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ABSTRACT: The reaction between cytochrorhand plastocyanin is a central feature of the photosynthetic
electron-transport system of all oxygenic organisms. We have studied the reaction in solution to understand
how the very weak binding between the two proteins fl@hormidium laminosurnan nevertheless lead

to fast rates of electron transfer. In a previous publication [Schlarb-Ridley, B. G., et al. @@@Bemistry

42, 4057-4063], we suggested that the reaction is diffusion-controlled because of a strong effect of viscosity
of the medium. The effects of viscosity and temperature have now been examined in detail. High molecular
mass viscogens (Ficoll 70 and Dextran 70), which might mimigivo conditions, had little effect up to

a relative viscosity of 4. Low molecular mass viscogens (ethane diol, glycerol, and sucrose) strongly
decreased the bimolecular rate constdgt ¢ver a similar viscosity range. The effects correlated well
with the viscosities of the solutions of the three reagents but not with their dielectric constants or molalities.
A power law dependence & on viscosity suggested thiat depends on two viscosity-sensitive reactions

in series, while the reverse reactions are little affected by viscosity. The results were incompatible with
diffusion control of the overall reaction. Determination of the effect of temperatuke gewve an activation
enthalpy AH* = 45 kJ mot?, which is also incompatible with diffusion control. The results were interpreted

in terms of a model in which the stable form of the protegmmotein complex requires further thermal
activation to be competent for electron transfer.

The reaction between cytochrorhand plastocyanin has The binding between cytochronfeand plastocyanin is
been intensively investigated because of its central impor- weak Ka ~ 10°—10* M~1), but the rate of electron transfer
tance in the electron-transport system of oxygenic photo- is rapid (second-order rate constaki,~ 10° M~1 s,
synthetic organisms. It can be conveniently studied in Hence, the rate of dissociation must be exceptionally fast
solution with recombinant proteins expresse@&stherichia (ks > 10*s%), which is necessary for rapid turnover of the
coli; in the case of cytochromk a truncated form is used  electron-transport system as a whole. These kinetic charac-
that lacks the membrane anchor but contains the whole ofteristics raise the question of how the structural properties
the soluble haem-containing portion, which is involved in of the interface are sufficiently specific for rapid electron
electron transfer. X-ray crystal structures of the individual ransfer at the same time as being loose enough to allow
proteins are available, and models of the complex between apig dissociation. This is a problem common to many
them have been derived by an NMR method for both higher gjectron-transfer reactions between soluble protedhs (
plant proteins ) and those from the cyanobacterium . . : ,
Phormidium laminosum(2). Despite a basic similarity Weak binding between protem partners is not confined to
between the two systems, there are significant differences®lectron-transfer systems but is a feature of many other

in the balance between electrostatic and hydrophobic interacProcesses, such as cedell interactions in the immune
tions. system 4, 5), virus capsid assemblys(7), some signaling

systems §), and enzyme reactions with protein substrates,
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complexes such as enzymimhibitor complexes and anti- A 12 e
body—antigen complexes, which, from the functional point +E e :
of view, are effectively permanent once formed, and also c Al 3
nonobligate triggered complexes, which are transient in the 0af ¢ glycerol
sense that they dissociate as part of their biological function "{ oaE o, g :"Eg;d'“'
when the appropriate trigger (e.g., GTP/GDP exchange or = . . a  ficoll 70
phosphorylation) is provided.(, 11). Weak complexes have n o "0 4  dextran 70
been studied much less than those for whigh> 10" M1 o2E i E
because of the difficulty of obtaining crystal structures of . il 2
the complex. Nevertheless, the small number of electron- e N M oy
transfer complexes for which structures are available are nin®
valuable systems in which to study the structural basis of
weak binding because the cofactors and the electron transfer B 12
between them provide convenient ways of studying the i E :
interactions. : ¢ gyeerol. E
We have previously determined the role of electrostatic il = 'e_ ol ikt
interactions in the reaction between cytochrofend “E: 06 [ ug ;: E
plastocyanin fronP. laminosum(12) and have also shown = C . 2
that aromatic residues in the haem-shielding N-terminal e (MG o -
peptide of cytochromé&have an important role to play8). oz b i . =
In this earlier work, we came to the tentative conclusion, . L™ ]
based largely on a strong dependence of the rate of reaction B L

on solvent viscosity, that the reaction is diffusion-controlled. e
Here, we have tested that conclusion more rigorously by

examining the effects of viscogens in more detail and those Cc 1= :*“Trr"rr"‘rr“‘rm‘rm‘r"’q
of temperature. The results were capable of a coherent 1

explanation in terms of activation control and a model in L ¢ glycerol
. . 03 g¥ e  ethane diol
which the most stable form of the precursor complex is not E<, - il Sicrse
capable of rapid electron transfer. In view of the importance "_{: s, *
of molecular crowding effects for reactions occurringivo, el - .
we also studied the effects of relatively high molecular mass o e A
compounds, such as Ficoll 70 and Dextran 70, which may 0z n .
partially mimic the crowded environment of the cell. These e o -
compounds also raise the viscosity of the medium, but their D1 e e 1 ) T A N e
influence on the rate of reaction between cytochrdraed molality
plastocyanin was found to be very different from that of low FiGure 1: Effect of concentration of viscogen on relatikge(ko/
molecular mass viscogens. k). Viscogens used were Ficoll 70, Dextran 70 (high molecular
mass), ethane diol, glycerol, and sucrose (low molecular mass).
MATERIALS AND METHODS (A) Relativek, plotted against relative viscosity/°); viscosities

were measured with an Ostwald viscometer. (B) Reldgy@otted

Molecular Biology Molecular biological methods were against reciprocal relative dielectric constaaty). (C) Relative
essentially as described by Sambrook et a4)(and ¢ Plotted against molality.
materials were the same as in Schlarb etld),(except that
the E. coli strain BL21(DE3) was replaced by BL21(DE3)-
Cd*(RIL).

Protein MethodsExpression, purification, and character-
ization of wild-type plastocyanin and cytochromef P.
laminosumwere carried out as in Hart et all@). Extinction
coefficients used to calculate protein concentrations were
4700 M cm™ for plastocyanin and 31 500 M cm? for
cytochromef.

Kinetic AnalysisOverall rate constants of the reactid®)
and their temperature dependence and viscosity dependenc
were determined using an Applied Photophysics stopped-RESULTS
flow spectrophotometer as described in Schlarb-Ridley et al. } . .

(12), except that, for viscosity dependence, 10 mMN2-( Effects of Low Molecular Weight Viscogerfsgure 1A
morpholino)ethanesulfonic acid (MES)t pH 6.0 was used shows _that when the viscosity of_the solvent was increased
as the buffer; note that in Figure 3 of rE2the concentration Py @ddition of glycerol, ethane diol, or sucrose the rate of
of plastocyanin should read micromolar instead of millimolar. réaction between cytochronfeand plastocyanin declined
sharply. A plot of the relative second-order rate constant,
1 Abbreviations: BLIP, f-lactamase inhibitor protein; HyHEL, kelkz’, against the relative viscosityy/°, showed almost

immunoglobulin G1 antibody to hen egg-white lysozyme; MESN2-(  identical effects of the three viscogens, strongly suggesting
morpholino)ethanesulfonic acid. that the inhibitory effect was due to the increasing viscosity

For the temperature dependencekgfthe temperature was
controlled by a thermostat connected to a circulating water
bath (Grant Ltd. 20G). For the viscosity and crowding
dependence d{;, protein stock solutions (6M plastocyanin

or 0.4 uM cytochromef in 20 mM MES at pH 6.0) were
mixed with equal volumes of solutions of the appropriate
concentration of each viscogen or crowder in water. The
relative viscosities of solutions of each viscogen or crowder
mixed with equal volumes of 20 mM MES at pH 6.0 were
reneasured using an Ostwald viscometer.
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nn Ficure 3: Effect of temperature ok,.. The experimental data were

FicURE 2: Dependence of reciprocal relative ratg/k,) on relative fitted to the Eyring equatiok, = «ksT/h exp [ASTR] exp [-AH?/
viscosity ¢7/7%) adjusted with ethane diol. Independent measure- RT] by a nonlinear least-squares method (Kaleidagraph from
ments were made at 293 and 300 K. The experimental data wereSynergy Software).

fitted to the equatiot,%k, = A(5/17°)* by a nonlinear least-squares

method (Kaleidagraph from Synergy Software). Effect of TemperatureThe marked decrease ka when

the viscosity of the medium was increased by addition of
glycerol, ethane diol, or sucrose (Figure 1A) indicated that
diffusion plays a part in the overall kinetics of the reaction.
To test whether the reaction was diffusion-controlled, the
effect of temperature ok, was determined. The effect of
temperature on the viscosity of water suggests that for a
diffusion-controlled reaction the Arrhenius activation energy
would be about 20 kJ mol (22). An Arrhenius plot of
In(kz) against IT (not shown) gave a value for the activation
energy of 47.2+ 1.2 kJ mot?, substantially higher than
expected for a simple diffusion-controlled reaction. A plot
of ko/T againsfT (Figure 3) according to the Eyring equation

rather than some other factor. This was confirmed by
observing that when the relative rate constant was plotted
against either the reciprocal relative dielectric constant
(Figure 1B) or the molality (Figure 1C) the three reagents
gave significantly different effects. Thus, the inhibition was

not the result of either a change in the dielectric constant of
the medium or any colligative effect such as osmotic

pressure.

An increase in solvent viscosity would be expected to slow
the diffusional association of the two proteins, that is, to
decreasé,,. Stokes’ law suggests thif, should be inversely
proportional to viscosity. Similarly, Kramers’ theory for

reaction rates in terms of diffusion over a potential barrier kT  AS  —AHF
also gives an inverse dependence on viscosity. Such behavior k, = . expﬁ expﬁ (2)

has been observed for reactions of certain proteiis1g),

but r_nore_freqqently, a_plot of inverse_ relatiye rate against where the transmission coefficient, < 1, kg is the
relative viscosity has given a slope either significantly less Boltzmann constant, andis Planck’s constant, gavH*
than 1 {9 or greater th.an 120, 21). In the present case, —_ 4534+ 1.1 kJ mo’ryl. This is in good agreemént with the
such a plot (Figure 2) gives not only a slope greater than 1Arrhenius activation energy, which, in principle, can be

::)hut also f_\ distinct upward curvature. Fitting the results to equated withAH* + RT. With « set to 1, the maximum value
€ equation of the entropy of activation waAS' = 52.7 J mot! K1,
O — X giving TAS" = 15.84+ 1.1 kJ mot?! at 300 K andAG*

ke'lky = Anin’) (1) (minimum) = 29.5 4+ 3.7 kJ mot®. The interpretation of

gives a value for the exponert= 1.8 + 0.1 at both 293  this result will be discussed below.
32;10\300 K. The significance of > 1 will be discussed DISCUSSION

Effects of Macromolecular Crowding Reagerigoll 70 Influence of Molecular Size on the Viscosity Effects of
and Dextran 70 were used as high molecular mass crowdingCosobents.The study of electron transfer and other biologi-
reagents, which would help to mimic more realistically the cal reactions in dilute solution is necessary if we are to
solution conditions likely to be encountered in the living cell. understand the chemical and kinetic factors influencing their
The maximum concentrations used, 7% (w/v) in the case of behavior, but the biological significance of the results
Ficoll and 5% (w/v) in the case of Dextran, were in the range obtained must be considered against the very different
corresponding t@n vivo conditions, and these solutions had conditions prevailing inside the cell. One way to bridge the
substantial relative viscosities (2.1 and 2.9, respectively). gap is to study the effects of artificial macromolecular
Surprisingly, a range of concentrations up to these maximum crowding on the reaction in solution. To this end, we
values had little or no effect on the rate of reaction between examined the effects of two reagents, Ficoll 70 and Dextran
cytochromef and plastocyanin, even though solutions in 70, on k, for the reaction between cytochronfeand
which the viscosity had been increased to similar values by plastocyanin. Both reagents have an average molecular
the addition of the low molecular weight viscogens caused weight of about 70 kDa, and neither would be expected to
substantial inhibition (Figure 1A). However, crowding interact specifically with either protein. It should be borne
reagents can be expected to influence rates of reactions inn mind, however, that the natural environment for the
several different ways, with some enhancing the rate andreaction studied is the thylakoid lumen, and according to
some causing inhibition, and these may compensate eaclturrent estimates, the total concentration of soluble protein
other (see below). in the lumen contents is of the order of 20 mg Mlwhereas
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higher concentrations (50400 mg mL*) normally prevalil Scheme 1
in cell cytoplasm 23); furthermore, the lumen is a tightly ke
confined space so that effects of confinement rather than Péox* @t e — [PeoCyt
crowding may be more important.

When the viscosity of the solution was raised by addition by the StokesEinstein equation, which applies to particle
of ethane diol, glycerol, or sucrose, a marked inhibition of diffusion in a liquid phase, or by Kramers’ theory, which
k. was observed (Figure 1A), as would be expected for a applies more generally to any process or reaction in which
reaction in which diffusion plays an important part. It was the rate of passage over a potential energy barrier is
remarkable then that increasing the solution viscosity to a influenced by solvent friction 28, 29). Although such
similar extent by addition of Ficoll 70 or Dextran 70 had behavior has been observed, for example, in the binding of
little or no effect onk,. A similar lack of effect on reaction  antithrombin to thrombinX7) or of a monoclonal antibody
rates has been observed in some other syst2@24). The to cytochromec (18), more complex responses are not
simplest explanation for these observations is compensationinfrequent. Kozer and Schreibe2Q) observed that a plot of
between the two opposing effects of macromolecular crowd- 1/relativek,, against relative viscosity for the binding of the
ing. On one hand, the volume exclusion effect enhancesinhibitor protein BLIP tog-lactamase gave a slope of 2, and
macromolecular association by increasing the effedtive in the case of the binding of HyHEL-5 or HyHEL-10 to hen
andk,n. The excluded volume of 7% (w/v) Ficoll is about egg-white lysozyme, Xavier and Willson observed a slope
60% from osmotic pressure measureme@®) o thatKa of 2.5 (21). The latter authors suggested that the large
andk,, should be enhanced by a factor of 1/6:42.5. On response could be explained by the osmotic effect of the
the other hand, this should be offset by an increase in cosolvent. Formally, a linear response with a slope greater
viscosity. Under our conditions, the relative viscosity of 7% than 1, if it is a genuine effect of viscosity, suggests that the
Ficoll was 2.1, which would almost compensate for the effective microviscosity experienced by the protein solutes
excluded volume effect if there was an inverse dependenceis greater than the macroviscosity measured, for example,
on viscosity. Nevertheless, it would be surprising if such with an Ostwald viscometer, but this distinction does not
compensation would be maintained over a range of crowdercorrespond to physical reality. More frequently, there has
concentrations; the true behavior in a solution of Ficoll or either been a linear response with a slope less than 1, or the
Dextran is almost certainly more complex than this simple plot has shown a downward curvature, indicating a dimin-
model implies. Kozer and Schreib@0j found that the effect  ished response as the viscosity is increased. Two types of
of crowding reagents on the association betwedactamase explanation have been offered for these effects. On one hand,
and its inhibitor protein depended markedly on the chemical there is the inclusion of a protein friction term)(n addition
nature of the reagent. In particular, they found that Ficoll to the solvent friction or viscosity, so thatis replaced by
70 had little effect ork,,, even at a relative viscosity of 5,  (y + o) (30—33); on the other hand, viscosity is represented
whereas Haemaccel, which is a partial hydrolysis product as a power term, so that K/ *. The exponenx has been
of gelatin with an average mass of 35 000 Da, gave the samefound to have a value less than 1, suggesting a partial
response to viscosity as did ethane diol with a mass of 62 shielding from the frictional effects of solvent by the protein
Da. They suggested that Ficoll solutions are nonuniform and matrix (19, 31, 32, 34—36).
that association between Ficoll monomers left relatively large  Such explanations are inadequate, however, in the case
volumes of free solution in which the reacting protein of the reaction between cytochrorh@nd plastocyanin for
molecules could diffuse unhindered, even though the bulk which Figure 2 implies a value of the exponerih eq 1 of
solution has a high viscosity. Moreover, rotational diffusion, 1.8. This suggests thkt depends on two processes occurring
which plays an important part in proteiprotein association,  in series. An upward curvature of the plot as in Figure 2 has
is little affected by macromolecular crowding5). A further not previously been observed in any protein system, as far
possibility, which would probably diminish the effective rate as we are aware, and can only be explained by a power law
of binding, is self-association of plastocyanin or cytochrome behavior withx > 1. Such a situation would not be consistent
f molecules. The Macromolecular Structure Database showswith the reaction being diffusion-controlled (whéa is
that plastocyanin fronP. laminosumis hexameric in the  dependent otk alone), but could, in principle, be accom-
crystal structure and that cytochrorhis dimeric, although modated if it were activation-controlled. In the latter case,
the asymmetric units are monomolecular. Thus, self-associa-the simplest possible scheme for electron transfer (Scheme

Feal =5 [PeoyCyt ol —— Peygy+ Cyt oy

tion is a possibility for both proteins. 1) would give the following equation fdt,
The results obtained with high molecular mass crowders
strongly suggest that crowding is unlikely to be a significant k. = KorKet 3)
, =

factor for relating the solution kinetics of the system to its Kost

behaviorin vivo. Other factors not examined here may,

nevertheless, significantly modify the behavior of the system. Equation 3 would demand that botk,, and k. were

In particular, there is the fact that the reaction normally dependent on viscosity, wherelag was not. It is generally

occurs in the narrow, confined space of the thylakoid lumen, expected, however, that a trig, independent of any part

as mentioned above, and also the possibility of two- of the binding process, would not be influenced by solvent

dimensional diffusion over the membrane surface rather thanviscosity, so that a simple one-step binding process is

three-dimensional liquid-phase diffusio6( 27). unlikely to offer an explanation of the observed viscosity
Response to Low Molecular Mass Viscogélise results dependence.

shown in Figure 2 show a more complex influence of Binding has frequently been described as a two-step

viscosity than the simple inverse dependence predicted eithemprocess 1, 16, 37, 38) such as shown in Scheme 2. The
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Scheme 2
_k _ke
PCox +Cytfred <k— [Pcoxcytf;ed]l <k—
-a -r

k,
[Pcoxcytﬁedb = [Pcredcytféx] Pcred + Cyt jf)x
general equation for this scheme is

= Kk, ,
2k k) ke ™

(39, 40), which, in its reciprocal form, may be rearranged to

(4)

Schlarb-Ridley et al.

Eneigy c

FIGURE 4: Energy diagram for the proposed reaction coordinate.
C represents the most stable form of the precursor complex, which
requires further activationk() to a highly unstable form of the
complex, C, for electron transfer to occur.

between zinc-substituted cytochroragand cytochromd

show how the overall reaction time can be represented asfrom Chlamydomonas reinhardtias indicating that the

the sum of the transit times of the three individual steps

111+1

ko ky o Kak o KaKgke

In eq 5,Ka = ky/k—5 andK; = k/k-,. The equation may be
approximated and simplified depending on which step in
Scheme 2 is rate-limiting. If the initial binding is rate-
limiting, that is to sayke: > k- andk; > k_,, the reaction is
diffusion-controlled and. = ks Again, this does not offer

(5)

binding constant is independent of viscosity, and hence that
Koff IS inversely proportional to viscosity because this is true
for kon. On the other hand, there is evidence from diverse
systems for either a weak viscosity dependencé,pfor
none at all 20, 43—45). Although one might expect
dissociation of a protein complex to be influenced by solvent
friction, the effect can be masked at low relative viscosities
by a larger protein friction term4g). The most plausible
kinetic model to explain our results is thus one in which the
stable form of the complex formed by diffusional interaction

an explanation of the viscosity dependence. A second of the two proteins requires an additional activation to an

possibility is that rearrangement is rate-limiting. This will
be the case whely < k_; andke; > k-, which leads to the
equation

(6)

unstable form before rapid electron transfer can occur, as
illustrated in Figure 4. Thus, in Schemek,< 1 and either
eqs 6 or 7 may be appropriate.

The kinetic model developed above implies that the form
of the complex between plastocyanin and cytochrdfnem
P. laminosumdeduced from chemical-shift changed (s
not capable of rapid electron transfer. Although the NMR

The third regime may be described as activation-controlled experiments yielded 24 slightly different structures, they all

and occurs wherky < ko; and k; < k-, Under these
conditions

I(2 = kk:::rrket

(7)
Equations 6 and 7 open up the possibility lef being
dependent om?. Both k, and k; would be expected to be
sensitive to solvent friction. The extensive studies of Kostic

had in common that His92, the copper ligand of plastocyanin,
makes contact with Phe3 of cytochroifrend not with Tyr1,
as in the higher plant complex)( Phe3 provides a much
less efficient pathway for electron transfer than Tyrl, and
thus, a picture of the activation process emerges in which a
small rotation of one protein relative to the other or possibly
a conformational change of one protein brings His92 into
contact with Tyrl.

Finally, the above discussion suggests a possible inter-

and colleagues on electron transfer between the flash-inducedgretation for those cases of protein association in which a

triplet state of Zn-substituted cytochroroand plastocyanin
or cytochromebs have shown that electron transfer within

plot of the reciprocal ok, against the relative viscosity gives
a slope greater than 1. The crucial point is tkatshould

the preformed complex is dependent on a viscosity-sensitivedepend on the rate constants of two reactions in series. One

rearrangement stegk) (31, 32, 35). A similar viscosity

of them would correspond t&, in Scheme 2 and as a

dependence of the reaction between ruthenium-substituteddiffusional process would be expected to show the theoretical

cytochromec and plastocyanin has also been obserdddl (
In both types of experiment, a first-order apparkatwas
being measured.

In the case of the bimolecular reaction between cyto-

chromef and plastocyanin reported here, tjfedependence
would not have been observed unlé&sg was independent
of viscosity or only weakly dependent. If eq 7 is more
appropriate k-, would have to be similarly insensitive to
viscosity. The latter requirement would be mekif is fast,
owing to a very small activation energy, as illustrated in
Figure 4, so thaK,; < 1. Under these condition_, is
equivalent tdk. There is conflicting experimental evidence
regarding the viscosity dependencekgf. Grove and Kostic

dependence on~!. The second would be a rearrangement,
k., which, although sensitive to solvent friction might be
partially shielded from it so that would depend omy™
wherex < 1. This condition would be satisfied by two-step
binding, corresponding to that involved in Scheme 2, and
for which Selzer and Schreiber givg, = kiki/k_, (37).
The second necessary condition would be thatshould
either be independent of viscosity or dependentzoti
with x < 1. As mentioned above, this is possible if the effect
of solvent viscosity is masked by a larger protein friction
term. The net result would be thiat, would depend oy,
where 1< x < 2. In practice, it would be difficult to
distinguish between a linear relationship with a slope of 2

(42) have interpreted their kinetic data on electron transfer and a power dependence with, says 1.4. This model could
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also be adapted to three-step binding as described byACKNOWLEDGMENT
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discussion of the effects of low molecular mass viscogens
is that the overall reaction cannot be described as diffusion
controlled. Activation parameters derived from the effect of REFERENCES
temperature lead to the same conclusion. In particilif,
= 45.3 kJ mot! is more than double what would be expected 1. Ubbink, M., Ejdebek, M., Karlsson, B. G., and Bendall, D. S.

i ; [P : N (1998) The structure of the complex of plastocyanin and cyto-
for a simple diffusion-controlled reaction. The activation chromef, determined by paramagnetic NMR and restrained rigid-

enthalpy is partially offset by a positive activation entropy, body molecular dynamicsStructure 6 323-335.
which suggests that the complex must pass through a looser 2. Crowley, P. B., Otting, G., Schlarb-Ridley, B. G., Canters, G. W.,

configuration in the transition state before electron transfer and Ubbink, M. (2001) Hydrophobic interactions in a cyanobac-
can occur. terial plastocyanircytochromef complex,J. Am. Chem. Soc. 123

We thank Marcellus Ubbink for helpful discussion and
Janet Thornton for useful comments on the terminology of
transient complexes.

_ o 10444-10453.
The growth temperature d?. laminosumin its natural 3. Crowley, P. B., and Ubbink, M. (2003) Close encounters of the
environment is 43C, substantially higher than the temper- transient kind: Protein interactions in the photosynthetic redox

ature of the measurements reported above. In a previous Cchain investigated by NMR spectroscopyce. Chem. Res. 36

S . : 723-730.
publication @2), we concluded that at the physiological 4. Wang, J.-H. (2002) Protein recognition by cell surface receptors:

temperature cytochromieand plastocyanin would interact Physiological receptors versus virus interactidirends Biochem.

at least as rapidly as does the higher plant system if we Sci. 27 122-126.

assumed an enthalpy of activatiattf", of 40 kymol ™. The 5800, B Paesy B ) B0 Lol NECee, o onis of hateroypic

measured value of 45 kJ miélconfirms this conclusion. adhesion 7between the cell surface proteins CD2 and CDA48,
The activation energy fok, is the sum of the activation Biochemistry 4112163-12170.

energies of the individual rate constants in eqs 6 or 7, giving 6. Ceres, P., and Zlotnick, A. (2002) Weak proteprotein interac-

- tions are sufficient to drive assembly of hepatitis B virus capsids,
the reverse rate constants negative values. Let us suppose Biochemistry 4111525-11531.

that eq 7 applies, that is to say that< k-r. The difference 7. del Aamo, M., Neira, J. L., and Mateu, M. G. (2003) Thermo-
in activation free energies fdg andk_, is given byAAG* dynamic dissection of a low affinity proteirprotein interface
= —RTIn Kz~ —14 kJ mot, becaus&, ~ 300 ). If we involved in human immunodeficiency virus assemhly,Biol.
_ A~ Chem. 27827923-27929.
assumeK; = 0.1, as a modest example, we obtAING™ = . . . - )
1 o 8. Zuiderweg, E. R. P. (2002) Mapping proteiprotein interactions
6 kJ mor™ for the se_cond step of Scheme 2. Beca in solution by NMR spectroscopBiochemistry 411—7.
for the overall reaction was found to be 30 kJ miplwe 9. Shaw, A., Fortes, P. A. G., Stout, C. D., and Vacquier, V. D.
can calculate that, foke, AG* = 30 + 14 — 6 = 38 kJ (1995) Crystal structure and subunit dynamics of the abalone
-1 ; ; ° A sperm lysin dimer: Egg envelopes dissociate dimers, the monomer
tthI ’ FAO(;*tflSlr/iaCtl_(t)r?ﬁ(g . Ot’hand hence.' frt(.)m Marcus is the active specied, Cell. Biol. 130 1117-1125.
eory, - » Wi eing ihe reorganization energy, 10. Nooren, I. M. A., and Thornton, J. M. (2003) Diversity of protein
so thatd = 152 kJ mot? or 1.6 eV. Although there is no protein interactionsEMBO J. 22 3486-3492.
independent measurement bfor this reaction, the value 11. Nooren, 1. M. A., and Thornton, J. M. (2003) Structural charac-
of 1.6 eV lies within the range of values for similar reactions. terisation and functional significance of transient protginotein
interactionsJ. Mol. Biol. 325 991-1018.
If, on the other hand, we assume that> k- so that eq 12. Schlarb-Ridley, B. G., Bendall, D. S., and Howe, C. J. (2002)
6 applies, we can calculate thAG* for k; is 44 kJ mot™. Role of electrostatics in the interaction between cytochrbarel
The Eyring equation (eq 2), with= 1, then givek, = 1.2 El_astr?cya_lnin g;fL?)tg?eg_c%/gggbacteriumhormidium laminosumn
—1 : . —1 iochemistry .
x 10> s™%. For eq 6 to be plausiblee > 1.2 x 10° s 13. Schlarb-Ridley, B. G., Bendall, D. S., and Howe, C. J. (2003)
would be required. Application of the equation of Moser and Relation between interface properties and kinetics of electron
Dutton @7, 48) transfer in the interaction of cytochroni@nd plastocyanin from

plants and the cyanobacteritPmormidium laminosupBiochem-
. 0 2 istry 42, 4057-4063.
logk=13—-0.6(R—3.6)— 3.1AG" + ’1) 12 (8) 14. Sambrook, J., Fritsch, E. F., and Maniatis, T. (198%alecular
Cloning: A Laboratory ManualCold Spring Harbor Laboratory,
gives the edgeedge distanceR = 6.9 A, fork = 1.2 16 Cold Spring Harbor, New York. _
standA = 1.6 eV, as calculated above. This is a plausible 15 Schlarb, B. G., Wagner, M. J., Vijgenboom, E., Ubbink, M.,

. . . S - . Bendall, D. S., and Howe, C. J. (1999) Expression of plastocyanin
distance if the ring of the histidine ligand to the Cu atom is and cytochromé of the cyanobacteriur@hormidium laminosum

[any

included as part of the Cu cofactor. in Escherichia coliand Paracoccus denitrificanand the role of
The above calculations provide only approximate estima- 16 lﬁ:ﬂerspeEptlgﬁﬁ;EeRzi;g?g_ é83'Delon ¢ Bendall. D. S, and

tions of parameters, but, nevertheless, they serve to confirm =™ "\ ="}’ (2003) Role of charges on cytochroffeom the

the conclusion from the study of the effects of low molecular cyanobacteriunPhormidium laminosunin its interaction with

mass viscogens that the reaction can plausibly be described  plastocyaninBiochemistry 424829-4836.

with the assumption that the most stable form of the 17. Stone, S. R., and Hermans, J. M. (1995) Inhibitory mechanism of
serpins. Interaction of thrombin with antithrombin and protease

interprotein complex is not capable of r_apld ele_ctron transfer. nexin 1, Biochemistry 345164-5172.

A thermally_actlvate_d rearrangement is required, such that 18 Raman, C. S., Jemmerson, R., Nall, B. T., and Allen, M. J. (1992)
K; < 1. The information available, however, does not enable Diffusion-limited rates for monoclonal antibody binding to cyto-
a distinction to be made between limitation by electron- chromec, Biochemistry 3110370-10379.

H H T : 19. Feng, C., Kedia, R. V., Hazzard, J. T., Hurley, J. K., Tollin, G.,
<
transfer |tse|f, Whe'ket kfr and eq / applles, and limitation nd En rk, J. H. (2002) Effect of solution visc ity h

by the rearrangement step, whka > k- > k-and eq 6 intramolecular electron transfer in sulfite oxidagéochemistry
applies. 41, 5816-5821.



6238 Biochemistry, Vol. 44, No. 16, 2005

20.

21.

22.
23.

24.
25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

Kozer, N., and Schreiber, G. (2004) Effect of crowding on
protein—protein association rates: Fundamental differences be-
tween low and high mass crowding agegtdyiol. Biol. 336 763—

774.

Xavier, K. A., and Willson, R. C. (1998) Association and
dissociation kinetics of anti-hen egg lysozyme monoclonal
antibodies HyHEL-5 and HyHEL-1@®iophys. J. 742036-2045.

van Holde, K. E. (2002) A hypothesis concerning diffusion-limited
protein-ligand interactionsBiophys. Chem. 161102, 249-254.
Minton, A. P. (2001) The influence of macromolecular crowding
and macromolecular confinement on biochemical reactions in
physiological mediaJ. Biol. Chem. 2761057710580.

Wenner, J. R., and Bloomfield, V. A. (1999) Crowding effects
on EcoRV kinetics and bindingBiophys. J. 773234-3241.
BernadpP., de la Torre, J. G., and Pons, M. (2004) Macromo-
lecular crowding in biological systems: Hydrodynamics and NMR
methods,J. Mol. Recognit. 1,7397—407.

Bendall, D. S., and Wood, P. M. (1978) Kinetics of electron
transfer through higher-plant plastocyaninPinotosynthesis ‘77.
Proceedings of the Fourth International Congress on Photosyn-
thesis(Hall, D. O., Coombs, J., and Goodwin, T. W., Eds.), pp
771-775, The Biochemical Society, London, U.K.

Lockau, W. (1979) The inhibition of photosynthetic electron
transport in spinach chloroplasts by low osmolarigur. J.
Biochem. 94365-373.

Kramers, H. A. (1940) Brownian motion in a field of force and
the diffusion model of chemical reactiorBhysica 7 284—304.
Gavish, B. (1986) Molecular dynamics and the transient strain
model of enzyme catalysis, ifihe Fluctuating Enzym@n\elch,

G. R,, Ed.), pp 263339, John Wiley, New York.

Ivkovic-Jensen, M. M., Ullimann, G. M., Young, S., Hansson, O.,
Crnogorac, M. M., Ejdelik, M., and Kostic, N. M. (1998) Effects

of single and double mutations in plastocyanin on the rate constant
and activation parameters for the rearrangement gating the
electron-transfer reaction between the triplet state of zinc cyto-
chromec and cupriplastocyanirBiochemistry 37 9557-9569.
Ivkovic-Jensen, M. M., and Kostic, N. M. (1997) Effects of
viscosity and temperature on the kinetics of the electron-transfer
reaction between the ftriplet state of zinc cytochromend
cupriplastocyaninBiochemistry 368135-8144.

Qin, L., and Kostic, N. M. (1994) Photoinduced electron transfer
from the triplet state of zinc cytochroneeto ferricytochromebs

is gated by configurational fluctuations of the diprotein complex,
Biochemistry 3312592-12599.

Mei, H. K., Wang, K. F., Peffer, N., Weatherly, G., Cohen, D. S.,
Miller, M., Pielak, G., Durham, B., and Millett, F. (1999) Role
of configurational gating in intracomplex electron transfer from
cytochromec to the radical cation in cytochromeperoxidase,
Biochemistry 386846-6854.

Beece, D., Eisenstein, L., Frauenfelder, H., Good, D., Marden,
M. C., Reinisch, L., Reynolds, A. H., Sorensen, L. B., and Yue,
K. T. (1980) Solvent viscosity and protein dynamiB&chemistry

19, 51475157.

40.

41.

42.

43.

45,

46.

Schlarb-Ridley et al.

.Zhou, J. S., and Kostic, N. M. (1993) Gating of photoinduced

electron transfer from zinc cytochrormseand tin cytochrome to
plastocyanin. Effects of solution viscosity on rearrangement of
the metalloprotein complex]. Am. Chem. Soc. 1180796~
10804.

. Lasey, R. C,, Liu, L., Zang, L., and Ogawa, M. Y. (2003) Peptide

protein interactions: Photoinduced electron-transfer within the
preformed and encounter complexes of a designed metallopeptide
and cytochrome, Biochemistry 423904-3910.

. Selzer, T., and Schreiber, G. (2001) New insights into the

mechanism of proteiaprotein associatiorBroteins 45190-198.

. Schreiber, G. (2002) Kinetic studies of proteprotein interac-

tions, Curr. Opin. Struct. Biol. 1241—-47.

.Bendall, D. S. (1996) Appendix B. Kinetic analysis,Rnotein

Electron Transfer(Bendall, D. S., Ed.), pp 285293, Bios
Scientific Publishers, Oxford, U.K.

Fersht, A. R. (1999) irStructure and Mechanism in Protein
ScienceW. H. Freeman and Co., New York.

Harris, M. R., Davis, D. J., Durham, B., and Millett, F. (1997)
Temperature and viscosity dependence of the electron-transfer
reaction between plastocyanin and cytochrarmabeled with a
ruthenium(ll) bipyridine complexBiochim. Biophys. Acta 1319
147—154.

Grove, T. Z., and Kostic, N. M. (2003) Metalloprotein association,
self-association, and dynamics governed by hydrophobic interac-
tions: Simultaneous occurrence of gated and true electron-transfer
reactions between cytochrorhand cytochromes from Chlamy-
domonas reinhardtjiJ. Am. Chem. Soc. 1280598-10607.
Gerencser, L., Laczko, G., and Maroti, P. (1999) Unbinding of
oxidized cytochromes from photosynthetic reaction center of
Rhodobacter sphaeroides the bottleneck of fast turnover,
Biochemistry 3816866-16875.

. Moser, C. C., and Dutton, P. L. (1988) Cytochromend c,

binding dynamics and electron transfer with photosynthetic
reaction center protein and other integral membrane redox proteins,
Biochemistry 272450-2461.

Xavier, K. A., McDonald, S. M., McCammon, J. A., and Willson,
R. C. (1999) Association and dissociation kinetics of bobwhite
quail lysozyme with monoclonal antibody HyHEL Brotein Eng.

12, 79-83.

Ansari, A., Jones, C. M., Henry, E. R., Hofrichter, J., and Eaton,
W. A. (1992) The role of solvent viscosity in the dynamics of
protein conformational changeScience 2561796-1798.

.Moser, C. C., and Dutton, P. L. (1992) Engineering protein

structure for electron-transfer function in photosynthetic reaction
centers Biochim. Biophys. Acta 110171-176.

48. Page, C. C., Moser, C. C., and Dutton, P. L. (2003) Mechanism

for electron transfer within and between protei@rr. Opin.
Chem. Biol. 7551-556.

BI047322Q



