes of typeloes not from C. reinhardtiiwas isolated and purified by_the published metPFod. _
perturb their conformation and interaction with their redox Ir_on was removed, and .the f.ree'base protein was reconstltuted.wnh
tner<132 Althouah the photoinduced electron-transfer ste zinc(ll) ions by a modlflcatlo_n of the standard prgcedure. Zinc
par A g p . . - P cytochromecs was always kept in the dark. Concentrations of the two
in eq 1, which is followed by the reaction in eq 2, is not . teins were determined from their UWis spectra on the basis of
biological, the very high rate of this step allowed us to observe
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65, 2219-2226.
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known absorptivities: cytochromll), Aess; = 26 mM™* cm™%;
cytochromecs(ll), Aess; = 20 mM™ cm%; and zinc cytochromes,

€121 = (2.3+ 0.1) x 10° Mt cmL. The last value was determined
from absorption spectra and quantification of total protein using the
BCA protein assay reagent kit. All proteins were stored in liquid
nitrogen. Before each series of experiments, the buffer in protein stock
solutions was replaced by the working buffer using so-called ultrafree-4
centrifugal filter obtained from Millipore Co.

Laser Flash Photolysis. Experiments were performed with the
second harmonic (at 532 nm) of a Q-switched Nd:YAG laser; the
instrument was described elsewh&t@rgon was passed first through
water and then through the buffer solution. The required volume of
buffer was deaerated in a 10-mm cuvette for at least 30 min before
zinc cytochromess was added. After each addition of cytochrofti#),
the solution was gently deaerated for 10 to 15 min. In the titration
experiments, concentration of zinc cytochrocs@vas kept constant in
the interval 0.76-3.04M, and concentration of cytochronfi@ll) was
varied between 0.20 and 12M. Decay of the triplet state was

ionic strength 300 mM at room temperature. The protein concentration
was varied from 2.0x 107¢ to 8.0 x 1076 M. A Beckman Optima
XL-A analytical ultracentrifuge equipped with an An60-Ti rotor ran at
30 000 rpm. Absorbance detector was set at 410 or 550 nm, depending
on protein concentration, so that absorbance stayed below 0.7. Data
were collected at a spacing of 1:01072 cm, with 10 averages, in a
step-scan mode every 3 h. Equilibrium was reached when the
absorbance stopped changing. The molecular mass of monomeric
cytochromecs was set to the value obtained from amino acid sequence,
9.8 kD.

Fittings of the Kinetic Data. The rate constants for the reaction in
eqg 1 were obtained from the analysis of the changes of absorbance at
460 and 675 nm with time. The former change corresponds to the decay
of 3Zncyt cs and is a sum of several exponential terms (eq 3). The
latter change is caused by both the triplet and the cation radical and is
described by eqs-47.52 Contribution of the triplet to the absorbance
change at 675 nm is given by eq 5, in whiahis the instantaneous
absorbance after the laser flash. The contribution of cation radical is

monitored at 460 nm, where the transient absorbance reaches theiited with eq 7.

maximum. The concentration of the triplet depended on the intensity
of the laser pulse and was always much lower than the concentration
of cytochromé(ll1). Pseudo-first-order excess of cytochrofiél) was

maintained in all experiments. Formation and disappearance of the
cation radical were monitored at 675 nm, where the difference between

the absorbances of this species and the triplet is greatest. To enhance

signal-to-noise ratio, at least 100 shots were collected and averaged
Viscosity. The kinetic effects of viscosity were studied in the 10
mM sodium phosphate buffer at pH 7.00 and QL) °C. Glycerol
was added incrementally to the solution containing 3.0 mM zinc
cytochromecs and 9.0 mM cytochromglll), up to the concentration
of 80% w/v. The viscosity of the solution was determined from the
tables®05t
Cross-Linking of Cytochrome f. A solution containing 5.«M
cytochromef and 50-fold molar excess of 1-[3-(dimethylamino)propyl]-
3-ethylcarbodiimide hydrochloride (EDC) in sodium phosphate buffer
at pH 7.00 and ionic strength 700 mM was stirred at room temperature.
After 4 h, the reaction mixture was subjected to size-exclusion HPLC.
HPLC Separations.Hewlett-Packard 1100 HPLC system contained

an autosampler and a multiwavelength detector set to 215, 280, and

410 nm. Absorption at 215 nm is common to all peptides and proteins;

that at 280 nm is due to aromatic residues; and that at 410 nm is

diagnostic of heme. In the reversed-phase separations, an analytica

Vydac C5 column 214TP54 (sized 150 4.6 mm, beads of xm)
was used. The eluting solvent A was 0.10% (v/v) trifluoroacetic acid
in H,O, and solvent B was 0.08% (v/v) trifluoroacetic acid in
acetonitrile. In a typical run, the percentage of solvent B in the eluent
was kept at 2.0% for 5 min after the injection of the sample and then
raised gradually to 60% over a 35-min period. The flow rate was 1.0
mL/min.

The size-exclusion separations were made with a Superdex 75 HR
10/30 column, having optimal separation range from 3 to 70 kD. The
solvent was a 100 mM (concentration) phosphate buffer, and the flow
rate was 0.50 mL/min. The size-exclusion column was calibrated with
bovine serum albumine (67 kD), ovalbumin (43 kD), carbonic anhydrase
(29 kD), trypsin inhibitor (20 kD), and myoglobin (17 kD). The void
volume of the column was determined using blue dextran 2000. In

Ao = a exp(ki) +b 3)
AA675 = AAtriplet + AAca'rion (4)
: AP = 3y Ty exp(kip)] ®)
fi=a/(a,;+ &) i=unibi (6)
AAcation: ac[eXp(_kfallt) - eXp(_kriset)] )

Kinetic results were analyzed with the SigmaPlot v.5.0 from SPSS,
Inc. The error margins for all rate constani§ &nd amplitudesd)
obtained from the fitting of the transient absorbance changes include
two standard deviations, i.e., they correspond to the confidence limit
of 95%. In some plots, error bars for some of the points are large, but
fortunately these points are not crucial for the fitting and do not alter
the results and their discussion. Dependence of the observed rate
constant, ks for the slower phase on the concentration of free
cytochromef(ll) was fitted with the improved steady-state equation
req 8)%3in tandem with eq 9, as in several previous studies from this
aboratory]:2,20,43,44,54

Konksi [Cyt f(111)]
Kot T Kni 1 Konleyt f(1I1)]
[eyt f(1I)] = [cyt f(ll1)] , — 0.5{[Zncyt Cglyy +
[eyt f(11)] o + (1K) — (([Zneyt eyl + [eyt (1) o] + [1/K])? —
4[Zneyteg eyt f(1N] %% (9)

kobs = (8)

Many attempts to obtain the association constanfrom fitting
experimental results to eq 8 with SigmaPlot software failed because a
global minimum and several local minima of the sum of squares
occurred with similar probabilities. Each of these occurrences yielded

size-exclusion separations, the protein concentration was varied betweera different set of fitting parameterk,, andko, the ratio of which is

2.0 x 1078 and 2.0x 1075 M for cytochromef and between 1.
10%and 5.0x 10°% M for cytochromecs.

Analytical Ultracentrifugation. Sedimentation equilibrium involved
cytochromecs(ll) dissolved in phosphate buffer having pH 7.00 and

(49) Pletneva, E. V.; Crnogorac, M. M.; Kostid. M. J. Am. Chem. So@002
124, 14342-14354.

(50) CRC Handbook of Chemistry and Physié8th ed.; Weast, R. C., Ed.;
CRC Press: Boca Raton, FL, 1987.

(51) Pletneva, E. V.; Fulton, D. B.; Kohzuma, T.; Késti¢. M. J. Am. Chem.
S0c.200Q 122 1034-1046.
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Ka Unfortunately, methods of numerical analysis often fail when data
are fitted to an equation that contains a product of a very small and
very large number. A common case in kinetics is a product between

(52) Ivkovic-Jensen, M. M.; Ullmann, G. M.; Crnogorac, M. M.; Ejdebaeck,
M.; Young, S.; Hansson, OKostic, N. M. Biochemistry1999 38, 1589~
1597.

(53) Espenson, J. HChemical Kinetics and Reaction MechanisivkGraw-
Hill: New York, 1995.

(54) Crnogorac, M. M.; Ullmann, G. M.; KostitN. M. J. Am. Chem. So@001,
123 10789-10798.
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concentration and rate constant, suckgsyt f(l11)] in eq 8. Rescaling
equation parameters sometimes improves numerical behavior and a
produces reasonable fittings. iy
The occurrence of the “multiple minima” is not yet adequately
addressed in SigmaPlot, but we managed to avoid this problem. We g o0.008

designed our experiments so that complex kinetic equations, ambiguous 5
fittings, and analysis of possibly unreliable fitting parameters became

0.004 4
unnecessary. The rate constaatsandk, were read directly from the
plots in Figures 2 and 3, and the association condtamias obtained
from the fractional contributions (eq 6) of the persistemt) and the itk ] , , : ,
transient &,) complex to the transient absorbance change using egs 0 2 4 8 B
10 and 11, which are explained elsewh&re. time (ms)
1
fini = ==—————={[Zncytcg] + [cyt f(III)] + 1/K, — 0.0012 4
i = FZneytcg {ZNYtCdl eyt + 1K,
2 0.
([Zneytcg] + [eyt f(I)] + 1/K,)” — 4[Zncytcgl[cyt (1)) 3 R
(10) =
[eyt (D] _ foytfam] 1 @)
funi g gKa
00000 4
Results
. 3 0.0 0.2 0.4 0.6
Natural Decay of the Triplet State 3Zncyt cs. In the absence time (ms)

of a quencher, the natural decay of the triplet excited state of Transient absorb o i ution initial i

: H H : Figure 1. ransient absorpance changes in a solution Initially containing
the porphyrin to its glround state |s1 monoexponential (eq.12). 3.0 uM zinc cytochromecs and 3.04M cytochromef(lll) in Sodium
The rate constankng, - 100+ 10 s at_ room temperature in ~ phosphate buffer, at pH 7.00 and ionic strength of 300 mM at room
phosphate buffer having pH 7.00 and is independent of protein temperature. (a) Disappearance of the triplet stateyt cs monitored at

concentration in the interval from 1.0 to 10 mM and of ionic 4hGO nm. The '!”elis a ﬁmfg to eq 13. (b) Formationhanl_d di_sapF’f'?a}rance of
strength in the interval from 2.5 to 700 mM. the cation radical Zncytst monitored at 675 nm. The line is a fitting to

eqs 4-7.
APy 8ng EXPEK ) + b (12) 20 ] a
Oxidative Quenching of the Triplet State 3Zncyt cs by :Z — —
Cytochrome f(lll) Is Biphasic at All lonic Strengths. In the 05 |
presence of cytochroni@ll), decay of the triplet is accelerated 201 : = 1 = = o
and is best described by a biexponential function (eq 13 and 15 )
Figure 1a) at all tested ionic strengths, from 2.5 through 700 10 * e
mM. The rate constari,;, for the faster of the two reactions, ’
is independent of concentration of cytochroffidl) and ionic gf;: ‘ ,
strength, as Figure 2 shows. The rate condiggtfor the slower :w 15 . ¢
reaction, levels off at relatively high cytochrorf(dl) concen- e ol L = -
trations. As ionic strength is raised, the approximate breaking =
point in the plots shifts toward higher ratios of the protein 091 . . . . . . .
concentrations cyf(I1)/Zncyt cg, that is, to a higher concentra- 201 d
tion of the cytochromé(lll) (Figure 3). The rate constants for 181 - * o
the faster K.) and slower Ky) reaction of the oxidative 01 ° *
quenching are listed in Table 1. The rate constants for the 22 , ,
e
APyo= ayn €XPEKt) + ay exp(k,t) + b (13) :z . . . .
appearance and disappearance of the cation radical, shown in 08 - - - ‘ - - -
Figure 1b, are independent of the cytochroifié) concentra- oz 4 68 & M0 12
tion. The absorbance at 675 nm grows at the rate of 5.6 cyt f{lll) concentration (uM)
0.6) x 10* st and declines at the rate of (18 0.1) x 10 Figure 2. Independence of the microscopic rate constagt for the

s~L. This latter rate constant is the same askthe The increase unimolecular reaction in Scheme 1, of the concentration of cytochf@t)e

. . . in sodium phosphate buffer at pH 7.00, room temperature, and ionic strength
in the absorbance at 675 nm is due to the back reaction (eq 2),of @) 2.5,p(b) 1pO’ (©) 100, (d)p300’ and (e) 700pmM. Thag values are 9

and its decrease is due to the forward reaction (e§¥This listed in Table 1. Error bars are smaller than dots and invisible.

study concerns the forward reaction because this reaction gives

the information about protein association. Kinetic Effects of Viscosity. The reaction in eq 1 was studied
at ionic strength of 10 mM and temperature 201 °C. The

(55) Drepper, F.; Hippler, M.; Nitschke, W.; Haehnel, Blochemistry1996 . . . . .
35, 1282-1295. decay of3Zncyt cs remains biphasic throughout the viscosity
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Table 1. Rate Constants Obtained from Fitting the Results in
8
Figures 2 and 3 to the Mechanism in Scheme 1 and Eq 14, and
Association Constants Obtained from Eqgs 10 and 11
6 - I ionic kynil10* st k1102571
| strength/ unimolecular bimolecular Ki/10° M1 Ki/10° M1
4 I mM reaction reaction from eq 10 from eq 11
| 25 1.1+ 0.2 6.6+ 0.2 70+ 20 20+ 10
| 10 1.3+0.1 9+2 442 6+2
2 | 300 1.2+04 5.6+ 0.2 4+2 2+1
| 700 1.1+ 0.2 13+5 8+2 4+2
|
|
0 1 | a
12 41— H : } " " . 1.0 4
| f
10 S S ~ 081
1 S .
8 g 2 *
o
6 2 06 ]
it :
4 | o 041 i £,
2 1 I 2 bee i .
| 0.2
< 0 | b
”n t +H f + 0.0 1
No 6 - 0 10 20 30 40 50 60
: viscosity (cp)
2 | Figure 4. Independence of solution viscosity of the relative amplitudes
© 4 funi @andfyi, respectively, of the unimolecule®) and bimolecular) reaction
- . oIV ; ;
| in Scheme 1. Viscosity of the sodium phosphate buffer solution at pH 7.00,
| ionic strength 10 mM, and 2& 1 °C was adjusted with glycerol.
2 1
I 2.5 A
0 | 'Tm 2.0 1 a
| c ”g 151 b8 . .
! ! | ; ! ! ! S 101 °
16 05 1
12 0 10 20 30 40 50 60
viscosity (cp)
8 | |
I 10 4
| } b
4 - | 8
I
| W
0 ¢ ; ¢ L, ; ; i d “g ¢
0 1 2 3 4 5 6 F o4l
[eyt f(111))/[Zncyt ;] 1.
Figure 3. Dependence of the observed rate conskgpton the ratio of L -
cyt f(Ill) and Zncyt ¢s concentrations, in sodium phosphate buffer at pH "
7.00, room temperature, and ionic strengths of (a) 2.5, (b) 10, (c) 300, and 0 1 i i . i i i .
(d) 700 mM. Note the shifting of the plateau onset with rising ionic strength. 0 10 20 30 40 50 60

Solid lines are fittings to the mechanism in Scheme 1 and eq 14. Error bars

smaller than dots cannot be seen. viscosity (cp)

range studied, from 1.005 through 60.1 cp. The amplitudes of Figure 5. Dependence_: on the solution viscosity of the |nt(acon)p|ex rate
constant for the (a) unimolecular and (b) bimolecular reactions in Scheme

both reactions are unaffected by viscosity, as Figure 4 shows.; viscosity of the sodium phosphate buffer solution at pH 7.00, ionic

Figure 5 shows that the rate constant for unimolecular reaction, strength 10 mM, and 2& 1 °C was adjusted with glycerol. Error bars

kuni, does not depend on viscosity, but the rate constant for the Smaller than dots cannot be seen.

bimolecular reactionky,;, does. In size-exclusion HPLC experiments, the elution time of 26 min
Evidence that Cytochromecs Is Monomeric. In analytical corresponds to the molecular mass of the monomer (Figure S5).

centrifugation experiments, as the concentration of the protein  Evidence for the Dimerization of Cytochrome f. Size-

is raised, the observed molecular mass stays constant and equaxclusion HPLC of cytochromé solutions at ionic strengths

to that calculated from amino acid sequence, as Figure S4 shows200 mM and higher (Figure 6a) shows an unsymmetric signal
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Electron Transfer between Cytochromes f and cg ARTICLES

a
6 5 .
b |
NS
L N~
15 20 2‘5
time (min)

Figure 7. Size-exclusion HPL chromatogram of the reaction mixture
containing cytochromef from C. reinhardtii and a large excess of
carbodiimide EDC. Elution solvent is 100 mM (concentration) sodium
phosphate buffer at pH 7.00. The fractions eluting at 21.1 and 18.3 min
are, respectively, cytochronfeand a cross-linked dimer of it.

1114+ 1 s, the same as that for natural decay of the triplet
state. Residuals of the fitting are presented in Figure S3.

time (min) Discussion

Figure 6. Chromatograms of a 5&M cytochromef from C. reinhardtii Inter_actlons B_etween Metallo_protems.Our research group .
(a) Size-exclusion HPLC, with a 100 mM (concentration) sodium phosphate €Xtensively studied the mechanism of electron-transfer reaction
buffer at pH 7.00. Note the shoulder preceding the main signal. (b) Reversed-and dynamic aspects of docking between zinc cytochrome

phase HPLC with 0.10% (v/v) trifluoroacidic acid in water and 0.08% (v/  gn(g plastocyani|312.v13’2°v3944v51’52'5558 In this and similar
v) trifluoroacidic acid in acetonitrile. Note the sharpness and symmetry of 063 . . .
system$2-63 where proteins have high association constants,

the signal. e T ] e - .
the kinetics is biphasic at low ionic strength. At intermediate

that is broadened on the side of shorter elution times. Repeated®nd high ionic strength, kinetics is monophasic, and the observed
chromatography of the main fraction, having elution time of rate constantis directly proportional to the concentration of the

21 min, and of the shoulder preceding it yielded the same "€actant in excess. When the association constant for a metal-

chromatogram: the main band at 21 min and a broad shoulder/oprotein pair !s low even at low ionic strength, the observed
at shorter times. The UWvis spectra of the main and shoulder ~ "ate constant linearly depends on concentraftign:®.26:28.6471

fractions are identical to each other and to the spectrum of In some cases, kinetics of interprotein reaction may be

cytochromef prior to the separation. The main fraction and the 56) Peerey, L. M.: Brothers, H. M., II: Hazzard, J. T.; Tollin, G.: Kosfic

shoulder fraction, separated by size, gave the same reversed- ~ M. Biochemistry1991, 30, 9297-9304.
Zhou, J. S.; Brothers, H. M., II; Neddersen, J. P.; Peerey, L. M.; Cotton,

—— Lot (57)
phase chromatograms, shown in Figure 6b, consisting of one®>" £ M. Kosiig, N. M. Bioconjiigate Chen.992 3, 382-390
(58) Ivkovic-Jensen, M. M.; Yeung, S.; Hansson,; ®ostic, N. M. Abstracts

sharp, symmetrical signal.
oL fyr of Papers 213th National Meeting of the American Chemical Society, San
Cross-Linking of Cytochrome f. Cross-linking of cyto- Francisco, CA, April 13-17, 1997: INOR-550.
(59) McLendon, G.; Miller, J. RJ. Am. Chem. Sod.985 107, 7811-7816.

chromef with the carbodiimide EDC yielded only two products, d g
which eluted from the size-exclusion HPLC column in 18.3 and 522 O e Koot N M. Bloshomistra 604 53 1580212500,

21.1 min, as Figure 7 shows. The ratio of their molecular masses(62 g‘siﬁgl—eé'smé; Drepper, F.; Farah, J.; Rochaix, J.Blochemistry1997, 36,

)
)
)
is 1.8. Evidently, the first and the second fraction, respectively, (g3) Hippler, M.; Drepper, F.; Haehnel, W.; Rochaix, J.#oc. Natl. Acad.
are dimer and monomer of cytochrorhe Sci. U.S.A1998 95, 7339-7344. . _
. . . 3 . . (64) Furukawa, Y.; Ishimori, K.; Morishima, Biochemistry2002 41, 9824~
Attempt at Oxidative Quenching of 3Zncyt cg with Dimer 9832. '
of Cytochrome f(lll). Attempts to oxidatively quencPzncyt (65) Liang, Z.-X.; Nocek, J. M.; Kurnikov, |. V., Beratan, D. N.; Hoffman, B.
)
)

cs with the product of cross-linking of cytochrormgave kinetic
H.; Margoliash, EJ. Biol. Chem.1983 258 6405-6409.

traces that were well fitted with the monoexponential function (67) Algustin, M. A.; Chapman, S. K.: Davies, D. M.; Watson, A. D.; Sykes,
A. G. J. Inorg. Biochem1984 20, 281—-289.

M. J. Am. Chem. So@00Q 122 3552-3553.
(66) Augustin, M. A.; Chapman, S. K.; Davies, D. M.; Sykes, A. G.; Speck, S.

in eq 12. The rate constant obtained from these fittings is
J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003 10603
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monophasic throughout because so-called saturation occurs
under different reaction conditions.

In various protein pairs, the rate constant for electron transfer
and the association constant markedly decrease as ionic strengtf
is raised because electrostatic attraction dominates protein
protein association. Hydrophobic interaction unaccompanied by
electrostatic attraction, a phenomenon well-documented in
enzyme-substrate binding* 7274 has only begun to be noticed
in association of redox proteif&21:2226 Cytochromef and
plastocyanin fronPhormidium laminosumeportedly are held
together mostly by hydrophobic forc&%

Cytochrome f and Cytochrome cs. The water-soluble part
of cytochromef from C. reinhardtiiis an elongatedj-barell
protein, and the iron(lll) form has a net charge-c? at pH of
7.00 (assuming normakg values). The detailed crystal structure
of the membrane-bound cytochrorbg complex is unknown,
and nearly all kinetic studies in vitro have been done with the
truncated form of cytochrom&?® A cationic patch of lysine
residues has been implicated in docking with plastocy@ahir28
The biological function of the hydrophobic outer face of the
heme-binding pocket in cytochronfighowever, has barely been
studied!” We are interested in this hydrophobic area because
both acidic substituents (so-called propionate chains) and one
of the vinyl substituents of the heme are accessible in this part
of the protein surface, as shown in Figure 8a.

Cytochromecg(ll) from C. reinhardtii has a net charge of
—7 at pH 7.00 (assuming normaKp values). As Figure 8a
shows, the heme is largely buried in the protein; only one
carboxylic group and a porphyrin edge are exposed. The surface
around these exposed parts is largely nonpolar, except for Lys29,
Lys57, and Asp41 residué3Anionic groups are mostly located
on the opposite side from the exposed parts of the Héme.

On the basis of NMR spectroscopic experiments, it was
vaguely suggested that electron-transfer reactions involving
cytochromef, cytochromecs, and plastocyanin may occur by
different mechanisms, depending on the organism to which these
proteins belong! We study the reactions between homologous
proteins, those belonging to the same organism.

Mechanism of3Zncyt c; Quenching by Cytochromef. The
excited state of zinc porphyrifZncyt cs, produced by a laser
flash, is oxidatively quenched by cytochrorff#l), according
to eq 1. The resulting cation radical, Znayt", returns to the
initial ground state in a thermal back reaction shown in eq 2.
This study deals with the photoinduced reaction in eq 1.
Unexpectedly, this reaction is biphasic at all ionic strengths
examined, not only at low ionic strength, as was the case in
numerous studies cited above. (See Scheme 1.) The intramo-

cytochrome f°

cytochrome ¢

lecular rate constari,n;, for the faster reaction does not depend Figure 8. Surfaces of (truncated) cytochrorh@nd cytochromes from

(68) Ahmad, I.; Cusanovich, M. A.; Tollin, Biochemistryl982 21, 3122~
3128

(69) Hazzard, J. T.; Rong, S. Y.; Tollin, ®iochemistry1991, 30, 213-222.

(70) Pan, L. P.; Hazzard, J. T.; Lin, J.; Tollin, G.; Chan, SJ.IAm. Chem.
So0c.199], 113 5908-5910.

(71) Hazzard, J. T.; Mauk, A. G.; Tollin, GArch. Biochem. Biophysl992
298 91-95.

(72) Jin, J.; Chang, J.; Stafford, D. W.; Straight, D.Biochemistry2001, 40,
11405-11410.

(73) De Ferrari, G. V.; Canales, M. A.; Shin, I.; Weiner, L. M.; Silman, 1.;
Inestrosa, N. CBiochemistry2001, 40, 10447-10457.

(74) Fan, Y.-X.; McPhie, P.; Miles, E. \Biochemistry200Q 39, 4692-4703.

(75) Hart, S. E.; Schlarb-Ridley, B. G.; Delon, C.; Bendall, D. S.; Howe, C. J.
Biochemistry2003 42, 4829-4836.

(76) Dikiy, A.; Carpentier, W.; Vandenberghe, |.; Borsari, M.; Safarov, N.;
Dikaya, E.; Van Beeumen, J.; Ciurli, Biochemistry2002 41, 14689~
14699.
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C. reinhardtii Color code: blue, basic residues; magenta, acidic residues;

yellow, hydrophobic residues; green, aromatic residues; and red, heme. (a)
Exposed parts of the heme. (b) Hydrophobic residues surrounding the
exposed part of the heme, the proposed docking sites. (c) Basic and acidic
patches are assisting association through electrostatic attraction at low ionic
strength.

on the cytochromé(lll) concentration and ionic strength. Its
values, given in Table 1, are read directly from the horizontal
plots in Figure 2. The relative amplitude of this reactidnX
increases with the concentration of the persistent complex as
the cytochromé(lll) concentration is raised, as shown in Figure
S1. This rate constant corresponds to the intracomplex reaction
within the persistent diprotein complex Znagtcyt f(1ll), which
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Scheme 1 (basic) patch of lysine residues in cytochrofyféthese patches
bimolecular unimolecular are shown in Figure 8c. This pair of redox metalloproteins is
reaction © reaction remarkable because association is dominated by hydrophobic
Zneytcg +cytfl) === Zneyt c /eyt Il interactions and only weakly enhanced by electrostatic interac-
hvuknd tions.
3Zncyt cg +eyt AIID) hv || kg Multiple Configurations of Diprotein Complexes in Gen-
eral. Much evidence shows that the same pair of redox proteins
) "°“H"°ff ) may form multiple complexes, but little experimental evidence
Zf;;‘g‘ 3Zneyt cg /eyt ATID) 3Zneyt cg leyt AIID) gg:;;s;ee;“ shows that these complexes may undergo essentially the same
intracomplex electron-transfer reaction at different rates. This
kbi\\ / . last notion is plausible and has been accepted even though
experimental studies corroborating it are still few. Three recent
Zneyt cg'leyt fill) studies have uniformly dealt with photoinduced reactions in
Koack which the triplet excited state of zinc cytochromis oxidatively

guenched by heme proteins or a metal complex. Two simulta-
neous first-order reactions are detected in each case, but more

already exists in solution before the laser flash. The observedthan two complexes may perhaps be presefft>!.7% The

rate constant for the slower reactiokns does depend on vgnety of kmetlc_results in these_ thr_ee_ studies shows the
cytochromef(lll) concentration. Because this is the bimolecular  diversity of dynamic properties of fairly similar doneacceptor
reaction between free proteins that associate in a transient Zncy€YStems, all of which are mostly held by electrostatic forces.
ce/cyt f(I11) complex, the plateau in Figure 3 corresponds to the Nq two of these syste_ms s_how the same effects and noneffects
maximal value ofkes achieved when zinc cytochrontg is of ionic strength and viscosity on the mtrapomplex rate constant.
completely associated with cytochrorf@l). Therefore, the Clearly, gene_ral rule_:s _about the dynamic aspects of electron-
intracomplex rate constanky, for the transient diprotein transfer reactions within protein complexes still elude us.
complex, can be read from the leveled plot. Despite the large  Multiple Configurations of Diprotein Complexes of Zinc
error bars for some of the points in Figure 3, Haevalues are Cytochrome cs and Cytochromef. By monitoring the decay
sufficiently precise for our discussion; these results also are of the triplet statéZncyt cs we detected the persistent complex
given in Table 1. Direct detection of the cation radical Zncyt in Scheme 1, determined its association constagt and

cst at both low and high ionic strength is evidence that precisely determined its rate constégy. We also detected the

Zncyt cg /eyt AIII)

quenching occurs by oxidation of the triplet state. transient complex and determined its rate constanteliably
Association between Cytochromd and Cytochrome cg but less precisely because kinetic traces due to the cation radical
from C. reinhardtii Is Mostly Due to Hydrophobic Interac- Zncytcst were relatively noisy. Fortunately, both rate constants

tion. The persistence of the two intracomplex reactions in are known with precision that is sufficient for the discussion
Scheme 1 at ionic strength as high as 700 mM is evidence thatthat follows.

electrostatic attraction plays a small, if any, role in association | Kinetic Noneffects of lonic Strength: Evidence for

of these two proteins. We determined the association constantsHydrophobic Interaction. Table 1 shows that the intracomplex
directly form the amplitudes of the two reactions shown in (ate constants for the persisterit,) and transient k)
Figures 2 and 3, using eqs 10 and °#% (Fitting of the complexes in Scheme 1 differ as much as 20-fold and that both
amplitudes is shown in Figures S1 and S2.) In this treatment ygjyes are invariant with ionic strength over a wide range. This
only the total concentration of cytochronfigll) matters, and  jnvariance shows, for the first time, that hydrophobic, and not
its state (free or bound) does not matter. These two straight- 5y electrostatic, interaction between metalloproteins can give

forward methods are independent of the mechanism of the ise to structurally heterogeneous association. This heterogeneity
subsequent electron transfer. Indeed, as Table 1 shows, fittingsy, tyrn gives rise to multiphasic reactivity.

to egs 10 and 11 gave consistent results. Invarianég,pkyi,
andK, with ionic strength consistently shows that the interaction
between cytochromes and cytochromd is not electrostatic. . T .
. L . - Transfer. In previous studies in our laboratory, changing
Indeed, hydrophobic interaction is fully consistent with Figure ) . . .
. ; . solution viscosity was used to determine whether the electron-
8b, which shows hydrophobic surfaces surrounding the exposed L 13.39.44 524 S :
. . : transfer reaction is gatédl13394452An increase in viscosity
parts of the heme in both proteins. Further speculation about . - - .
. . i slows down protein motion and rearrangement of the diprotein
structural and other details of this complex is unwarranted. As
Table 1 shows, the association constigtdecreases a little -
.. . . (77) Ullmann, G. M.; Hauswald, M.; Jensen, A.; Késtit. M.; Knapp, E.-W.
when ionic strength is raised from 2.5 to 10 mM and stays BiochemistryL997, 36, 16187-16196.
almost unchanged at higher ionic strengths. This initial drop is (78) %G(f)ié '11 %ggesrlég%'\/”"en M. A.; Durham, B.; Millett, FBiochemistry
a sign of weak electrostatic attraction, which augments the strong(7g) Leesch, V. W.; Bujons, J.; Mauk, A. G.; Hoffman, B. Biochemistry
i i iti ioni i 200Q 39, 10132-10139.
hydrOphOb.IC .effeCt |.nsen5|t|ve o |on.|c strength. This weak ) Mei, H.; Wang, K.; Peffer, N.; Weatherly, G.; Cohen, D. S.; Miller, M.;
electrostatic interaction cannot be atributed to the net charges
)
)
)

II. Kinetic Noneffects and Effects of Viscosity: Evidence
for Simultaneous Occurrence of True and Gated Electron

8

—
o

Pielak, G.; Durham, B.; Millett, FBiochemistry1999 38, 6846-6854.
of cytochromece(Il) and cytochromef(lll), which are—7 and ~ (81) Castro, G, Boswell, C. A.; Northrup, S. 8. Biomol. Struct. Dyn1998
—2 at pH 7.00, respectively; local charges are relevant here. (82) zhou, J. S.; Tran, S. T.; McLendon, G.; Hoffman, B. 81.Am. Chem.
i e ; i e S0c.1997 119, 269-277.
_Indeed’ Ulimann et al. Identlfled a _mlnor anionic _(aCIdIC) Pat9h (83) Mei, H.; Wang, K.; McKee, S.; Wang, X.; Pielak, G. J.; Durham, B.; Millett,
in cytochromecs that may interact with the predominant cationic F. Biochemistry1996 35, 15800-15806.

J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003 10605



ARTICLES Grove and Kosti¢

complex but does not affect the association constant and the
rate constants of the so-called true and coupled electron-transfer
reactions’?

Glycerol is noninvasive to proteins and even stabilizes them.
Because hydrophobic interactions are essential for protein
folding, and glycerol does not unfold proteins, this solvent
evidently does not perturb hydrophobic interaction. Indeed,
relative amplitudes of the persistent and transient complex are
unaffected by glycerol (Figure 4). Therefore, the association
constantK, must also be unaffected.

Independence of the rate constapt of solution viscosity, ‘ , , ,
shown in Figure 5a, is evidence foue electron transfer within 0.00 0.01 0.02 0.03 0.04
the persistent diprotein complelxarge and smooth dependence time (s)
of the rate constark,i on solution viscosity, shown in Figure Figure 9. Disappearance of the triplet stancyt cs, monitored at 460
5b, is diagnostic ofated electron transfer within the transient  nm 'in the solution initially containing 3,0M zinc cytochromezs and (a)
(collisional) diprotein complexElectron transfer is the rate-  3.0uM cytochromef(lll) or (b) 3.0 uM cross-linked dimer of cytochrome
limiting step in the unimolecular reaction because the persistentf(lll). The solvent in both cases is a sodium phosphate buffer at pH 7.00
complex either is static or rearranges at a rate higher than 1_2§nd ionic strength of 300 mM. The triplet state is quenched in (a) but not

. in (b).
x 10* s71, but the transient complex rearranges at a rate of (9
+ 4) x 1% s1 (the average of the four values kf, in Table which may be smeared. As Figure 7 shows, cross-linked
1). Because this latter process is slower than the (unobservablerytochromef gave one distinct new fraction, whose molecular
electron-transfer step within this complex, we detected this mass is approximately twice that of the protein (monomer).
structural process when we monitored electron transfer that is Although EDC was present in large excess over the protein,

0.0020 -
0.0015 i %

0.0010 -

A'A460

0.0005 -

0.0000 -

controlled by it. higher oligomers were absent. Evidently, cross-linking captures
Self-Association of Cytochromef. Figure 3 shows that as  a dimer that already exists in solution. Because at the ionic
the ionic strength is raised, a greater excess of cytochf(ite strength of 700 mM all electrostatic interactions are absent, we
over zinc cytochromes is needed to reach a plateaukigys conclude thathe protein dimer is held by hydrophobic forces
The cytf(ll)/Zncyt ¢ ratio at the onset of the plateau increases  Kinetic Consequences of Cytochromé Dimerization. As
from 1.2 to ca. 2.7. Not all cytochromf@ll) put in solution Figure 9 shows, monomeric cytochronf@l) does, but the

seems available for association (and subsequent reaction) withcross-linked dimer of cytochromilll) does not, quench the
cytochromecs. The asymmetric chromatogram of cytochrome triplet state®Zncyt cs. The observed rate constant in the latter
f in Figure 6a shows a main signal and a prominent shoulder case is that for the natural decay of the triplet. Because the
on the side corresponding to a larger molecular mass. Repeatedytochrome dimer is formed owing to hydrophobic interactions
experiments with separate samples taken from the main fraction(and is only reinforced by cross-linking), the protein molecules
and from the incompletely resolved fraction preceding it likely cover each other’'s nonpolar surfaces (Figure 8b), and the
consistently yielded this same pattern, shown in Figure 6a. The heme edge is no longer accessible to zinc cytochrogne
width of the shoulder precluded accurate determination of the  Attempts to fit the results in Figure 3 to Scheme 1 with an
elution time of the aggregate and of its molecular mass, but we improved steady-state approximation (eq 8) failed. This fitting
estimated its mass to be approximately twice the nominal value. method, which had succeeded in treatments of other diprotein
Cytochromef and each of its two incompletely separated complexes that associate and react by parallel unimolecular and
fractions in Figure 6a all consistently gave the same narrow bimolecular reaction¥’13:51.56.6%s inapplicable to cytochrome
and symmetric chromatogram in Figure 6b. ¢s and cytochromé The mechanism involving only association
The size-exclusion pattern in Figure 6a is characteristic of between the reactants (i.e., Scheme 1 alone) proved to be
self-association equilibrium that is fast on the chromatography inadequate.
time scale of minute%! The reversed-phase pattern in Figure ~ When our size-exclusion and reversed-phase HPLC separa-
6b, however, proves that both fractions in Figure 6a contain tions and cross-linking experiments (discussed above) clearly
the same protein: cytochronfidf those fractions had contained showed that cytochromieforms a homodimer in solution, we
different proteins of similar molecular masses, these proteins had to add the
would have eluted separately. This did not happen. Instead, when
all noncovalent interactions between the cytochrémelecules 2 cytf(llT) = cytf(lll)/cyt (1) (14)

were disrupted by denaturation in the reversed-phase eXperimentequilibrium in eq 14 to Scheme 1. The fittings then became
the sample became homogeneous in terms of polarity. very good to excellent, as Figure 3 shows. The most surprising

Covaleqt cross-linking, followed by size-gxclusion_chromal- feature in Figure 3, namely the shifting of the “plateau point”
tography, is the standard method for detecting protein associa- {he increasing values of the [citi)]/[Zncyt cq ratio, was

tion 8% An existing oligomer is captured by specific cross-linking, faithfully reproduced.This ratio is greater than unitynot
and a distinct signal appears in the chromatogi&t®Random because larger hetero-oligomers of zinc cytochromend
cross-linking gives a multitude of chromatographic features, cytochromef(I1l) form, but because a redox-inact homodimer
of cytochrome f(Ill) formsAs the concentration of this protein

(84) Aqueous Size-Exclusion Chromatograpbybin, P. L., Ed.; Journal of
Chromatography Library, Vol. 40; Elsevier: New York, 1988.

(85) Loster, K.; Josic, DJ. Chromatogr., B: Biomed. Sci. Apdl997, 699, (86) Schmid, B.; Einsle, O.; Chiu, H.-J.; Willing, A.; Yoshida, M.; Howard, J.
439-461. B.; Rees, D. CBiochemistry2002 41, 15557 15565.
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is raised, it increasingly associates not only with zinc cytochrome

by hydrophobic interactionsAlthough the persistent and

Cs, but also with itself, thus inhibiting the reaction in Scheme transient complexes differ in reactivity, their different intrac-

1.

We can only conjecture about the significance in vivo of this
process, which we documented in vitro. Dimerization of
cytochromef in the crystal has recently been considetetihe
dimerization of cytochromé from C. reinhardtii in aqueous
solution is interesting because cytochrobgkis claimed to be
a dimer, but its structure is unknod’23 We detected
dimerization at ionic strengths of both 300 and 700 mM,
conditions relevant to the ionic strength in vivo, which is 300
mM.2* We do not know of any other reports that kinetics of
interprotein electron-transfer reaction is modulated by protein
self-association, and we intend to study this mechanistic
phenomenon.

Comparison of Cytochromecs and Plastocyanin fromC.
reinhardtii in Their Association and Electron Transfer with
Cytochrome f from C. reinhardtii. C. reinhardtii is the first
organism known to biosynthesize both plastocyanin (when
copper ions are available) and cytochromggwhen they are

omplex rate constants are similarly invariant with ionic strength.

Conclusions

Photoinduced electron-transfer reactions are “clean” and fast
and therefore suitable for the study of protein association.
Because electrostatic interactions are relatively easily detected
and adjusted (by changing ionic strength), they have been much
studied lately. Metalloprotein association, however, can be
governed also by hydrophobic interactions, and resulting
complexes can be as stable as typical electrostatic complexes.
Persistent and transient complexes held by hydrophobic interac-

tions differ so much in the interplay between electron-transfer

step and configurational rearrangement that the intracomplex
reaction is true electron transfer in the former and gated electron
transfer in the latter. Remarkably, these reactions occur simul-
taneously in the same diprotein system. Not only association
between electron donor and the electron acceptor, but also their

unavailable) and to use either of these proteins as an electrorself-association, should be kept in mind when analyzing complex

carrier from cytochromé(l) to P700" in photosystem #> The
reaction of each carrier with P700s biphasic. Since the rate

of the unimolecular process (the faster phase) is the same for
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