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ABSTRACT: Oxidation of the soluble, truncated form of cytochrofrey wild-type and mutant species of
plastocyanin has been analyzed by laser flash absorption spectroscopy in the cyanobadtestioen
(formerly, Anabaenasp. PCC 7119. At low ionic strengths, the apparent electron transfer rate constant

of cytochromef oxidation by wild-type plastocyanin is 1.34 10* s71, a value much larger than those
determined for the same proteins from other organisms. Upon site-directed mutagenesis of specific residues
at the plastocyanin interaction area, the rate constant decreases in all cases yet to varying extents. The
only exception is the D54K variant, which exhibits a higher reactivity toward cytochrorire most

cases, the reaction rate constant decreases monotonically with an increase in ionic strength. The observed
changes in the reaction mechanism and rate constants are in agreement with the location of the mutated
residues at the interface area, as well as with the peculiar orientation of the two partners withorstibe
plastocyania-cytochromef transient complex, whose NMR structure has been determined recently.
Furthermore, the experimental data herein reported match well the kinetic behavior exhibited by the
same set of plastocyanin mutants when acting as donors of electrons to photosystem | [Molina-Heredia,
F. P., et al. (2001). Biol. Chem 276, 601—-605], thus indicating that the copper protein uses the same
surface areasone hydrophobic and the other electrostatic interact with both cytochromé and
photosystem |I.

Cytochrome (Cy®f (33 kDa), ac-type Cyt, is one of the  forms of the protein from different sources have been used
four integral redox components of the Qyf complex of with great success to perform both structural and functional
the thylakoidal membrane in oxygenic photosynthetic organ- in vitro studies 6—13).
isms, where it accepts electrons from the Rieske-suifur Extensive kinetic and structural analyses of the transient
protein and passes them te,§ in photosystem | (PSl) via  pc—Cyt f complex have been carried out in an ample variety
the luminal electron carriers plastocyanin (Pc) and Gyt of organisms, with relevant differences being observed with
(1, 2). Cytf has been purified from a variety of plant, algal, regard to the reaction mechanism and relative orientation of
and cyanobacterial sources, and its overall three-dimensionakhe two partners inside the comple Q). First, the redox
structure has shown to be highly conserv@d(). However, interaction is mainly hydrophobic in the cyanobacterium
the surface electrostatic potential of Gytaries considerably  phormidium laminosur8, 9) but electrostatically driven in
from one organism to another, the protein being highly plants. Second, Pc binds to Gyih a “head-on” conformation
positive in eukaryotes but slightly negative in cyanobacteria jn phormidium in which the hydrophobic patch of Pc (the
(1, 3). In fact, a conserved basic ridge is present in plant so-called site 1) accounts for the whole recognition interface
and algal Cyf, but is replaced with more diffusely arranged  area, but in a “side-on” orientation in plants, with the acidic

acidic residues in cyanobacterial proteins. Because of thepatch of Pc (so-called site 2) being involved as well (see ref
low water solubility of native Cyf, the soluble truncated 9 for a recent review).

Pc and Cytf from the cyanobacteriurhlostocsp. PCC
' This work was supported by grants from the European Commission 7119, in particular, form a highly interesting system as they

(HPRN-CT1999-00095), the Spanish Ministry of Education, Culture : : :
and Sport (AP2001-1256), the Spanish Ministry of Science and react with each other by means of attractive electrostatic

Technology (BMC2003-00458), and the Andalusian Government (PAI, interactions, like plant proteins, but using differently charged
CVI-0198). patches, which are positive in Pc and negative in €yt
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! Abbreviations: Cyt, cytochrome; dRf, deazariboflavig;second- differences regarding the relative orientation of both proteins
order rate constanka, equilibrium constant for complex formation; \yithin the complex as compared with that previously reported
K e, apparent electron transfer rate constigt; observed pseudo-first- . .
order rate constant; Pc, plastocyanin; PDQ, propylendiquat; PSI, for plants andPhormidium Actually, the conformation of

photosystem |; WT, wild-type. the NostocPc—Cyt f complex resembles the characteristic
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side-on binding mode present in plants, although with an

interface similar to that of th@hormidiumcomplex.

Albarran et al.

Purification of Natve Cytochrome f and Expression and
Purification of the Recombinant Protein. Nostsp. PCC

Here we report a laser flash-induced kinetic analysis of 7119 was grown in standard BG11 mediug0) Native
Cyt f oxidation by the wild-type species and site-directed NostocCytfwas isolated from thylakoidal fragments by ethyl
mutants of Pc, thus providing novel insights into the peculiar acetate extractior2(, 22). After extraction, the sample was

structural features of thRostocPc—Cyt f complex. Every

dialyzed against 2 mM Tris-HCI (pH 8.0), 5% glycerol, and

Pc variant herein used contains just one modified residue at0.02% Triton X-100. Further purification was carried out

the interaction area, whereas €y the soluble, recombinant
fragment resulting from overexpressionkscherichia coli
cells of a truncategetA gene at which the nucleotide region

by two consecutive ion-exchange chromatographies (DEAE-
cellulose, elution gradient from 0 to 0.4 M NacCl in the same
buffer). The fractions containing Cytwere desalted, and

encoding the 35-amino acid hydrophobic tail has been the buffer was replaced with 150 mM NacCl in 50 mM
removed. The kinetic efficiencies of Pc mutants in oxidizing Phosphate buffer (pH 8.0). After concentration by ultrafil-
Cyt f are indeed compared with their respective efficiencies tration (Amicon, 10 kDa cutoff), Cytsamples were purified

in donating electrons to PSI, which have been previously by FPLC in a gel filtration column (Pharmacia HiLoad 16/

determined (see reff5 for a review).

EXPERIMENTAL PROCEDURES

Cloning of the petA Gendhe direct primer TTG CCC
CTA TAG AGA TGA GAA AT and the reverse one TTA
AAA GTA TTG ATT TAT CAG AGA designed from the
known sequence gfetA, encoding Cyf in Nostocsp. PCC
7120 (L6), were used to amplify the region containing the
petA gene from the genomic DNA dflostocsp. PCC 7119
by the polymerase chain reaction (PCR). The resulieig
gene was sequenceghd cloned using the pGEM-T cloning
kit (Promega).

To replace the Cyt leader sequence with that of Cgg

60 Superdex 75). Protein concentrations were determined
spectrophotometrically using an absorption coefficient of 31.5
mM~t cm™! at 556 nm previously described for reduced
turnip Cytf (23). An Az74Asss ratio of 2.75 was obtained at
the end of the partial purification process.

To improve the maturation and correct insertion of the
heme groupk. coli DH5a cells cotransformed with plasmids
pEAF-wt and pEC8624) were used for expression of the
cloned gene. The cells were grown for 24 h at 100 rpm and
37°Cin 2L (in 5L Erlenmeyer flasks) of standard Luria-
Bertani (LB) medium 25) supplemented with @&g/L Fe-
(NH,); citrate, 100 ug/mL ampicilline, and 12ug/mL
chloramphenicol.

The cell periplasmic fraction was extracted by freeze

and truncate the region encoding the hydrophobic tail of the thaw cycles 26). Solid ammonium sulfate was added to the
protein, a second PCR step was designed by using theperiplasmic suspension up to 40% saturation. After centrifu-

adaptamer technologyt 7, 18); both the plasmid containing
the petA gene and the expression plasmid for ffet) gene
were used as the templatkd}. The direct primer TCT CAA
GGA TCC TTATTT GCA GAG A was designed from the

gation, ammonium sulfate was added to the resulting
supernatant up to 70% saturation. The final pellet was
resuspended in 5 mM Tris-HCI buffer (pH 8.0), extensively
dialyzed against the same buffer, and applied to a DEAE-

nucleotide sequence encoding for the transit peptide of Cytcellulose column equilibrated with the same buffer. €yt

¢s from Nostog introducing a BamHI restriction site upstream
of the B end of the leader of this primer to facilitate cloning

was eluted wit a 0 to 0.5 MNaCl gradient in 5 mM Tris-
HCI (pH 8.0). The fractions containing Cytwere pooled,

of the generated PCR product. The reverse primer GCA ATC dialyzed against 5 mM MES (pH 6.0), concentrated, and

AAC CCA GCC AAC TCT ATT AGC ATC TT was
designed from theetA nucleotide sequence, introducing a

stop codon after Asn-252 to remove the hydrophobic tail.

purified by FPLC using an ion-exchange column (UNO Q-6,
Bio-Rad). The recombinant protein was elutedhadt O to
0.5 M NaCl gradientin 5 mM MES (pH 6.0). Cyfractions

The adaptamers are chimerical oligonucleotides complemen-were dialyzed against 5 mM Tris-acetate (pH 8.0), applied
tary to two different DNA sequences. Two adaptamers were to a chromatofocusing column, and eluted with Polybuffer
designed with their sequences (CTT CAG TAG CCC TGC Exchanger 74 (Sigma). ABy75/Asss ratio of 1.2 was obtained

ATT AGC ATACCT TTC TGG GCG CAG CA and TGC
TGC GCC CAG AAA GGA TAT GCT AAT GCA GGG

for pure protein in its reduced state.
NostocWT Pc and its mutants were expressed and purified

CTA CTG AAG) overlapping the sequences of the leader as described previouslyl9, 27).

of Cyt ¢s and truncated Cyt The adaptamers were added

Analytical MethodsThe molecular mass, isoelectric point,

to the PCR mixture in a 1/100 ratio with respect to the and redox potential of native and recombinant €ytere

previous one. Thus, in a single PCR stéf)( a chimeric
petA gene that encodes Cyit without the hydrophobic
C-terminus and with the Cyds transit peptide froniNostoc

determined as previously describetid), except that the
absorbance changes were monitored at 556 minus 580 nm.
The N-terminal amino acid sequences were determined in a

was obtained. The chimeric gene was sequenced and clonegrocise TM 494 protein sequencer (Applied Biosystems).
as described previously, and the commercial plasmid pBlue- The extinction coefficient of reduced Ciat 556.5 nm was
script Il SK(+) (Stratagene) was used to obtain the pEAF- calculated using the method described in 28f

wt expression vectoE. coli strain DH% (Bethesda Research

Laser Flash Absorption Spectroscopaser flash experi-

Laboratories, Bethesda, MD) was used for cloning, plasmid ments were performed anaerobically at room temperature in
construction, and expression of the cloned gene. Othera 1 cm path length cuvette as previously descrit®g). (n

molecular biology protocols were standard.

2The EMBL accession number for tidostocsp. PCC 711%etA
gene is AJ749608.

the absence of protein, the laser flash generates 5-deazari-
boflavin (dRf) radicals (dRfE), which rapidly (<1 us) reduce
propylendiquat (PDQ), a positively charged viologen ana-
logue, to its reduced species (PDR(30). In the presence
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of oxidized proteins, PDQ reduces Cyt, which is in excess

over Pc, and the heme protein in turn reduces Pc. mww
The redox changes of PDQ, Clytand Pc were monitored

at 510, 556, and 597 nm, respectively. The standard reaction No Pe 100 ms
mixture contained, in a final volume of 1 mL, 5 mM sodium WT 100 ps
phosphate (pH 7.0), 2.5 mM EDTA, 2 mM PDQ, 1M w

dRf, 50uM Cyt f, and Pc at varying concentrations. Small
volumes of a concentrated solution of sodium chloride were &
added to adjust the ionic strength. Protein concentrations<
were determined using the following absorption coef-
ficients: ess = 31.8 mMt cm (this work) andesg; = 4.5 RI3E Tms

mM~t cm™t (19) for reduced Cytf and oxidized Pc, L14A
respectively. All experiments were performed under pseudo-
first-order conditions, for which the amount of acceptor
protein (oxidized Pc) was maintained well in excess over pure 1: Kinetic traces showing fast reduction of cytochrome
the amount of reduced Cyit Each kinetic trace was the by PDQ, and oxidation of the heme protein by WT and mutant
average of 812 measurements, with a 30 s time spacing species of plastocyanin. Cytochrorh@nd plastocyanin were at
between flashes. Kinetic analyses were performed according{””al concentrations of 50 and 20M, respectively. In all cases,

to th i hani . | he kinetic traces were fitted to single-exponential curves. Other
0 the reaction mechanisms previously proposgl). ( conditions were as described in Experimental Procedures.

500 ps

RESULTS AND DISCUSSION the native protein purified frolNostoccells, including the
midpoint redox potential valueE(y,, = 334+ 4 mV at pH

g X 7.0), which is similar to those previously described for Cyt
Nostocsp. PCC 712016), a couple of oligonucleotides were ¢ fom other sources and is pH-independent within the pH

designed to amplify and clone the complete gpe# from 346 of 5-9 (not shown). The recombinant protein was
Nost_ocsp. PCC7119.Ina secon_d PCR step, the native t”_ms'tproperly expressed and maturedncoli, as deduced from
peptide of Cytf was replaced with a more typical bacterial - ihe jgentical N-terminal amino acid sequence compared with
leader sequence, the transit peptide of Gyfrom NOSIOC  ha¢ of theNostocnative protein (not shown). This is an
which has been shown to significantly enhance the final yield important feature as Tyr-1 is one of the Fe heme ligands
of other recombinart-type Cyts inE. coli (17,19, 32), and (@) |n summary, the high degree of similarity of the analyzed
the region encoding the hydrophobic tail was truncated. A physicochemical properties of truncated and native Lyt

DNA band of 860 bp was obtained in this second PCR 5jigates the use of the recombinant heme protein for the
amplification step (not shown), with the sequence encoding ¢,nctional study herein reported.

Cytf being truncated after Asn-252 to remove the 35-amino The use of dRfE',, = —0.65 V) in combination with a
acid C-terminal transmembrane anchor, and with thedgyt  hositively charged probe, such as the viologen analogue
transit peptide. This band was recovered and ligated using,5gical PDQ" (E'm =

. : = —0.55V), allows us to study electron
the pGEM-T cloning kit. Apal and BamHI were used as the  yanfer petween redox proteins where it is necessary to force
cloning sites in pBluescript SK{) to obtain the pEAF-wt

, - the preferential reactivity toward redox centers located in a
expression plasmid. negative electrostatic areaQ 34, 35), as the negative Cyt
After severalE. coli strains had been checked for the ffrom Nostoc
production of recombinant Cyft the highest protein yield The individual electron transfer reactions from PD@
was obtained witfe. coli DH5a cotransformed with plasmids  eijther oxidized Cyf (Figure 1, upper left) or Pc (not shown)
PEAF-wt and pEC86. The final yield of protein from the were analyzed. The corresponding pseudo-first-order ob-
periplasmic fraction was 1.5 mg/L of culture. This figure served rate constant) depends linearly on protein

varies considerably depending on the oxygen content of theconcentration (not shown), and from the slope of this plot,
medium, with the best results obtained by stirring the culture second-order rate constants)(of 4.8 x 10° M1 st for

at 100 rpm. The recombinant protein can thus be purified Cyt f and 4.6 x 10® M1 s1 for Pc reduction were

with losses of less than 30% due to the absence of thedetermined. PD€ donates electrons to Cf/L0 times more
hydrophobic tail, milligram quantities of protein being efficiently than it reduces Pc. This preference in reactivity
obtained in a few days. for the heme protein makes this method an adequate tool
The UV—vis electronic absorption spectra of the truncated for analyzing the further electron transfer from Gyb Pc,
recombinant Cyff in its reduced and oxidized forms are with a dead time on the microsecond time scale (Figure 1).
identical to those of the native protein, with the same The reactivity of Pc mutants with PDQdoes not differ
absorbance maxima of the 3, andy bands of the reduced significantly from that of WT (not shown).
form. NostocCyt f shows a maximum at 556.5 nm for the In the absence of Pc, reduced Gytemains stable for
band of the reduced form, typical of other cyanobacterial hundreds of milliseconds (Figure 1, top left). When Pc is
Cyt f o bands 83), whereas eukaryotic Cytpresents arm added to the reaction cell containing GytFigure 1, WT
band with a maximum at 554 nm. The calculated extinction trace), the laser-induced absorbance changes fit well with
coefficients are similar for native and recombinant proteins, the first, fast reduction of Cyftfollowed by the oxidation of
and in agreement with that described for turnip €¢81.5 the heme protein on a longer time scale. In fact, the slower
mM~1 cm™) (23). Other physicochemical properties of the decrease in absorbance at 556 nm does not reach the
recombinant protein were practically identical to those of preflash baseline, thus indicating that Clytreoxidation

On the basis of the known sequence of e gene from
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30 Table 1: Kinetic Constants for the Interaction of WT and Mutant
25t v G - D§4K Plastocyanin with Cytochromieand Photosystem |
AE (mV) Ket(x103sh) k(x107"Mts)
—Q 20t plastocyanin (WT — mutant)  with Cytf with PSP
< 15t ", WT WT 0 134 7.68
< — . L L14A -16 7.3 1.37
z 10 . . K35A 5 5.2 2.55
= o s e K35E 25 3.8 1.35
st ° % L14A D54K 2 25.5 9.73
K62A 9 7.0 3.03
0 . L ! o K62E 16 2.3 1.59
A7 K3SE Y88A 15 13.0 4.44
2.0F rd Y88F 12 13.4 4.73
A R93Q 19 4.5 0.99
< 16f R93E 30 18 0.32
g 12l A A _'_3 _____ Be-eGece a Data from ref27. ® Minimal values estimated using the formalism
- - RI3E of Meyer et al. L1).
” / /_,—
Eosr o
0.4} t‘ Hrv
"'/' . = WT
0 * - . L L L 20 e L14A
0 5 10 15 20 25 30 ‘v v D54K
Plastocyanin (nM) 16 .

Ficure 2: Dependence upon plastocyanin concentratidgfor
cytochromef oxidation by WT and mutant species of the copper
protein. The dashed lines for mutants K35E and R93E correspond
to the theoretical fitting using the formalism described in 1&f
Experimental conditions are described in Experimental Procedures.

Koy, x 107 (s1)

Scheme 1: Reaction Mechanism for the Reduction of
Plastocyanin by Cytochronfe
Ky Kgorwara

Cytfu+Pey 2 [CytfapPe,l —  Cytfy+Pey

Keeverse
is not complete (Figure 1, WT trace). This Cyt oxidation is
concomitant with the electron transfer to Pc, as inferred from
the absorbance decrease at 597 nm on the same time scale
(not shown). The relatively small extent of Clybxidation
can be explained by the similarity of the redox potentials of
the two proteins, which allows a reversible electron transfer

reactlpn up to 'the eqqlllbrlum ('Scheme ]])1.1' This also FiGURE 3: lonic strength dependence kifys for cytochromef
explains the difficulty in obtaining data points at low Pc  oxidation by WT and mutant species of plastocyaiiine plasto-
concentrations<5 uM), where the extent of Cytoxidation cyanin concentration was 24Vl. The solid and dashed lines are
is very low. Thekyys values for Cytf oxidation by Pc are for the fitting of experimental data to the equa.tion by Watkins et
independent of Pc concentration within the range that was &- (37), except for mutant R93E. Other conditions are described
. P in Experimental Procedures.
analyzed (Figure 2, top), indicating that the system has a
very high association constam€{ > 10° M%) and allowing the forward electron transfer constant. A behavior similar
the estimation of an apparent first-order intracomplex electronto that described at pH 7 is observed at the more physi-
transfer rate constank'(). Our present estimation &, is ological pH value of 5 (not shown). To the best of our
sensibly higher than that previously calculated by NMR for knowledge, this is the first measurement of the apparent
the same systeni ), a difference than can be ascribed to intracomplex rate constant for the C{tPc system in
the very different experimental conditions (pH, ionic strength, cyanobacteria.
redox state of the proteins, etc.) used in both cases. In this To analyze the nature of the CliytPc complex, the effect
respect, it is important to bear in mind the dramatic of ionic strength on the reaction was investigated. As can
dependence of this reaction on ionic strength (see below).be seen in Figure 3, tHepsvalues decreased monotonically
ThekK ¢ value of 13 400 s' calculated from these experiments with an increase in salt concentration up to® 30 at an
(Table 1) reveals the high efficiency of tiNdpstocsystem ionic strength of 250 mM. This behavior indicates the
compared with the sensibly lower values of ca. 3000 s existence of a strong electrostatic attraction between the
described for electron transfer rates in eukaryotic systemsreactants. However, the inconvenience of increasing the ionic
(11, 36). The low signal-to-noise ratio ascribed to the low strength over 0.25 M because of the slow €sgduction by
extent of oxidation of Cyf (see above) prevented a reliable PDQ* impedes a reliable determination of the rate constant
estimation of the forward (Cyt— Pc) and reverse (Pe- at infinite ionic strength. A similar but much less pronounced
Cyt f) electron transfer rates from the kinetic amplitudes ionic strength dependence has been described for the Cyt
The estimated; thus corresponds to a minimal value for f—Pc interaction irP. laminosun{10, 13). This behavior is

Ky, X 103 (1)

0.2 0.3 0.4 0.5
Square root of ionic strength (M)
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WT Pc, thus indicating that this residue is not involved in
the interaction of Pc with Cyt

These data are also in agreement with the paramagnetic
NMR structural analysis of th&lostocCyt f—Pc complex
recently performed by z-Moreno et al. (Figure 4, and see
ref 14), who reported that the binding interface involves the
hydrophobic areas close to the metal centers in both proteins.
In Pc, in particular, it comprises 14 residues, namely, 10
from the hydrophobic patch (Leu-14, Val-36, Pro-37, Pro-
38, Leu-64, Met-66, Pro-68, Pro-91, His-92, and Ala-95),
three from the adjacent region of site 2 (Lys-62, GIn-63,
and Glu-90), and the neighboring Lys-35. A second, minor
recognition site on Pc corresponds to residues Asp-54 and
Lys-57, which are both electrostatically interacting with
charged residues of Cyt(14).

As expected, all mutants at the hydrophobic patch exhib-
FicURe 4: Space-filling model of the cytochronfe plastocyanin ited a significant decrease in their reactivity (Table 1), as
complex fromNostocsp. PCC 7119 showing the residues of the did all of them when interacting with PS2T). It is important
??ﬁﬂgfoﬁéoéeirﬁamoﬁﬂgfegé Sifg-s?(i)rgcéi?nr?:tggeir(]:teescijsinCI)i,t?]?hr?a[ne to consider that only a qualitative comparison of the effect
The heme g?ou)p/)’of cytochrgrriandythe copperpligand Hisg-ngofy OT mutations on both systems can b(_a made, due to the
plastocyanin are also shown. different nature of the corresponding kinetic constants. On
the other hand, point charge mutations for decreasing the
different from that observed in eukaryotic systems, where Positive charge of the east patch weakened the ability of Pc
the dependence of the rate constant on ionic strength showd0 oxidize Cytf, whereas mutations to make the copper
a bell-shaped profile, with an optimum value at an ionic protein more positive enhanced the redox interaction rate.
strength of ca. 50 mM1(1). A similar behavior was observed for the interaction of all
To establish whether Pc uses the same surface areas t§1€S€ mutants with PSPY). The more drastic effect was
interact with its two redox membrane partners, the reactivity 0bserved with the R93E mutant, in which the mutation
toward Cytf of a set of Pc mutants previously analyzed with induced a severe decrease in the rate of elecftron transfer.both
PSI 7) was investigated here. These Pc mutants concernfrom Cytf and to PSI (Table 1), thus revealing the crucial
specific residues at the positively charged east face (D54K, ole that such a residuevhich is the only arginine in the
K62A, K62E, Y88A, and Y88F) and at the north hydropho- Primary structure of cyanobacterial Pplays in the interac-
bic pole (L14A, K35A, and K35E), which has been shown tion of Pc with its two redox partners.
to be involved in complex formation with Cyt(Figure 4, The effect of ionic strength on the interaction of Pc mutants
and see refl4), as well as the only arginine residue (R93E with Cyt f was also analyzed with the aim of investigating
and R93Q), which is adjacent to the copper site and essentiathe effect of mutations on the electrostatic nature of the
for the interaction with PSIZ7). interaction. Most mutants present an ionic strength depen-
The kinetic profile of reduction of Pc by Cyft under dence profile similar to that of WT (Figure 3), thus indicating
standard conditions was monoexponential with all mutants, that attractive electrostatic interactions are stabilizing the
as was the case for WT, but the kinetic efficiency for €yt complex; the more pronounced the profile of the decrease
oxidation and the rate constants varied greatly (Figure 1 andof kes with ionic strength, the stronger the Cyt-Pc
Table 1). As can be inferred from the kinetic profiles in electrostatic interaction. The only exception is the R93E
Figure 1, R93E Pc is drastically impaired in oxidizing Cyt mutant, for which thek,s values are independent of ionic
f. Figure 1 also shows the kinetic trace for the L14A mutant, strength, as also occurred in its interaction with P&)(
which is also less reactive than WT Pc but presents the The surface electrostatic potential distribution previously
highest extent of Cyt oxidation, a fact that can be ascribed calculated for WT Pc and mutants D54K and R92E)(
to its more positive redox potential (Table 1). Tikesvalues showed that the mutation at position 54 considerably spreads
for the reduction of most mutants by Clyare independent  the positive surface electrostatic potential, whereas the
of Pc concentration (Figure 2, top), as was the case for WT replacement at position 93 makes the positive area almost

Pc, just allowing the determination of the apparkiatfor disappear. In the Cyit-Pc interaction irPhormidium it has

the reaction. The exceptions are mutants K35E and R93E,also been shown that removing negative charges in Pc
which present a nonlinear dependencéggfon Pc concen-  increased the dependence on ionic strength, whereas remov-
tration (Figure 2, bottom). Applying the formalism in ref ing positive charges decreased it. Moreover, mutations
11, we can estimate the minimal values fdg; and Ka. offsetting or inverting the electrostatic charge in position R93

However, the lack of points at low Pc concentrations only converted electrostatic attraction into repulsidS)( Simi-
makes the&'¢; values reliable, although the profiles in Figure larly, as a general rule, irfNostoc the ionic strength

2 clearly indicate that the Cyt-Pc association is drastically ~dependence of the rate constant can be related to the intensity
impaired in these two mutants. Table 1 shows that most of the positive patch in Pc. It is worth noting that residues
mutants yieldk'¢; values smaller than that of WT Pc, with  Lys-62, Arg-93, and Lys-35 in Pc seem to be involved in
the exception of the D54K mutant, which exhibits a higher Cytf—Pc complex formation, in agreement with the structure
reactivity, and the two Tyr-88 mutants, which behave like of the complex recently determined (r&4 and Figure 4).
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CONCLUDING REMARKS

This work provides novel insights into the peculiar
structural features of thidostocCyt f—Pc complex, reveal-

ing the very different relevance of the role played by Pc ;¢

residues involved in the bimolecular interaction.
Moreover, the parallel kinetic behavior of Pc mutants when
reacting with both Cyf and PSI clearly demonstrates that
the copper protein uses the same surface areas to interact
with its two redox partners, one electrostatic for driving the

attractive movement and complex formation and the other 17.

hydrophobic for electron transfer.
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