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ABSTRACT. The role of charged residues on the surface of plastocyanin from the cyanobacterium
Phormidium laminosurin the reaction with soluble cytochronfién vitro was studied using site-directed
mutagenesis. The charge on each of five residues on the eastern face of plastocyanin was neutralized
and/or inverted, and the effect of the mutation on midpoint potentials was determined. The dependence
of the overall rate constant of reactioks, on ionic strength was investigated using stopped-flow
spectrophotometry. Removing negative charges (D44A or D45A) accelerated the reaction and increased
the dependence on ionic strength, whereas removing positive charges slowed it down. Two mutations
(K46A, K53A) each almost completely abolished any influence of ionic strengkh, @md three mutations

(R93A, R93Q, R93E) each converted electrostatic attraction into repulsion. At low ionic strength, wild
type and all mutants showed an inhibition which might be due to changes in the interaction radius as a
consequence of ionic strength dependence of the Debye length or to effects on the rate constant of electron
transfer ket The study shows that the electrostatics of the interaction between plastocyanin and cytochrome
f of P. laminosumin vitro are not optimized fok,. Whereas electrostatics are the major contributde to

in plants [Kannt, A., et al. (199@8iochim. Biophys. Acta 1277115-126], this role is taken by nonpolar
interactions in the cyanobacterium, leading to a remarkably high rate at infinite ionic strength {872
M-1s).

Plastocyanin (Pé)and cytochroméare two redox proteins  cytochromebf complex. It passes them onto the soluble,
in the electron-transfer chain of oxygenic photosynthesis. lumenal electron carrier Pc, which in turn reduces P the
Cytochromd, an integral part of the cytochronécomplex, primary electron acceptor of photosystem I. For a high rate
receives electrons from the Rieske FeS protein in the of turnover each reaction must be fast and binding of the

soluble reaction partner transient.
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Scheme 1
kon ket

A+B = (AB)~=~— (A-BH) E A-+Bt
Kott ket

and restrained rigid body molecular dynamid3)( On the
basis of this structure and the crystal structures of Pc and
Cyt f from P. laminosun(2, 18), a homology model of the
analogous complex for the cyanobacterial proteins was
obtained, which enabled identification of residues most likely
to be involved in the electrostatic interaction. Site-directed
mutagenesis of these residues for kinetic studies on their role
in the interaction is possible since expression systems for
both Pc and Cyf have been established)( This study
presents the analysis of wt and seven charge mutants of Pc
with Cyt f from P. laminosum

The kinetic model used in this study for the interaction
between the Cyt and Pc in solution is given in Scheme 1,
and eq 1 is the formula derived from it assuming steady-

Ky = Konk/ (Kott + ko) 1)

state conditions [for a detailed description, see Bend&ll (
20); k, = the second-order rate constant of the overall
Ficure 1: Space-filling representations of Ciyand Pc drawn in reaction ko, = the rate C(_)nsta_nt -Of complex formatid
Rasmol: ( b) the lumenal domain of Qfrom turnip andP. = the rate constant of d|ssomat|on_befor<_a electron transfer
laminosum (c, d) Pc from pea an@. laminosumColor code for ~ has taken place is related td<;, the intrinsic rate constant
amino acid side chains/heme: yellow, hydrophobic; orange, heme; of electron transfer, and would become equakdaf the
red, acidic; green, CytY1 (sixth heme ligand), Pc Y83 (pea)/Y88  driving force were large enough]. Whereas the overall rate
(P. laminosunt blue, basic; dark purple, H87 (pea)/HIP.(  cqonstant of reactiorky, can be measured in a stopped-flow
laminosun) (Cu ligand); light purple, Q88 (analogous to R9FHn e .
laminosun). speqtrophotometer, possible methods to dett_ermkmd the
binding constanta (=ko/kot), are still under investigation.
Cytochrom is anchored in the thylakoid membrane with I:_)etermination_o_f redox potentials, however, enables_ calcula-
a C-terminal transmembrane helix. The redox-active 28 kDa tion of the driving forceAG, one of the three variables
N-terminal domain (abbreviated as Gyprotrudes into the ~ determiningke; at a given temperature. The overall rate
lumen. This soluble domain, which has been crystallized ( €onstantke, can also be segregated into electrostatic and
2), was used in this study. It is an unusiatype cyto- nonelectrostatic contributions, i.e., electrostatic binding (ef-

chrome: it is elongated, mainf§-sheet, and its sixth heme f€CtS 0nkon) on one hand and nonelectrostatic binding and

ligand is the N-terminus, Tyr-1. The overall structure is electron transfer on the other hand. lonic strength dependence

highly conserved between higher plants and cyanobacteriaCllVes Ofke provide information about both aspects: the

(2). The main difference lies in the charge properties. _shape _of the curve relates to the role_ of _electrostanc

Whereas both proteins are acidid [pf parsley Cytf, 4.7 mteractlons,.anq thg gxtrapolated endpoint, i.e., the rate

(3); pl of Phormidium laminosun@yt f, 4.2 @)], in higher constant at |nf|_n|te ionic strengtfkm represents the rate

plants and green algae Cipossesses a prominent basic constant at Whl(;h all electrostatic contrlbutlonsl@ are

ridge which has been shown to interact with acidic patches @Polished. In this study, the role of electrostatics in the

on Pc 6-8). In P. laminosumthe basic ridge is replaced transient interaction _of C)ftand_ Pc from the cyanobacterium

by a less prominent acidic ridge (Figure 1 a,b). P. laminosunmis eluudateq using stopped-flow spectropho-
Pc is a type | copper protein of ca. 11 kDa. Again, its tometry and redox potentiometry.

overall structure of. an antiparalléﬂ-barrel is conserved MATERIALS AND METHODS

among cyanobacteria and higher plats {2), whereas the

charge properties differ considerably. In higher plants, two  Molecular Biology and Mutagenesislolecular biological

prominent acidic patches have been shown to interact with methods were essentially as described by Sambrook et al.

the basic ridge of Cyt (5, 6, 13). The d ranges from4.0to  (21), and materials were as in Schlarb et 4). Mutagenesis

4.2 (14). In cyanobacteria, thel pange is much larger [5.2  of the petE gene in vector pET11PCA)Y was carried out

for P. laminosum(15) to 8.4 for Anabaenavariabilis (16)]. according to the QuickChange site-directed mutagenesis

Figure 1d shows that, iRP. laminosumthe acidic patches = method (Stratagene;.a&f 22). The following codon changes

of higher plant Pc (Figure 1c) are replaced by a cluster of were introduced to obtain the respective mutations: GAT

positive and negative charges. to GCT for mutant D44A, GAC to GCC for mutant D45A,
For spinach Pc and turnip Cijta structure of the transient AAG to GCG for mutant K46A, AAA to GCA for mutant

complex in vitro has been obtained by paramagnetic NMR K53A, and CGG to GCG for mutant R93A. Incorporation
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of the correct mutation and absence of undesired mutations
were checked by sequencing of the mutated constructs. The

plasmids with the correct mutations were named pETPcD44A, : ™
PETPcD45A, pETPcK46A, pETPcK53A, and pETPCR93A, '
respectively, and transformed intscherichia colistrain '
BL21(DE3)pLysS or BL21(DE3)E. colistrain BL21(DE3)- '

pLysS carrying the pET11PC vector with the mutations \
R93Q and R93E (named pETPcR93Q and pETPcR93E) was
received as a gift from M. J. Wagner. '
Protein MethodsExpression, purification, and character-
ization of wild-type Pc and Cyt as well as all Pc mutant
proteins were carried out as in Schlarb et 4). Extinction

coefficients used to calculate protein concentrations were

4700 Mt cm* for P. laminosurmand spinach Pc and 31500 '
M~ cmt for P. laminosunand turnip Cyftf. FIGURE 2: Space-filling representation & laminosunPc drawn

L . in Rasmol. Color code for side chains: purple, H92 (Cu ligand);
Kinetic AnalysisMeasurements of the second-order rate pink Da4: red, D45; light blue, K46; blue, K53; cyan, R93.

constant,k;, and its ionic strength dependence were per-

formed at 300 K and pH 6.0 in an Applied PhOt.O.phyS'CS Table 1: Kinetic Data and Parameters of the Watkins Equation for

stopped-flow spectrophotometer (SF.17MV). Conditions and the Interaction of wt and MutarR®. laminosurrPc¢ with wtP.

experimental procedures were essentially as in Kannt et al.laminosumCyt f and of wt Spinach Pc with wt Turnip Cyt

(5) except that the concentration of Ci/in the reaction ko (107 ke (107 Vi p(RA)+ C,—Cu

mixture was held constant at 0.0828! instead of 0.1uM Mt Mish+ o fitting fitting  distance
- Pc s1) fitting error error error A

and that, for ionic strength dependence measurements, 20

i wildtype 4.7 3.22£0.07 —0.96+0.08 5.6+1.2
mM MES, pH 6.0, was used as buffer instead of 10 mM 60 3981011 —2951015 89+07 1514

KPi, pH 6.0. The ionic strength of the zwitterionic buffer at p s 59 334+008 -260+010 B80+05 1848

this pH was assumed to be 10 mM. The concentration of Pc k4sA 31 3.21+0.04 056+£0.02 17.0£1.7 20.43

in the reaction mixture was held constant during each ionic K53A 33 355+0.03  0.34£0.03 24.4+53 21.33

strength dependence measurement. It wasuM6for wt, Sggg 19 ooerole Q7eE00s 3508 77

R93Q, and R93E, 1‘2M for D44A, D45A, and K53A, and RI93E 1.0 207017 2.07+0.05 5.5+0.8 7.17

1.08 uM for K46A and R93A. wildtype 151 0.44+0.12 -13.1+3.2 6.9+ 15
Redox Potentiometryhe determination of the midpoint B:ggg

potentials ofP. laminosunPc and Cytf was performed as _
2The data for higher plants were taken from Kannt et &). (

in Wagner et aI.'I{S), except that the reference electrode Individual errors given in the table refer to the curve fitting. The overall
was an Ag/AgCl in polymer electrode (type KCMMPTRL,  error ofk, is estimated to be:5% of the given values and that of the
Russell) filled wih 3 M KCI, resulting in a half-cell potential  parameters of the Watkins equation ca. 10%. Watkins equatioks In
of 1994 1 mV. The electrode was calibrated at 289 K with = In k. — Vie™/(1 + «p), with k. = k; at infinite ionic strength

5 mM potassium ferricyanide and 5 mM potassium ferro- (M_'s ™), Vi = electrostatic attraction tern, = 0.327%/! (D;by"*
cyanide in 10 mM KR pH 7.0, taking a value ., = 407.5 Hickel parameter at 300 K), angd= radius of active site (A).

mV (24). The titrations were carried out at 300 Kin 10 mM | ) )

KP, containing 0, 40, or 90 mM KCI and 56M potassium is either Q or A in all known higher plant sequences. Of the

ferricyanide, pH 6.0, or in 20 mM MES, containing 900 mM residues mutated in this study, it is closest to the site of
KCl and 50 uM p’otassium ferricyaﬁide oH 6.0. The €lectron transfer (Table 1). The analogous residue in Pc from
difference between the absorbances at 598 and 680 nm fof\nabaen&CC 7119, R88, has recently been shown to have
Pc and at 555.6 and 620 nm for Gytere taken as a measure & SPecific effect in reaction withAnabaenaPSI @6).

of partial reduction. The potential was adjusted by addition Molecular masses of purified proteins as determined by-£SI

of 0.1-1 uL aliquots of freshly prepared 10 mM sodium Mass spectrometry were in agreement with the values
ascorbate solution. predicted from the translated DNA sequence. The results of

isoelectric focusing (data not shown) were as expected, in
RESULTS that the p of D44A and D45A increased and that of the
other mutants decreased relative to the wild-type protein. The
In the homology model of the transient complex between visible spectra of the mutants were essentially identical to
Pc and Cyff from P. laminosumfive charged residues on  those of the wild type (data not shown). These results indicate
Pc most likely to be involved in the electrostatic interaction that the mutant proteins were expressed correctly. Structural
were identified: D44, D45, K46, K53, and R93 (Figure 2). analysis by 200H NMR was not carried out, as Kannt et al.
To investigate the influence of these residues on the overall(5) have shown that mutations of surface charges do not
rate of reaction, their charge was neutralized by replacementsignificantly alter the overall structure of spinach Pc. The
with the small hydrophobic amino acid alanine. The use of kinetic behavior of wild-type and mutant Pc with wild-type
alanine substitution as a reference has been discussed byt f was investigated at 300 K and pH 6.0 by stopped-flow
Wells (25). For R93, mutations to Q and E were also spectrophotometry. Midpoint potentials were determined by
investigated to elucidate the influence of an uncharged, butredox potentiometry under the same conditions.
hydrophilic residue and of charge inversion in this position. =~ Second-Order Rate ConstaiMalues for the second-order
This Arg residue is conserved among all cyanobacteria butrate constantk,, under standard ionic strength conditions
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Ficure 3: Concentration dependence lgfs wt and mutantP.
laminosunPc with wtP. laminosunCyt f. The solid lines represent
linear regressions, and their slopes repredentExperimental
conditions: 300 K, pH 6.0; concentration of Cyt0.0825xM.
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FiGure 4: lonic strength dependence kf wt and mutantP.
laminosumPc reacting with wP. laminosuntCyt f. All measured
data points are shown; for the fits to the Watkins equation the first
data points were excluded (up to 30 mM ionic strength for wild
type and the Asp mutants, up to 15 mM ionic strength for the Lys
and Arg mutants). Fitting parameters are summarized in Table 1.
Experimental conditions: 300 K, pH 6.0; concentration of €yt
0.0825uM; concentration of Pc, 1.6M for wt, R93Q, and R93E,

1.2 uM for D44A, D45A, and K53A, and 1.08M for K46A and
R93A.

(10 mM KR, 90 mM NacCl) were calculated from the slopes

Schlarb-Ridley et al.

Table 2: Midpoint PotentialsH, in mV) for wt and MutantP.
laminosumPc and wtP. laminosumCyt f at Varying Salt
Concentratiors

Em (MV) at

10mM KR, 10mMKR, 20mM MES,
protein 10 MM KPR 40 mMKClI 90 mM KCI 900 mM KCI
wt Pc 333+ 3 335+ 3 332+ 2 322+ 2
D44A nd nd 343+ 3 332+ 2
D45A nd nd 341+ 2 332+ 2
K46A nd nd 333+ 2 323+ 2
K53A nd nd 336+ 3 323+ 3
R93A nd nd 333 325+ 2
R93Q nd nd 336 3 324+ 2
R93E nd nd 326t 2 320+ 2
wtCytf 315+ 3 321+ 2 323+ 3 322+ 2

a All measurements were done at pH 6.0 and 300 K in the buffer
described in each column using & potassium ferricyanide as a
redox buffer.

“interactive site/surface/area” to refer to the region of the
surface that influencek,, which may be larger than the
interface of the final complex. Data points at 10 mM ionic
strength, and in addition at 15 and 20 mM for wild type,
D44A, and D45A Pc, were excluded to obtain a better fit.
The fitting parameters of the Watkins equation are listed in
Table 1. The most reliable parameter of the curve fitds

the extrapolated rate constant at infinite ionic strength. It
represents rate constants of binding and electron transfer in
the absence of any long-range chargbarge interaction.
With increasing ionic strength the curves of wild type and
all mutants converge. The comparatively small kinetic
differences between wild-type Pc and most of the mutants
which remain at infinite ionic strengthk{; Table 1) are
within the overall error of 10% and not considered signifi-
cant. The exception is R93E, but if the difference in this
case is real, its origin is unknown.

It can be seen that the electrostatics of the wild-type
reaction are attractive, sinde decreases with increasing
ionic strength, i.e., with increased shielding of the (favorable)
charges. This is mirrored in a negative electrostatic attraction
term V;. The dependence on ionic strength increases for
D44A and D45A ¥; more negative), implying that the
electrostatic interaction is more favorable in these mutants.
For K53A and K46A, however, the influence of the charges
on the interaction is abolished apart from an inhibition effect
at low ionic strength that is also visible in all other curves
(in the R93 mutants superimposed with the overall repulsion).

of the observed pseudo-first-order rate constant against Pdf the data points for the K53A mutant at 10, 15, and 20

concentration (Figure 3, Table 1). Neutralizing acidic residues
(Acharge= +1) increasedk,, whereas neutralizing basic
residues Acharge= —1) or introducing an additional acidic
side chain Acharge= —2) decreased,.

The effect of ionic strength on the second-order rate

mM ionic strength are excluded, the Watkins fit becomes a
straight line ;i zero); for the K46A mutant, only a negligible

curvature remains. Neutralizing a single positive charge
closer to the Cu (R93A, R93Q) not only abolishes the
attraction between the two proteins but even converts it into

constant was also determined at 300 K and pH 6.0. Resultsrepulsion (positiveV;). A change in net charge of2 leads

are shown in Figure 4. The data were fitted to the equation
of Watkins [Ink, = In k., — Vie™/(1 + «p)], where k.,
equalsk; at infinite ionic strengthl/; describes the electro-
static attraction energy in units &§T, «, the Debye-Huckel
parameter, is 0.32%71 at 300 K, andp is the radius of the
active site in angstrom®7). This equation is based on the
so-called parallel plate modeRT) and interprets charge

to a more pronounced repulsion.

Redox PotentialsTo shed light on the contribution of
driving force to the kinetic changes, midpoint potentials were
determined at 300 K and pH 6.0 under standard ionic strength
conditions (10 mM KR 90 mM KCI) or in 900 mM KClI
and 20 mM MES as an approximation to tBg values at
infinite ionic strength. KCI rather than NaCl was used in

charge interactions as dominated by local charges on thethe buffer as the reference electrode was filled with KCI.

interactive sites. Here, and in what follows, we use the term

Results are summarized in Table 2. The midpoint potential
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at standard ionic strength conditions increased-i) mVv transient conformations, which may involve electrostatics,
for Acharge= +1 (D44A, D45A), remained essentially the remain invisible by NMR since they do not result in
same as wild type foAcharge= —1 (K46A, K53A, R93A, observable chemical shift changes of Pc nuclei. They may,
R93Q), and decreased by 6 mV facharge= —2 (R93E). however, affect the number of productive collisions and thus
At high salt concentration, the midpoint potentials for all k,n. The apparent discrepancy between the kinetic and NMR
Pcs were~10 (+4) mV lower, whereas the value for Ciyt  data is solved if the reaction is diffusion limited. Thiepis
was essentially the same as that under standard conditionsthe main determinant df,, and the changes observed for
Hence the driving force decreased whether the rate constanthe charge mutants reflect effects &. The conclusion
increased or decreased with ionic strength. This implies thatunder this assumption is that although the charged residues
the changes in driving force had little influence on the do not make contact with Cytin the complex, they serve
observed changes in rate constant. It is surprising thatto increase, Hence the results presented here are a strong
mutations D44A and D45A, with Acharge of 1, lead to a  indication that the reaction is indeed diffusion controlled.
larger change in redox potential than R93E witheharge Gong et al. §) came to a similar conclusion for the higher
of 2. This change is therefore not solely due to the altered plant system. Temperature dependence measurements which
charge, which is confirmed by the fact that it appears to be will further investigate diffusion control are under way.
independent of ionic strength (Table 2). Thus some subtle lonic Strength DependencEhe results also show that the
structural change influencing the redox potential seems to electrostatic interaction between Pc and Gyfrom P.
be introduced in D44A and D45A but not in the other laminosumis dominated by the basic properties of the
mutants. interactive area of Pc even though overall the protein is

The midpoint potential of wild-typ®. laminosunPc is acidic. The analysis of the ionic strength dependence is
significantly lower than previously reported, 23), because  therefore based on an equation of Watkins et2d) (hich
determination of the potential of the reference electrode asonly takes the charge of the so-called interaction site into
in Materials and Methods gave a value which differed consideration (“parallel plate model”; monopeigonopole
appreciably from that previously assumé@)( The corrected  term of the whole equation). The approach of van Leeuwen
value (322 mV; cf Table 2) is substantially lower than (33), which considers both the net charge and overall dipole
commonly found for higher plant Pcs (34396 mV; 28) moment of electrostatically interacting proteins, should in
but is similar to that reported for another cyanobacterial Pc theory give more accurate results. However, the number of
from A. variabilis (29, 30). Determination of the midpoint fitting parameters in this approach makes their interpretation
potential ofP. laminosumCyt f under identical conditions  less obvious. The Watkins equation used here has proved
(cf. Table 2) showed that the driving force of the reaction suitable for comparative mutagenesis studies. Its limitations
studied in this paper is approximately zero. are discussed below.

For wild-type Pc and Cyt, midpoint potentials were also _ 1he overall dependence on ionic strength of the wild-type
determined in 10 mM KPand in 50 mM KCl and 10 mM  interaction is weak and not optimized for a fagtNeutral-
KP; (Table 2). For Pc, the potential did not change ization of a single positive charge turns _attraction into
significantly, whereas it dropped by ca. 8 mV from 100 to fepulsion. The extent of the effect is larger for mutations of
10 mM salt for Cytf. The driving force thus increased at the residue closer to the copper (R93A/R93Q). These findings
low salt concentrations and cannot explain the inhibition @re in stark contrast to the behavior of the analogous higher
effect observed fok, at low ionic strength. plant proteins. In 1996, Kannt et ab)(published the ionic

It is clear that the electrostatic interaction between Pc and strength depend_e nce of the_ reaction of wild type and acidic
Cyt f from P. laminosunin vitro is based on a fine balance patch mutant spinach Pc with wild-type turnip GyLp to

of the charges on the interactive surface and is not optimizedfour negative charges of the large and small acidic patches

for ko. Considerably faster rate constants can be obtained invere deleted in six different mutants. A-2-fold decrease

. . . . in k; was observed for each negative charge abolished,
vitro by single point mutations (D44A/DASA). regardless of its position. The mutations led to a decreased

DISCUSSION dependence on ionic strength compared to the wild-type
reaction, but not even a change in net charge-éfturned
Results presented here show that all five mutated residueghe attraction into repulsion. When an additional negative
influence the rate of reaction between Gyand Pc ofP. charge was introduced in position 88 (Q88E; this position
laminosum Only for the Asp mutants could the change in corresponds to R93 iR. laminosurj the increase in rate
driving force account for the change in rate constant at 100 was smaller than predicted. Q88 in higher plants thus seems
mM ionic strength [using Marcus theory prediction as to be of less relative importance than the acidic patches,
described by Rich and BendaB1)] and then only if one  whereas the corresponding residue in cyanobacteria, R93,
assumed full activation control. Hence the observed kinetic is of greater importance than the cyanobacterial charge cluster
effects for all mutants can mainly be attributed kg or corresponding to the acidic patches of higher plants. This
binding. This is surprising in light of recent NMR results Arg residue has also been shown to be important in the
obtained by Crowley et al.3@) on the P. laminosum interaction of cyanobacterial Pcs with their homologous
complex, which suggest that the hydrophobic northern end photosystems 126).
of Pc is the sole area of contact in the complex in solution, All proteins, wild type as well as mutants, show an
in contrast to the homology model on which the choice of inhibition effect at low ionic strength (for the R93 mutants
mutants used in this study was based. However, the complext cannot be distinguished from the overall repulsion). This
observed by NMR represents the conformation(s) presenteffect has also been observed by Meyer et3) &nd Kannt
during the majority of the lifetime of the complex. More et al. §) and was interpreted using a widely accepted
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rearrangement model (cfef 35). The optimum ink; is
explained by an equilibrium between an initial electrostatic
binding complex which is unfavorable for electron transfer
and a tight electron-transfer complex. In this view, the
electronic coupling matrix element decreases at low ionic
strength as the complex is trapped in the electrostatic binding
complex with nonoptimal distance between the redox centers;
henceke becomes rate limiting (decreaselefwith decreas-

ing salt concentration). At higher salt concentrations the ionic
strength increasingly shields the positive electrostatic attrac-
tion and lowers the rate of bindind,, and hencek,.
However, the curves obtained in this study for the K53A
and K46A Pc mutants are more difficult to explain with this
model. These curves show virtually no ionic strength
dependence apart from the inhibition at low salt concentra-
tions (cf Figure 4). In this cas& cannot become limiting

by formation of an electrostatically favorable, but electroni-
cally unfavorable complex. The inhibition must have a
different origin, which is likely to be present also in those
proteins where attraction was observed. We propose two
possible alternatives to the rearrangement model:

(1) The limiting factor becomels at low salt concentra-
tions through an effect of ionic strength on the reorganization
energy rather than onV; (36, 37). This would have to
overcompensate the small effect A going in the opposite
direction; see Table 2.

(2) At low ionic strength the rate constant of bindikg
becomes limiting through an increase in the Debye length
allowing more charged groups of opposite sign to be
incorporated in the interactive radius (M. Ubbink, personal
communication20). The Debye length or screening distance
is defined as the distance over which the electrostatic field
around an ion is reduced to a value of 1/e of what it would
have been in the absence of screening. It is 10 A for an ionic
strength of 100 mM, 14 A for 50 mM, and 22 A for 20 mM
(20). The approximate dimensions of a Pc molecule are 40
A x 32 A x 28 A (38), those of the interface in the.

Schlarb-Ridley et al.
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Ficure 5: lonic strength dependence lof at 300 K and pH 6.0:
wt P. laminosunPc with wtP. laminosunCyt f (for experimental
conditions cf Figure 4) and wt spinach Pc with wt turnip Cist
[data taken from Kannt et al5)].

1 1.2

uniformly charged plate of fixed radius and net charge. If
the inhibition at low ionic strength is due to changes in Debye
length, the Watkins equation is not applicable, because
neither radius nor net charge is fixed. In this case, the fit
can only be used to extrapolatekpand has no meaning in
itself.

Comparison of Cyanobacterial and Plant SysteRigure
5 compares the ionic strength dependence of the wild-type
reactions ofP. laminosumand higher plants at 300 K. The
plant data were taken from Kannt et ab).( The curves
intersect at~200 mM salt. If one corrects for the high growth
temperature oP. laminosumthe point of intersection moves
to lower ionic strength. For example, if one uses a temper-
ature dependence equal to that of the reaction between Pc
and PSI (unpublished results) to calculate Bhéaminosum
rate at the temperature at which it is cultured (45, the
intersection point moves t&100 mM salt. To our knowl-

laminosumhomology model complex are approximately 22 edge, the ionic strength of the lumen of cyanobacteria has
A x 33 A. The radius of the proposed contact site is hence not been measured. Published values of the ionic strength
about 14 A and equals the Debye length at 50 mM ionic in the stroma of chloroplasts vary from 130 to 200 md8)(
strength. At salt concentrations below 50 mM, charges and it seems reasonable to assume that the lumenal ionic
outside the contact site fall into the Debye length. The strength lies within a similar range. Hence thdaminosum

interactive site itself appears attractive for wt and the-D
A mutants, neutral for the K= A mutants, and repulsive
for the R93 mutants. However, thd pf both reaction

system reacts at least as fast as that of plants under
physiological salt concentrations and temperatures.
Figure 5 and Table 1 also show that once the electrostatic

partners is negative for wt and all mutants. As the Debye interactions are eliminated, the rate constdnj,(which is
length increases, the overall charge becomes increasinglya minimum estimate fok,,, is almost 10 times higher for
influential and will result in a diminishel,, and repulsion. the cyanobacterium than for plants. Whereas electrostatics
The notion of changes in Debye length casts a different are the major contributor tk, in plants, this role is taken
light on the use of the Watkins equation. Watkins et 2ar) ( by nonpolar interactions in the cyanobacterium, leading to
discussed the spinach ClgtPc curve of Meyer et al.39) a remarkably high rate at infinite ionic strength (3<210"
with its optimum ofkopsat 40 mM ionic strength. They fitted M~ s™1). The NMR results of Crowley et al3) confirm
a curve to the data using the monopetaonopole and  this feature. According to Gabdoulline and Wad®)(and
monopole-dipole terms of the equation; however, the two Northrup and Ericksor4(), diffusion-controlled association
parametery; andViq were of opposite sign. Their physical rates between proteins without attractive electrostatics are
interpretation was that unfavorable dipolar interactions are typically of the order of 10M~* s7%. A plausible explanation
balanced by favorable monopolar interaction, which they for the 10-fold higher rate if?. laminosumin terms of the
considered unreasonable. Hence they advised fitting of themodel of Northrup and Ericksor4{), would be that a
high ionic strength portion of the curve only with a number of conformations of the final complex are effective
monopole-monopole fit. This has been done in our study in electron transfer. Such an explanation would be consistent
for wt and the Asp mutants. However, the formalism of with the NMR model of Crowley et al.3@). The general
Watkins is based on treating the interactive site as a conclusion of this comparison of the plant and cyanobacterial
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systems, when examined in vitro, is that both reach similar 13. lllerhaus, J., Altschmied, L., Reichert, J., Zak, J., Zak, E.,

rates of reaction under physiological salt concentrations and

temperatures, but by very different means. Although it is

clear that a strong electrostatic interaction is essential for
the reaction between the plant proteins in vitro, Soriano et

al. (7, 42) have shown that the rate of reoxidation of Gyt
in vivo is unaffected by neutralization of the basic ridge of
Cytf, at least inChlamydomonas reinhardtjrowing under

favorable conditions. This indicates that the reaction between
Cytfand Pc is not rate limiting in vivo and does not become 18-

rate limiting even if favorable electrostatic interactions are
eliminated. The role of electrostatics in the reaction of Pc
with PSI and the overall evolutionary significance of both
reactions will be discussed in another publication.

In this study, we have found striking differences in the

kinetics of the in vitro interaction between higher plant and 21

cyanobacterial Pc and Ciand have discussed their in vivo

relevance. We have identified charged residues that have a

direct influence ork, and have found a mutant for which

the

only effect of changes in salt concentration lgnis

inhibition at low ionic strength. Alternative explanations for
this well-known phenomenon have been suggested.

ACKNOWLEDGMENT

We are grateful to Michael Wagner for the gift of plasmids

pPETPcR93Q and pETPcR93E, to Jyl Webster for technical
assistance, to Peter Crowley for provision of results prior to 28,

publication and for helpful discussions, and to Manuel
Hervas, JoseNavarro, William Teale, Marcellus Ubbink, and
Jurgen Wastl for critically reading the manuscript.

REFERENCES

9

10.

11.
12.

. Martinez, S. E., Huang, D., Szczepaniak, A., Cramer, W. A,,

and Smith, J. L. (1994ptructure 2 95—-105.

. Carrell, C. J., Schlarb, B. G., Bendall, D. S., Howe, C. J.,

Cramer, W. A., and Smith, J. L. (199®iochemistry 38
9590-9599.

. Gray, J. C. (1992Photosynth. Res. 3859-374.
. Schlarb, B. G., Wagner, M. J., Vijgenboom, E., Ubbink, M.,

Bendall, D. S., and Howe, C. J. (199GEkne 234275-283.

.Kannt, A,, Young, S., and Bendall, D. S. (1998ipchim.

Biophys. Acta 127,7115-126.

. Gong, X.-S., Wen, J. Q., Fisher, N. E., Young, S., Howe, C.

J., Bendall, D. S., and Gray, J. C. (200Byr. J. Biochem.
267, 3461-3468.

. Soriano, G. M., Ponamarev, M. V., Piskorowski, R. A., and

Cramer, W. A. (1998Biochemistry 3715120-15128.

. Fernandez-Velasco, J. G., Linden, T., Hung, T., Flores, J.,

Huang, L. S., and Malkin, R. (199&iophys. J. 74A78—
AT8.

. Guss, J. M., and Freeman, H. C. (1983)Mol. Biol. 169

521-563.

Moore, J. M., Lepre, C. A., Gippert, G. P., Chazin, W. J.,
Case, D. A., and Wright, P. E. (1991) Mol. Biol. 221 533—
555.

Guss, J. M., Bartunik, H. D., and Freeman, H. C. (199&x
Crystallogr. B48 790-811.

Baghby, S., Driscoll, P. C., Harvey, T. S., and Hill, H. A. O.
(1994) Biochemistry 336611-6622.

14.
15.

16.

17.

9

Herrmann, R. G., and Haehnel, W. (20A0Biol. Chem. 275
17590-17595.

Sykes, A. G. (1991%truct. Bonding 75175-224.

Stewart, A. C., and Kaethner, T. M. (1983hotobiochem.
Photobiophys. 667—73.

Davis, D. J., Krogman, D. W., and San Pietro, A. (198@nt
Physiol. 65 697—-702.

Ubbink, M., Ejdebek, M., Karlsson, B. G., and Bendall, D.
S. (1998)Structure 6 323—335.

Bond, C. S., Bendall, D. S., Freeman, H. C., Guss, J. M.,
Howe, C. J., Wagner, M. J., and Wilce, M. C. J. (199@}a
Crystallogr. D55 414—-421.

19. Bendall, D. S. (1996) iRrotein Electron Transfe(Bendall,

20.

22.
23.
24.

25.
26.

27

29

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40

41.

42.

D. S., Ed.) pp 285293, Bios Scientific Publishers, Oxford.
Bendall, D. S. (1996) iRrotein Electron Transfe(Bendall,

D. S., Ed.) pp 4368, Bios Scientific Publishers, Oxford.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1988)ecular
cloning: A laboratory manual2nd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

Braman, J., Papworth, C., and Greener, A. (1996jhods
Mol. Biol. 57, 31-44.

Wagner, M. J., Packer, J. C. L., Howe, C. J., and Bendall, D.
S. (1996)Biochim. Biophys. Acta 127@46—252.

O'Reilly, J. E. (1973Biochim. Biophys. Acta 29509-515.
Wells, J. A. (1991Methods Enzymol. 20390-411.
Molina-Heredia, F. P., HetsaM., Navarro, J. A., and De la
Rosa, M. A. (2001). Biol. Chem. 276601—-605.

Watkins, J. A., Cusanovich, M. A., Meyer, T. E., and Tollin,
G. (1994)Protein Sci. 32104-2114.

Sykes, A. G. (1985Chem. Soc. Re 14, 283-314.

DeSilva, D. G. A. H., Beoku-Betts, D., Kyritsis, P., Govin-
daraju, K., Powls, R., Tomkinson, N. P., and Sykes, A. G.
(1992)J. Chem. Sog¢Dalton Trans, 2145-2151.

McLeod, D. D. N., Freeman, H. C., Harvey, I., Lay, P. A,,
and Bond, A. M. (1996)norg. Chem. 357156-7165.

Rich, P. R., and Bendall, D. S. (19&ipchim. Biophys. Acta
592 506-518.

Crowley, P., Otting, G., Schlarb-Ridley, B. G., Canters, G.,
and Ubbink, M. (2001). Am. Chem. Soc. 1280444-10453.
van Leeuwen, J. W. (198Bjochim. Biophys. Acta 74308—
421.

Meyer, T. E., Zhao, Z. G., Cusanovich, M. A., and Tollin, G.
(1993) Biochemistry 324552-4559.

Qin, L., and Kostic, N. M. (1993Biochemistry 326073~
6080.

Scott, J. R., McLean, M., Sligar, S. G., Durham, B., and Millett,
F. (1994)J. Am. Chem. Soc. 118356-7362.

Jensen, T. J., Gray, H. B., Winkler, J. R., Kuznetsov, A. M.,
and Ulstrup, J. (2000). Phys. Chem. B 1041556-11562.

. Redinbo, M. R., Yeates, T. O., and Merchant, S. (124)

Bioenerg. Biomembr. 2619—66.

Hall, D. O. (1976) inThe Intact ChloroplastBarber, J., Ed.)
pp 135-170, Elsevier North-Holland Biomedical Press, Am-
sterdam.

. Gabdoulline, R. R., and Wade, R. C. (2001)Mol. Biol. 306

1139-1155.

Northrup, S. H., and Erickson, H. P. (1992pc. Natl. Acad.
Sci. U.S.A. 893338-3342.

Soriano, G. M., Ponamarev, M. V., Tae, G. S., and Cramer,
W. A. (1996) Biochemistry 3514590-14598.

BI0116588



