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ABSTRACT: Cytochromef and plastocyanin from the cyanobacterid#hormidium laminosunieact an

order of magnitude faster than their counterparts from chloroplasts when long-range electrostatic interactions
have been screened out by high salt concentration [Schlarb-Ridley, B. G., et al. B206@¢mistry 41
3279-3285]. To investigate the relative contributions of the reaction partners to these differences, the
reactions of turnip cytochromewith P. laminosumplastocyanin andP. laminosuncytochromef with

pea plastocyanin were examined. Exchanging one of the plant reaction partners with the corresponding
cyanobacterial protein nearly abolished electron transfer at low ionic strength but increased the rate at
high ionic strength. This increase was larger Rarlaminosumcytochromef than for P. laminosum
plastocyanin. To identify molecular featuresRaflaminosuntytochromef that contribute to the increase,

the effect of mutations in the N-terminal heme-shielding peptide on the reactionRPwithminosum
plastocyanin was determined. Phenylalanine-3 was converted to valine and tryptophan-4 to phenylalanine
or leucine. The mutations lowered the rate constant at 0.1 M ionic strength by factors of 0.71 for F4V,
0.42 for W4F, and 0.63 for W4L while introducing little change in the shape of the ionic strength
dependence curve. When the N-terminal tetrapeptide (sequence YPFW) was converted into that found in
the chloroplast ofChlamydomonas reinhardt{ly PVF), the reaction was slowed further (factor of 0.26).

The N-terminal heme-shielding peptide was found to be responsible for 75% of the kinetic differences
between cytochromé from chloroplasts and the cyanobacterium when electrostatic interactions were
eliminated.

The redox reaction couple cytochrorhand plastocyanin  varied @, 10—13). In an earlier publicationl(4) we reported
(Pc)} from the electron transfer chain of oxygenic photo- on the reaction between Pc and Gybf the moderately
synthesis differs in a number of aspects for chloroplasts andthermophilic cyanobacteriuf@hormidium laminosunin this
the modern representatives of their evolutionary ancestors,case, the area analogous to the acidic patches on chloroplast
cyanobacteria. Although the overall three-dimensional struc- Pc is occupied by basic and acidic residues whose charges
tures of both proteins are highly conserved among cyano- nearly neutralize each other (Figure 1b), and axhibits,
bacteria, algae, and higher planis-@), the surface charge instead of a basic ridge, an area of more diffusely distributed
properties vary considerably. Chloroplast Pcs have one oracidic residues (Figure 1d).
two distin(_:tive “aci_dic_patch_es" (Figure 1_a), which have been  \y/q previously concludedlf) that the in vitro rate of
shown to mtere_lct in vitro with a “basic ridge” on the soluble . tion between Cyitand Pc from the cyanobacteriuifn
Iumenal domain of cytochromia(Cyt f) from chloroplasts laminosunis much less dependent on electrostatic attraction
[Elgqre .1C @) for ro_Ie N VIvo see "_afg and9]. The ch_arge than its counterpart from chloroplastg) (@and that at high
distribution on their cyanobacterial counterparts is more ionic strength, when long-range electrostatics are screened
out, the cyanobacterial proteins react an order of magnitude

T This work was supported by the Deutscher Akademischer Aus- faster. However, it remained to be clarified what enables the
landsdienst (Doktorandenstipendium im Rahmen des gemeinsamenp_ |amin03un’proteins to react so fast in the absence of |Ong_
gﬁﬁgﬁcgg:lse%l?eézﬁgrr%rggsuF:l_"’t?]r; ggggnﬁg%;ﬁﬁﬂﬁgf”&’nsgggﬁ range electrostatics. This question was the topic of the present
of Cambridge, U.K., and the Biotechnology and Biological Sciences Study and was addressed in two ways. First, we investigated
Research Council, U.K. what relative contribution the two reaction partnePs,
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of Biochemistry, University of Cambridge, Building O, The Downing tlamlnosurrCytf andP. laminosunPc, make to the fast rate

Site, Cambridge CB2 1QW, U.K. Tel:++44 1223 333687. Fax:  at high ionic strength. Second, we endeavored to identify
+-+44 1223 333345. E-mail: bgs9@mole.bio.cam.ac.uk. individual amino acid residues which contribute to the kinetic

1 Abbreviations: Cyf, soluble redox-active domain of cytochrome difference between the chloroplast &idaminosunreaction
f; Em, midpoint oxidatior-reduction potentialk,, bimolecular rate

constant of the overall reaction; KPpotassium phosphate; Pc, N the absen(_:e of long-range e"'::CtrOStatiCSa fOCUSi.ng on one
plastocyanin. of the reaction partnersR. laminosumCyt f. A likely
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Table 1: Alignmert of the First 26-27 Amino Acid Residues of
Known Sequences of Cytochronfidrom Plants, Eukaryotic Algae,

and Cyanobacteria

Plants

Brassica rapa
Pisum sativum
Vicia faba
Glycine max
Spinacea oleracea
Nicotiana tabacum
Oenothera hookeri
Oryza sativa
Tricitum aestivum
Pinus thunbergii
Picea abies

Zea mays

Atropa belladonna
Lotus japonicus
Psilotum nudum
Marchantia polymorpha

Algae

Chlamydomonas reinhardtii
Chlamydomonas subcaudata
Porphyra purpurea
Cyanophora paradoxa
Odontella sinensis
Chlorella vulgaris
Chaetosphaeridium globosum
Guillardia theta
Cyanidium caldarium
Nephroselmis olivacea
Mesostigma viride

Cyanobacteria
Synechocystis sp.PCC 6803
Synechococcus sp.PCC 7002
Nostoc sp.

Anabaena variabilis
Anabaena sp.PCC 7120
Arthrospira maxima
Phormidium laminosum
Synechococcus elongatus

YPIFAQQONYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQGYEN-PREATGRIVCANCHL. . .
YPIFAQQSYEN-PREATGRIVCANCHL. . .
FPIYAQQGYEN-PREATGRIVCANCHL. . .

YPVFAQONYAN-PREANGRIVCANCHL. . .
YPIFAQONYEN-PREANGRIVCANCHL. . .
FPIYAQQAYES-PREATGRIVCANCHL. . .
FPIYAQQAYQI-PREATGRIVCANCHL. . .
YPVFAQQGYSN-PRAANGKLACANCHL. . .
YPIFAQONYAN- PREANGRIVCANCHL. . .
FPIYAQQONYEN-PREATGRIVCANCHL. . .
FPVFAQQAYEN- PREATGRIVCANCHL. . .
YPIYAQQTYEN-PRESTGRIVCANCHL. . .
YPIYAQENYAY-PREATGRIVCANCHL. . .
YPIFAQQNYAS-PREATGRIVCANCHL. . .

YPFWAQETAPLTPREATGRIVCANCHL. . .
YPFWAQQTAPETPREATGRIVCANCHL. . .
YPFWAQQTYPETPREPTGRIVCANCHL. . .
YPFWAQQTYPETRPEPTGRIVCANCHL. . .
YPFWAQQTYPETPREPTGRIVCANCHL. . .
YPFWAQETAPETPREATGRIVCANCHL. . .
YPFWAQONYAN-PREATGRIVCANCHL. . .
YPFYAQQGYES-PREATGRIVCANCHL. . .

Sk kK * * koo KkkkKkKk

a nvariant residues among 35 known dysequences are marked
by an asterisk and highly conserved residues by a colon. Sequences
were aligned by Clustal W3g); the table was adapted from r&5.

Ficure 1. Space-filling representations of Pc and €grawn in
Rasmol: Pc from pea (a) afd laminosuntb); the lumenal domain

of cytochromef from turnip (c) andP. laminosun(d). Color code

for amino acid side chains/heme: red, acidic; blue, basic; purple,
copper ligand His87 (pea Pc)/His9P.(laminosumPc); cyan,
Arg93; yellow, Tyrl; orange, heme; magenta, lle3 (turnip Gt
Phe3 P. laminosumCyt f); green, Phe4 (turnip Cyf)/Trp4

(P. laminosumCyt f).

of the petAgene in vector pUC19Ii51(7) was carried out
according to the QuickChange site-directed mutagenesis
method (Stratagene; cf. r&8). The following codon changes
were introduced to obtain the respective mutations: TTC to
GTC for mutant F3V, TGG to CTG for mutant WAL, TTG

) ) ) ~ to TTC for mutant W4F, and TTCTGG to GTCTTC for
candidate was the N-terminal hydrophobic heme-shielding ytant F3v-W4F. Incorporation of the correct mutation and
peptide of Cytf, which differs between plants or algae and  gpsence of undesired mutations were checked by sequencing
cyanobacteria in residues 3 and 4 (shown in magenta andyt the mutated constructs. The plasmids with the correct
green, respectively, in parts ¢ and d of Figure 1). Residue 3 1y tations were named pUCFF3V, pUCIWAL, pUCFWAF,

is either lle or Val in chloroplasts but invariably Phe in all 54 pUCTF3VWA4F, respectively, and transformed i
known cyanobacterial Cyitsequences. Residue 4 is either -nerichia colistrain W3110 19.

Phe or Tyr in plants and algae but Trp in all but one known
cyanobacterial Cyf sequence (see Table 1). The position
of the a-band of the characteristic Cytspectrum is also
shifted to the red by 2 nm for those cyanobacterial cyto-
chromed compared to chloroplasts, and their redox potential
is significantly lower {5). It has been showrl) that the
Trp in position 4 alone determines the spectral shift and
accounts for a large proportion of the difference in redox
potential, whereas the difference in residue 3 has no
significant influence on either spectrum or redox potential.
In this study we have investigated the role of both F3 and
W4 of P. laminosumCyt f in reaction withP. laminosum
and pea Pc.

Protein MethodsExpression, purification, and character-
ization of P. laminosunwild-type Pc were carried out as in
ref 17 and those of wild-type and all mutant Clyproteins
as in Crowley et al. Z0). Turnip Cytf was bought from
Sigma and used without further purification; its raf\gsy
Assqswas 1.4. Pea Pc was expressed inEarcoli BL21-
(DE3)pLysS expression system analogous to that described
for P. laminosumPc in ref17. The purification procedure
was as forP. laminosumPc in ref17 except that 10 mM
HEPES, pH 7.5, and salt gradients 6f200 mM NaCl were
used. Extinction coefficients used to calculate protein
concentrations were 4700 Mcm™* for P. laminosunmand
pea Pc and 31500 M cm™! for P. laminosumand turnip
Cyt f.

Kinetic AnalysisMeasurements of the second-order rate

Molecular Biology and Mutagenesislolecular biological constant,k;, and its ionic strength dependence were per-
methods were essentially as described by Sambrook et alformed as in Schlarb-Ridley et all4), except that the
(16), and materials were as in Schlarb et &l)( Mutagenesis ~ concentration of Cytin all kinetic experiments was 01M

MATERIALS AND METHODS
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and the concentration of Pc in measurements of ionic strength
The interpretation of the results used the same kinetic (g) o P.laminosum Cyt f - pea Pc
model for the interaction as described in réfsand21. The 4 tumip Cytf- P. laminosum Pe
measured second-order rate constintis defined as 4 tumip Cyt f-peaPc
N
k2=k0nkf/(koff+kf) (1) _IIIAIIIIIIIIIIIIIIII_.

| . . 8 10"~
wherek,n, is the rate of association of the reaction partners, L
kof is the rate of dissociation before reaction has occurred, 6 10

and ks is related toke, the rate of electron transfer in the
complex, and would become equalkgif the driving force
were large enough2().

Depending on the relative magnitude lefand ko, the
above equation (eq 1) can be simplified in two ways. (a) o ©
Activation control: this applies wheky > ki, thenk, = Aaz82 23
konki/Kor. (D) Diffusion control: this applies whek > Ko, ST T T
thenkz = kon. 0 0.5 1 1.5

Viscosity measurements (unpublished data) have shown 1/2 ,onl/2
that the reaction between Pc and @ydf both plants and I~ (m)
the cyanobacteriumP. laminosumis mainly diffusion
controlled. Hence the measured bimolecular rate constant o P. laminosum Cyt f - pea Pc
k. can be seen as an approximationkgf b) turnip Cyt f - P. laminosum Pc

Redox Potentiometry.he determination of the midpoint A turnip Cyt f - pea Pc
potential of all proteins was performed essentially as in
Schlarb-Ridley et al. 4). The values for wild-typeP. 12 10"
laminosumPc and Cytf are slightly higher than those
reported in Schlarb-Ridley et all4); we attribute this to
new equipment providing better anaerobic conditions. Ti-
trations for all wild-type proteins were also performed in 20
mM MES, pH 6, containig 3 M KCI. No calibration method
for the Ag/AgCl-in-polymer reference electrode filled with
3 M KCI (type KCMMPtBL, Russell) was available for this
salt concentration; hence at 3 M KCI only the values of R
driving forces are given. The experimental conditions (a flow Louponp B2 go
of argon through the solution at 300 K for several hours) 0 Froo0000®
led to partial precipitation of protein during titrations at 3 S I I S
M KCI, thus increasing the experimental error. 0 0.5 1 1.5

Electrostatic PotentialsElectrostatic potentials of reduced 1'% ('3

wild-type P. IamlnqsurTCyt f were CglpulaFed at 0.04, 02 FiGUre 2: lonic strength dependencelgf (a) P. laminosuntCyt
1.0, and 3.0 M ionic strength by a finite difference solution reacting withP. laminosunor pea Pc and turnip Cyftreacting

of the PoissorBoltzmann equation with DelPhi IR, 23). with P. laminosunor pea Pc; (b) enlargement of the slow region
The Swiss PbdViewer was used to add polar and aromaticof (a). Experimental congiitions: 300 K, pH 6.0; concentration of
ring hydrogens to PDB file 1ci3. Atomic radii and partial CYtf, 0.-1uM; concentration of Pc, 2.4M.

charges were assigned from the PARSE list of Sitkoff et al.
(24), and the protein dielectric constant was set to 4.
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reaction partners from the same organism. We usedf Cyt
from turnip and Pc from pea and treated their reaction as
RESULTS being homologous. This is justified by the fact that at 100
mM salt the reaction of turnip Cyftwith pea Pc has a rate
constant of reactioii, which is almost identical to that of
turnip Cytf with turnip Pc [1.5x 1 M~1s™! (7) and 1.4

Choice of ProteinsThe first aim of this study was to
determine the relative contributionsBf laminosunic and
P. laminosunCyt f to the observed increase in rate constant « 10° M-! s (N. Fisher, personal communication)
at high ionic strength compared to the reaction of the . ' P '
chloroplast proteinsl{; see also Figure 2a). This can be respectively].
achieved by mixing the reaction partners from chloroplasts Homologous and Mixed Wild-Type Reactiofis. deter-
and the cyanobacterium, i.e., by letting a chloroplastfCyt Mmine the relative contribution dP. laminosumPc andP.
react withP. laminosunPc and a chloroplast Pc react with laminosumCyt f to the fast rate at high salt concentrations,
P. laminosumCyt f, and comparing the rate constants the ionic strength dependence of the second-order rate
obtained at high ionic strength with those of the homologous constant Kz) of the (mixed) reaction$. laminosumCyt
chloroplast andP. laminosunreactions. The three-dimen- f—pea Pc and turnip Cyit-P. laminosunPc was measured
sional structures andlp of chloroplast cytochromefsand and compared with that of the homologous reactions (Figure
Pcs, respectively, are well conserved, so that it is less2). The k. value of turnip Cytf reacting with pea Pc
important than in the cyanobacterial case to work with decreased rapidly with increasing ionic strength. khealue
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Table 2: Kinetic Data and Midpoint Potentials for Wild-Type and nonelectrostatic differences betwelerlaminosunCyt f and

Mutant P. laminosunor Turnip Cytf andP. laminosunor Pea Pt Cytf from chloroplasts, the overall rate constant of reaction,
AEn (MV) k,, at 100 mM salt and its ionic strength dependence were
K E (3MKCI) measured for a number of N-terminal mutantsPoflami-
protein (10M-1s1) (mQ}) “PIlPc  peaPc nosumCytf. The mutants, which apart from F3V have been
PICytf widope 444005 334 12112 43113  describedin Ponamarev et ald, were designed to change
F3V 324005 314+ 3 the hydrophobicity of the heme-shielding region and to
waL 2.84+0.06 328+3 mimic successively the N-terminal sequence of a chloroplast
WA4F 1.9+ 0.06 35442 Cyt f (for example, that o€hlamydomonas reinharjiiThe
. F3V-WaF  1.1+0.02 343+3 mutants F3V, W4F, WAL, and F3V-W4F were generated,
turnip Cytf 355+ 5 —37+15 18+ 16 . : ; . .
Pl Pc 339+ 3 expressed, purified, and characterized as described in Materi-
pea Pc 37G- 3 als and Methods and in Ponamarev et &b)( Molecular
= All measurements were done at pH 6.0 and 300 K in the following MaSSes as determined by E$tass spectrometry were in
buffers: 10 mM KRPand 90 mM KCI, or 20 mM MES ah3 M KCl agreement with the values predicted from the translated DNA
for the redox titrations, and 10 mM KBnd 90 mM NaCl for the kinetic  sequence, indicating that the correct mutations had occurred
measurements; (the rate constant of reaction wikh laminosunc) and the proteins had not been modified. The optical spectrum

has been determined by linear regression &favs [Pc] plot. The PR
table shows the fitting errors &; the overall errors ok, are estimated of the F3V mutant was not changed significantly compared

to be <5% of the given values. Errors given fa, are estimates of (O Wild-typeP. laminosunCytf (the position of thex-band
the standard error based on the fitting error of each titration and on the was 555.5+ 0.2 nm and that of the reduced Soret band 421.7
standard error determined f&. laminosumCyt f. For the errors of + 0.2 nm). The spectra of wild type and the other mutants
AEn see Materials and MethodB.|. = P. laminosum. have been described and discussed in Ponamarev &pl. (
Midpoint potentials for these mutants are reported in Table
of P. laminosumCyt f reacting with P. laminosumPc 2. The mutation F3V lowered the midpoint potential by 17
decreased slightly with increasing salt concentration. Both £ 7 mV (Table 2). Mutation W4L had no significant
homologous reactions exhibited electrostatic attraction, al- influence on the midpoint potential, whereas mutation W4F
though to a markedly different degree. The rate of both mixed increased it by 23 6 mV and so did the double mutation
reactions increased with increasing ionic strength, implying F3V-W4F, although to a lesser extent (7 mV). The
electrostatic repulsion (Figure 2b). For turnip Gyand P. midpoint potentials of mutants WAL, W4F, and F3V-WA4F,
laminosumPc, which are both mildly acidic26, 26), the although measured at a different pH and ionic strength, have
curve had the form of a shallow S. The reaction between already been reported and discussed in Ponamarev &bal. (
the more strongly acidic proteir®. laminosumCyt f and Although the absolute values we report here (Table 2) for
pea Pc 17, 27) remained extremely slow below 100 mM pH 6.0 and 100 mM ionic strength are higher than those in
NaCl but increased faster at higher salt concentrations.  Ponamarev et al15), the AE, values are the same, and the
At high ionic strength, when long-range electrostatics were discussion of the redox shifts in Ponamarev etld) épplies.
largely eliminated, botl®. laminosunproteins led to higher ~ The values published in Ponamarev et &) (vere measured
rate constants with the respective redox partners from plantswith a fault in the reference potential, leading to correct
compared to the homologous plant reaction. Hence, non-relative but lower absolute values. The molecular basis of

electrostatic contributions of both Pc and dyfrom P. the redox shifts for all mutants but F3V has been discussed
laminosumappeared to be more favorable than those of the in Ponamarev et al1§). The decrease in midpoint potential
plant proteins. The enhancement effectRPotaminosunCyt observed for mutant F3V can be explained by increased

f was considerably larger than that fBr laminosumPc solvent accessibility of the heme through replacing the larger
(Figure 2b): compared to the reaction turnip Cypea Pc and well-shielding aromatic side chain Phe with the smaller
at 3 M KCl, the reactiorP. laminosumCyt f—pea Pc was  aliphatic residue Val. As the reaction wikh laminosunPc
faster by a factor of 4.8, whereas the reaction turnip Cyt is largely diffusion controlled, changes in driving force and
f—P. laminosunPc was faster by a factor of 2.7 only. hence in ke brought about by alterations in midpoint
Viscosity dependence measurements at 90 mM and 2.5potentials will have little effect ofk.
M NaCl have indicated that both the reaction between the The rate constants for each overall bimolecular reaction
P. laminosunproteins and that between the plant proteins under standard ionic strength conditions (10 mM;,K¥0
are mainly diffusion controlled across the range of salt mM NacCl) at pH 6.0 and 300 K were calculated from the
concentrations used (unpublished data). In diffusion- slopes of the observed pseudo-first-order rate constant against
controlled reactionk, equalsky, (28; cf. Materials and Pc concentration; results are summarized in Table 2. The
Methods), and changes kg; do not contribute td,. Hence smallest effect was observed for the single mutation Phe3
the differences in driving force between the four reactions to Val, a reduction irk; by a factor of 0.72 only relative to
(Table 2), although they will influencke, are unlikely to the wild-type reaction. When Trp4 was replaced by the
have caused the kinetic differences observed. One cansmaller aromatic residue Phe, the amino acid occupying this
conclude that nonelectrostatic contributionskjpare more position in most chloroplast cytochromigshe rate constant

favorable for a fast reaction in the cougtelaminosunCyt was reduced by a factor of 0.43. When it was replaced by
f—pea Pc than in the couple turnip GytP. laminosunPc, the nonaromatic, hydrophobic amino acid Lé&pdropped
and both in turn are more favorable than in the homologous by a factor of 0.63 only. The largest effect, a decreade in
plant reaction. by a factor of 0.25, was observed for the double mutant F3V-

Mutants of the N-Terminal Heme-Shielding Region of P. W4F, which mimics, among others, the sequence of the alga
laminosum Cyt.fTo investigate the structural basis for the C. reinhardtii
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(colored cyan in Figure 1b), are attracted to the large negative
b wt cloud which buries the interaction site on Gysee Figure

B F3V 4, 0.04 M). As ionic strength increases, the effect of the

6.4 10 T : \\;varl"; negative charge on Cy@and with it the attraction decreases

JE e (Figure 4, 0.2 and 1.0 M), while the areas of positive
5.6 100~ = F3VW4F potential, which to a large degree are due to backbone
48 1002, charges, appear to be influenced little by ionic strength. The

— E &% attractive forces left appear to direct the positive charge of
' 410 Pc away from the interaction site around the heme (see Figure

o E %, y lor : g

s 3210 . 'é] ®ee 1c,d), toward the remaining centers of negative charge
- JE 4, 0%, depicted as red clouds in Figure 4 (1 M). However, as the
X 2410 = “%% ionic strength rises to 3 M, the negative charge on acidic
16 100 ﬁ‘.“ 4 side chains is screened further; hence the rate-lowering

oF " agy a “trapping” of Pc away from the interaction site diminishes

810 (Figure 4, 3.0 M). The fact that the effect is stronger for

oL Lov oo by s b v by F3V-WA4F, F3V, and WAL than for wild type and W4F seems

0 0.5 1 1.5 2 to suggest that the electrostatic effect is modified by specific

jir2 (M1 ,2) hydrophpbic in_teractions. A possible interpretation is given

in the Discussion.
FIGURE 3: lonic strength dependence ki wild-type or mutant Difference between Chloroplast and P. laminosum Cyt f.

P. laminosunCyt f reacting withP. laminosunPc. For experimental

conditions see legend of Figure 2. The mutations (with the exception of WA4L) make the

hydrophobic heme-shielding region Bf laminosunCyt f
successively more similar to that of chloroplasts. A com-
parison between the reaction of tie laminosumCyt f
mutants with bothP. laminosumand pea Pc at high ionic
strength, and that of turnip Cyitwith the same Pcs, can
therefore give insight into the role of the N-terminal heme-
shielding region in the variations in nonelectrostatic contribu-
tions of Cytf. Figure 5a shows the ionic strength dependence
of P. laminosumwild-type, F3V-W4F mutant, and turnip
Cyt f in reaction withP. laminosumPc. Abowe 1 M ionic
strength, the three reactions form essentially parallel lines.
Replacing residues 3 and 4 Bf laminosunCyt f by those
used in the chloroplast @&. reinhardtii (mutant F3V-W4F)
reduces the rate constant in the absence of long-range
electrostatics nearly to that of the chloroplast Cythe same
conclusion can be drawn from Figure 5b, which depicts the
analogous reactions with pea Pc. In a different formulation,
ca. 75% of the enhancement in rate at high ionic strength
that Cytf from P. laminosumexhibits compared to the
chloroplast protein is due to the presence of Phe in position
3 and Trp in position 4.

1.00M 3.00m DISCUSSION
Ficure 4: Electrostatic potential surface of wild-type laminosum

Cyt f at different ionic strengths (0.04, 0.2, 1.0, and 3.0 M),  The aims of this study were (a) to determine which of the
Cﬁ'CU'ated “52%1‘2 program DelPhi 22 23) and displayed using g reaction partner®. laminosunCyt f andP. laminosum
the program P36)- Pc, contributes more to the fast rate at high ionic strength

The ionic Strength dependence Ifoor W||d_type and and (b) to |dent|fy individual amino acid residues of Gyt
mutantP. |aminosun€y‘[fwith P. |aminosunpc is depicted that Contribute to the kinetiC diﬁerence betWeen the ChIO'
in Figure 3. The shape of the curves differed very little roplast andP. laminosunreaction in the absence of long-
between wild type and mutants, indicating that, as expected,fange electrostatics. From the data presented under Results
the changes in the electrostatic interaction are small. Surpris-We can conclude th&. laminosunCyt f contributes more
ingly, above 0.7 M NaCl, the rate began to increase slightly, t0 the fast rate of the homologo&s laminosunreaction in
most notably for F3V-W4F, F3V, and WAL. The effect was the absence of long-range electrostatics tRataminosum
reproducible and is not considered to be an artifact of high P¢. However, nonelectrostatic interactions of turnip €yt
ionic strength: artifacts such as incomplete mixing would Were still more favorable withP. laminosumPc than with
decrease rather than increase the rate. A possible explanatioRe@ Pc. Experimental work is under way to identify the
of electrostatic nature is illustrated in Figure 4, which shows Structural basis of this difference between the two Pcs.
the contours of electrostatic potential for wild-typge In this publication, we have focused on the role of €yt
laminosumCyt f at different ionic strengths: at low ionic  and have found the structural basis for most of the difference
strength positive charges on Pc, centered on residue Arg93n nonelectrostatic contributions betwenlaminosunmand
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(a)

P. laminosum Cyt f - P. laminosum Pc
F3VW4F - P. laminosum Pc
N turnip Cyt f - P. laminosum Pc

7

Schlarb-Ridley et al.

300 K and pH 6.0 withP. laminosurand pea Pc found that

k. of the mixed reactionte8 M NaCl was at least 60% slower
than that ofP. laminosunPPc withP. laminosunCyt f (Figure

2a). The differences between these two results are not
surprising, as Wagner et aR9) used a steady-state measure-
ment of a multistep reaction whereas the results presented

710 JEEEE R R here were obtained by a single turnover and single-step
6 10’ e — stopped-flow experiment. Furthermore, temperature, pH, and
510" * -3 source of Pc differed. It remains to be clarified if the mode
o 7E ’o. 3 of nonelectrostatic interaction with Pc differs between soluble
o 4 107 E e . Cyt f and the cytochroméf complex.
's 310 E Ces e v 0t e T S The N-terminal peptide of Cyithas attracted the interest
"’N 2 10" = of a number of researchers over the past decade, triggered
x 110" B CE L mainly by the unu_sual features of CR4 three-dimensional
= Aa oAb B2 T stru_cture_l). Cytf_ls the only<_:-type _cytochrome I_<nown so
O Al -3 far in which the sixth heme ligand is the N-terminal amine.
-1 10" B (PP B B The crystal structure also revealed that the four N-terminal
0.5 1 1.5 2 amino acids are involved in shielding the heme from solvent,
/2 (M1 /2) thereby contributing to the protein’s high midpoint potential
(15). They are part of a flat hydrophobic surface surrounding
the heme which has been shown to bind the similarly flat,
o P. laminosum Cyt f - pea Pc hydrophobic, so-called “northern” end of its redox partner
(b) o F3VWA4F - pea Pc Pc, and structural data on the complex of €ghd Pc from
A turnip Cyt f - pea Pc higher plants 30) have suggested the electron might leave
——— the heme via Tyrl, which is in van der Waals contact with
7 the copper ligand His87 on Pc. Mutagenesis of N-terminal
L LU o 7 UL L B L L residues has been carried out in vi81,(32) and in vitro
C ] (15, 33), mainly focusing on Tyrl and. reinhardtii Of
1.5 10' - the two residues that are of particular interest for this study,
— C A ] Val3 has been mutated to Pro@ reinhardtii The mutation
) 7F o had little influence on in vivo experiment81). Phe4 of
s 110 :_ A o O _: turnip Cytf has been mutated to Tyr; the mutation decreased
~ - a o . the midpoint potential and increased bé&ftand the binding
x 5 10°F N a constant with pea Pc in vitr&8). In Ponamarev et al16),
- o 8 S A Qg a ] mutagenesis was carried out in vitro for b@hreinhardtii
0 Eeaooen 800 O ] andP. laminosunCyt f: Val3 was mutated to Phe, Phe4 to
Coo b b by ] Leu and Trp, and a double mutant V3F-F4W was created
0 0.5 1 1.5 2 (all'in C. reinhardtiiCyt f). Inversely, forP. laminosunCyt
i /2 (M' /2) f, Trp4 was mutated to Leu and Phe, and the double mutant
F3V-W4F was generated. The analysis focused on spectral
FiGURE 5. lonic strength dependence kf. wild-type or F3V- and redox shifts; the mutation V3F was found not to

WA4F mutantP. laminosumCyt f or turnip Cytf reacting with (a)

P. laminosunor (b) pea Pc. For experimental conditions see legend

of Figure 2.

influence either the position of spectral peaks or the midpoint
potential. In the study presented here, we were interested in
the kinetic effects of these mutations and have found that

turnip Cytf. Replacing the cyanobacterial residues Phe3 and replacing Phe3 by Val lowered both redox potential and rate
Trp4 by those found in the chloroplast &f. reinhardtii
reduced the difference in kinetic behavior at high salt F3V-WA4F had the largest kinetic effect.
concentrations betwed. laminosunCyt f and turnip Cyt
f by ca. 75% (Figure 5). Although in turnip Cf/position 3
is taken up by lle rather than Val, the difference between laminosunCytf to be mainly diffusion controlled, the kinetic
these two nonaromatic hydrophobic residues is expected toeffects onk, will predominantly be effects ork,, (see

be small.

A kinetic comparison between the homologdrislami-
nosumand the mixedP. laminosum-plant reactions has been
made before. In 1996, Wagner et &9) published the ionic

strength

dependence of the reaction of the cytochrbime

complex isolated fron®. laminosunwith P. laminosunmand

of reaction. All mutations lowered,; the double mutant

As recent experiments (to be published elsewhere) have
shown the reaction betweeR. laminosumPc and P.

Materials and Methods). Furthermokg, equalsk,, the rate

of formation of the encounter complex. The encounter
complex is the end point of the diffusional process and can
be described as an ensemble of structures in which two final
contacts have been formeg4j. The encounter process hence
comprises both long- and short-range interactions. The

spinach Pc. The assay was carried out at room temperaturexperimental results presented here can be explained if the
and pH 6.2. They found that, at high ionic strength, the two size and hydrophobicity of the heme-shielding area influence

Pcs reacted with the cytochrorbécomplex at a similar rate.  the latter part of the encounter process through hydrophobic
The experiments carried out in this study with the soluble, channeling. Larger aromatic residues such as Phe or Trp can
fully redox active lumenal domain éf. laminosunCyt f at provide an initial point of hydrophobic contact more readily
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than smaller aliphatic residues such as Val or lle. They can 5.
also facilitate two-dimensional diffusion of the hydrophobic
surfaces relative to each other and thereby enhance the rate ™
of finding a second final contact. Thus Phe3 and Trp4 could 7
enhance the rate of reaction relative to Val3 and Phe4.

Hydrophobic channeling can also offer an explanation for
the fact that the minimum dé; around 0.7 M ionic strength
for each of the curves in Figure 3 is more pronounced for
mutants F3V-WA4F, F3V, and WAL than for wild type and
WA4F. The presence of the additional aromatic residue in wild
type and W4F might be able to counteract electrostatic
trapping away from the interaction site by increasing the
probability of forming an initial hydrophobic contact.

The NMR structure of theP. laminosumCyt f—P.
laminosumPc complex 20) shows van der Waals contact
between Phe3 and the copper ligand His92, and Crowley et
al. (20) propose that the electron leaves the heme via Phe3
rather than Tyrl. Mutating Phe3 should therefore have a 14.
marked influence on the rate of electron transfer. However,
this could only be detected k3 measurements if the reaction
were not diffusion controlled. Viscosity dependence mea-
surements of the reaction between the F3V mutantf @yt
wild-type P. laminosumPc (data not shown) revealed a
similarly high degree of diffusion control as observed for
the wild-type reaction. Hence our results can neither confirm
nor contradict the proposition of Crowley et a20j.

This work is a further step toward a detailed understanding
of the striking differences in the reaction between Caihd
Pc from plants and the cyanobacteritinlaminosumThe
structural basis for 75% of the difference in nonelectrostatic
contributions betweeR. laminosunand plant Cyf has been
identified, and an understanding of the encounter process of
the P. laminosumproteins has been extended. Diffusion-
controlled encounter between two proteins has usually been
thought of as mainly influenced by long-range electrostatics,
and we have previously shown that in the interaction between
Cyt f and Pc fromP. laminosunelectrostatics specifically
influence the encounter complex. The work described in the
current paper provides evidence for a role of specific
hydrophobic interactions in the formation of the encounter
complex.
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