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ABSTRACT: The plastocyanifrcytochromef complex fromNostocexhibits relevant structural differences

when compared with the homologous complexes from other cyanobacteria and plants, with electrostatic
and hydrophobic interactions being differently involved in each case. Here, five negatively charged residues
of a recombinant form of cytochronfdrom Nostochave been replaced with either neutral or positively
charged residues, and the effects of mutations on the kinetics of electron transfer to wild-type and mutant
forms of plastocyanin have been measured by laser flash absorption spectroscopy. Cytéchubames

with some negative charges replaced with neutral residues exhibit an apparent electron transfer rate constant
with wild-type plastocyanin similar to or slightly higher than that of the wild-type species, whereas the
mutants with negative charges replaced with positive residues exhibit a significantly lower reactivity.
Taken together, these results indicate that the effects of neutralizing residues at the electrostatically charged
patch of cytochromd are smaller than those previously observed for mutants of plastocyanin, thus
suggesting that it is the copper protein which determines the specificity of the electrostatic interaction
with the heme protein. Moreover, cross reactions between mutants of both proteins reveal the presence of
some short-range specific electrostatic interactions. Our findings also make evident the fadithgibm

the main contribution to the electrostatic nature of the complex is provided by the small domain of
cytochromef.

In oxygen-evolving photosynthetic organisms, cytochrome By its turn, Pc is a small (10.5 kDa) type | cupredoxin in
cs and plastocyanin (PEare involved in the electron transfer  which the copper metal is coordinated by two histidines, one
from the cytochromebsf complex to photosystem | (PSI) methionine, and one cysteing @). Two functional regions
(1—3). Cytochromef (Cf) is one of the redox components have been identified at the Pc surface: a hydrophobic area
of the cytochromebsf complex and represents an atypical at the north pole of the molecule (the so-called site 1), which
c-type cytochrome because of both fissheet secondary is involved in electron transfer, and an electrostatic patch in
structure and the unusual heme axial coordinatibr7]. It ~ the east region (the so-called site 2), which is responsible
is an integral component of the membrane complex, with a for electrostatic interactions with its redox partnets-4).
hydrophobica-helical tail of 35 residues which allows the Both Cf and Pc are structurally well conserved among
correct orientation of the heme to connect both with the plants, algae, and cyanobacteria except for the electrostatic
Rieske protein on the membrane plane and with the solubleproperties at the surface level. A well-conserved positively
acceptor on the luminal sid&) The soluble truncated form  charged ridge is present in plant and alghltlit the surface
of the protein from different sources has been used with electrostatic potential of this area is negative in cyanobacteria.

success to perform both structural and functional in vitro N @ny case, Pc andf(ossess just contrary electrostatic
studies ¢, 5-9). charges on their respective electrostatic patches, thereby

making the electrostatic interactions between them both

attractive in all casesl( 5—9).
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in a “side-on” orientation in plants, with the acidic patch of
Pc being involved as well (see r&ft for a recent review).

Pc and €from the cyanobacteriumostocsp. PCC 7119,
in particular, represent an excellent case study as they react
with each other by means of attractive electrostatic interac-
tions, like plant and algal protein2@), but using differently
charged patches (positive in Pc and negativefin &t low
ionic strengths, the kinetics forf@xidation by wild-type
(WT) Pc are faster inNostocthan in other organisms;
however, the electron transfer rate in thestocsystem is
highly dependent on ionic strengtB1), in contrast to the
weak salt dependence previously described for Rher-
midium system {0). Furthermore, the experimental data
concerningNostocCf(WT) and Pc mutant2() matched well
the kinetic behavior exhibited by the same set of Pc mutants
when they act as donors of electrons to P32)( thus
indicating that the copper protein uses the same surface areas
(one hydrophobic and the other electrostatic) to interact with
both redox partners.

Interestingly, the three-dimensional structure ofwestoc
Pc—-Cf complex has been recently characterized by NMR
spectroscopyl(7), thus revealing that this complex adopts a
peculiar conformation which is between the plant side-on
and thePhormidiumhead-on orientatior2@). However, the .
interaction of theNostoccomplex involves both the hydro- ~ FIGURE 1. (A) Space-filling model of théNostocPc—Cf complex

. : . : (17) showing the residues of the heme and copper proteins modified
phobic and electrostatic patches of both proteins, as is theby site-directed mutagenesist i€ depicted in light gray, whereas

case in plants 16, 17, 23). From the structure of this  p¢ is colored dark gray. The heme group dfa@d the Cu ligand
complex, some residues of Gave been identified as being  His92 of Pc are colored black. (B) Pc anélae rotated 90to the

involved in binding to Pc, namely, residues D100, E108, and right and to the left, respectively, with respect to their orientation
E165 at the hydrophobic patch and residues D64 and E189in the complex to show their interaction areas.

at the electrostatic sitel(). Cf(WT) was increased up to 3 mg/L, although this figure

Here we report a laser flash-induced kinetic analysis of | - i depending of the mutant. The yield was somewhat
the oxidation of site-directed mutantsibstocsp. PCC 7119 higher for mutants E108A, E108K, E165A, E189A, and

Cf by WT Pc and a set of mutants of the copper protein g1g9x and markedly lower for the double mutants.
previously analyzed with QVT) and PSI £1, 22), thereby The proteins were purified essentially as described in ref
providing relevant information about the role played by the »1 the pyrity of the isolated Grariants was inferred from
modified reS|dues.on_the interaction betwgen the_ two redox the Ag74/Asss ratio of the reduced protein; protein preparations
partners. These findings are discussed in the light of the it 4 ratio lower than 1.5 were used for the kinetic analyses.
recently determined structure of thestocPc-Cf complex.  The redox potential of mutant proteins was determined as
previously described2(l).

Pc WT and its mutants were produced and purified as

Mutagenesis of the petA Genehe molecular biology  described in ref2l and22.
methods that were used were essentially as described in ref Laser Flash Absorption Spectroscopaser flash experi-
24. The plasmid encoding fQVT) (PEAFwt) was obtained ~ ments were carried out essentially as described i@1eby
as described in re21. Mutagenesis of thpetAgene in the ~ producing submicromolar amounts of reducefdwith the
pEAFwt vector was carried out with the Stratagene Quick- dRf/PDQ" system to trigger the interprotein redox reaction.
Change mutagenesis kit according to the manufacturer’'sProtein concentrations were determined using the following
instructions. To obtain the different mutants, oligonucleotides absorption coefficientsisss = 31.8 mM* cm™ (21) and
of 21 bp with the following codon changes were used: GAT €so7 = 4.5 mM* cm™* (22) for reduced €and oxidized Pc,
to GCT for D64A and D100A, GAA to GCA for E108A,  respectively. The concentration of oxidizeli€the reaction
E165A, and E189A, GAT to AAG for D64K and D100K, cell was 5QuM for all the mutants except D64K and D64A/
and GAA to AAA for E108K, E165K, and E189K. Incor- E189A, for which the concentration in the cuvette was
poration of the desired mutations and the absence ofdecreased to 4M to prevent protein aggregation.
ggglst;roljglsc':hanges were checked by sequencing the mUtate(E?ESULTS AND DISCUSSION

Expression, Purification, and Characterization of Cfand  The three-dimensional structure of tidostoc Pc—Cf
Pc Variants.Expression, purification, and characterization complex has recently been characterized by NMR spectro-
of WT and mutant €were carried out as described in ref scopy (Figure 1) X7). A precise analysis of the interface
21, with minor modifications. Protein expression was area of the complex makes evident the fact that five acidic
optimized by growingescherichia colicells at 37°C for 48 residues on the heme protein seem to play a relevant role in
h with 100 rpm stirring; under these conditions, the yield of the electrostatic interactions with positive groups of the

EXPERIMENTAL PROCEDURES



Specific Interactions between Cytochroinand Plastocyanin

Table 1: Values for the Apparent Electron Transfer Rate Constant
(K¢ for the Oxidation of @ Variants, with Single or Double
Mutations to Alanine, by WT and Mutant Pc

WT Pc L14A Pc K35A Pc D54K Pc K62A Pc

CR(WT)b (+334) 13400 7300 5200 25500 7000
Cf(D64A) (+338) 13300 4600
Cf(D100A) (+337) 17700 7000 5000

Cf(E108A) (+336) 14500

Cf(E165A) (+344) 19500 5900
Cf(E189A) (+337) 13600 16600
Cf(DB4A/EL89A) (-331) 12000 13900 5800
Cf(D100A/E108A) (-334) 10800 7300 6400

aThe units fork'e; values are inverse seconds. TKg value was
estimated using the method of Meyer et &6)( The redox potential
value for each mutant (expressed in millivolts, at pH 7.0) is in
parenthese®.Data from Albarfa et al. Q1). °Ka = 3.4 x 16 M.

Table 2: Values for the Apparent Electron Transfer Rate Constant
(K'e for the Oxidation of @ Variants, with Single Mutations to
Lysine, by WT and Mutant Pc

WT Pc K35E Pc D54K Pc K62E Pc Y88F Pc R93E Pc

Cf(WT)P (+334) 13400 3800 25500 2300 13400 1860
Cf(D64K) (+336) 7500 5000

Cf(D100K) (+336) 8600 2100

Cf(E108K) (+332) 8500 1800

Cf(E165K) (+338) 7000 1800 7800 1200
Cf(E189K) (+333) 8300 12600 2100

aThe units fork'e; values are inverse seconds. TRe values were
estimated according to the method of Meyer et a6).( The redox
potential value for each mutant (expressed in millivolts, at pH 7.0) is
in parenthese$.Data from Albaria et al. @1). ° Ky = 10 ML 9K,
=1F6 ML

copper protein. Figure 1 shows the location of these five
residues in the structure off CAsp64 and Glul89, located

at the small domain of the heme protein, which contains the

acidic ridge; Asp100 and Glul08, which are at the large
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Ficure 2: Dependence upon Pc concentration kgfs for the
oxidation of WT and some mutant species dfty WT Pc. The
dashed line for the D100A/E108A mutant corresponds to the
theoretical fitting using the formalism in re26. Experimental
conditions were as described in Experimental Procedures.

ponential with all @ mutants (not shown), which was the
case for @WT) (21), but the kinetic efficiency of the heme
protein oxidation by Pc and the corresponding rate constants
varied greatly (Figure 2 and Tables 1 and 2). As was the
case with @WT), only a partial extent of protein oxidation
was observed for all the heme protein mutants (not shown),
a fact that can be attributed to the similarity of the redox
potentials of @ and Pc, thus allowing a reversible electron
transfer reaction up to the equilibrium according to the
following scheme %6):

ket forward

E==

Ka
Cfred + PCbx - [Cfred'"PQJx] Cfox + Pcred

ket reverse

whereKa stands for the proteinprotein association constant

domain; and Glul65, located near the hydrophobic patch of and ket forward @Nd Ket reverseStand for the reversible electron

Cf (Figure 1B). To investigate the relative contribution of transfer rates. The two latter constants could correspond to
these residues to the overall electrostatic interaction surfaceregular rate constants but could also reflect an additional
and to identify specific short-range electrostatic interactions intracomplex rearrangement step prior to the electron transfer
between charge residues, a series of site-directed mutantgl, 2). Thekq,svalues for the oxidation of the alanine single
that either neutralize their charge with a standard replacementmutants of @by WT Pc were independent of Pc concentra-
with alanine 5) or revert it upon replacement with lysine tion within the range that was analyzed, as shown in Figure
have been constructed. Two double alanine mutants, one2 for the G(E165A) mutant. This indicates that all these
concerning the two acidic residues of the small domain and mutants, as was the case for the WT prot@i)( maintain

the other concerning the two amino acids of the large domain, a high association constarK{ > 10° M~1). From the data

have also been made. The reactivity of all the$eaiants

obtained in these reactions with WT Pc, an apparent first-

with WT and mutant forms of Pc has been analyzed by laser order intracomplex forward electron transfer rate constant

flash absorption spectroscopy.
The visible spectra of the differentf@utants, both in

(K'ep can be estimated (Table D1). These estimated values
were close to that of WT for all the alanine single mutants.

the oxidized and in the reduced states, were similar to thoseThe effects of € mutations onk'e; are thus significantly
of the WT protein, and the molecular masses of purified smaller than those obtained for the reaction of a series of
proteins determined by MALDI-TOF spectroscopy were in comparable charge mutants of Pc witff\@T) (21). Whereas
agreement with the values predicted from the protein most of the mutants presekt; values similar to that of
sequence (data not shown). None of the redox midpoint Cf(WT), the G(D100A) and G(E165A) variants exhibited
potential values of the @nutants differed significantly from  an increased reactivity (Table 1), the highéstvalue being
that of the WT species (Tables 1 and 2). All these results obtained for the §E165A) mutant, in which the mutation
indicate that the global structure of the protein and the hemeis located near the heme group. In the WTH&f complex,
environment are not significantly altered in the mutants with the residue at position 165 off @ close (9 A distance) to
respect to @WT). Moreover, the reactivity of all the mutants R93 of Pc (Figure 1)X7), a residue that has been shown to
with PDQ was similar to that of the WT protein, ensuring a be crucial for the interaction of Pc both with PSI and with
similar extent of reduced f{@enerated by the laser flash.  Cf (21, 22). This fact indicates that the weakening of the
The kinetic profile of the reduction of WT and mutant Pc electrostatic interaction in the heme area promoted by the
by the heme protein under standard conditions was monoex-E165A replacement could affect the rearrangement of the
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Ficure 3: lonic strength dependence ks for the oxidation of
WT and mutant species off®y Pc. The Pc concentration was 24
uM. The solid and dashed lines are for the fitting of experimental
data to the equation by Watkins et &7). Other conditions were
as described in Experimental Procedures.
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the alanine single mutants exhiliif,s values similar to that

of the GF(WT) species at high ionic strengths (ca3®0?,
Figure 3). These findings indicate that the removal of just
one electrostatic charge from the alanine single mutants does
not significantly affect the broad negative electrostatic area
that interacts with the positive patch of Pc.

The kinetic analysis of the interaction of the twéalanine
double mutants, one concerning residues in the small domain
and the other concerning residues close to the hydrophobic
area of the heme protein, with Pc reveals interesting clues
about the involvement of these areas in complex formation
and electron transfer. Thus, the double mutaf(DG4A/
E189A) behaves as the two single alanine mutants (very
similar to WT) under standard conditions (Table 1 and Figure
2). This is surprising because the small domain of the Pc
Cf complex has been proposed to bear the more relevant
charged residues involved in the electrostatic interaction with
Pc (17, 20, 23). However, this @D64A/E189A) mutant
yields values much higher than that of(@T) for Kops at
high ionic strengths, as was the case wiff0B4K) (Figure

transient Complex, thus aIIOWing reorientation of the partners 3), Suggesting that reducing the negati\/e nature of the small

toward a more favorable configuration for electron transfer.
Although this mutant is slightly more reductive than WT,
the small difference in redox potential (ca. 10 mV, Table 1)
alone could not account for the higher observed reactivity.
However, the difference in the driving force for the interac-
tion of this mutant with Pc is slightly reflected in the
somewhat higher extent off Gxidation by the copper protein
with respect to WT (not shown). With kinetic behavior
similar to that of the @E165A) variant, the §D100A)
mutant is also located in a hydrophobic environment but
could still exhibit a remarkable electrostatic character. Thus,
the removal of this negative charge could also facilitate the
rearrangement of the transient complex, improving the

domain (Figure 4) promotes additional effects in the active
complex other than purely electrostatics. One possibility,
considering the weaker effect of ionic strength, is that in
this mutant hydrophobic interactions have a more relevant
role in complex formation. Therefore, we can hypothesize
that this double mutation may induce a slight change in the
structure of theNostocPc—Cf complex from the electrostati-
cally driven side-on configuration to another more similar
to the head-on configuration of tHeghormidiumcomplex,
in which the hydrophobic areas of both proteins have a more
relevant role in driving productive complex formatio2j.
With the current data for thef100A/E108A) mutant,
it is uncertain if this mutant exhibits a dependencekgt

electron transfer. As a general conclusion for all the mutants on Pc concentration at low ionic strengths (Figure 2).

showing an effect onk'es and not onK,, we cannot

Whereas thé; value obtained for this mutant is equivalent

discriminate between an effect exerted on the electron g that estimated for the f(D64A/E189A) mutant and only
transfer step itself an(_j that exerted on the intracomplex sjightly smaller than that for fQV/T) (Table 1), the difficulty
rearrangement step prior to electron transfer, a very subtlejn optaining data points at low Pc concentrationgt (M),

process that can be altered by the different mutations.

It is interesting to note that the removal of the negative
charge of D64 iMNostocCf and its equivalent residue D63
in the Phormidiumprotein does affect quite differently the
intracomplex electron transfer rat&8 23). The Nostoc
Cf(D64A) mutant exhibits &'¢; value similar to that of
Cf(WT), whereas th€hormidiumCf(D63A) mutant is much
less reactive (Table 1119). This result is as expected from
the very different position of this residue in both com-
plexes: inPhormidium D63 is very close to and specifically

where the extent of oxidation is very small, prevents the
calculation of a reliable value fd€. However, the depen-
dence profile in Figure 2 may suggest a lower value for this
constant with the double mutant compared with the WT,
indicating that in such double mutants the electron transfer
step is not modified, only the ability of both proteins to
encounter each other. Consequently, the dependericgsof
on ionic strength for this mutant leads to values similar to
that of C(F(WT) at high salt concentrations (Figure 3),
suggesting that neutralization of these charges is mainly

interacts with the crucial R93 residue in Pc, whereas in the affecting electrostatic interactions. The mutated residues are

NostocPc—Cf complex, the two residues are 16.8 A from
each other (Figure 1A)2Q).

To analyze the different role of charged groups in the
electrostatics of the PeCf complex, the effect of ionic
strength on the reactivity of alanine single mutants was
investigated. As seen in Figure 3, tkgs value for all the

located in a negative area near the hydrophobic patcH of C
(Figure 1B), and elimination of these charges markedly
diminishes the negative electrostatic potential of this area,
making it more hydrophobic (Figure 4), thus altering the
interface of the complex in Cand affecting short-range

forces involved in the formation of the electron transfer

mutants with one negative residue replaced with alanine complex between Cand Pc.

decreased monotonically with an increase in salt concentra-

tion in a way similar to that for the {QNVT) protein @1).
Increasing the ionic strength over 0.25 M makéseduction
by PDQ so slow that it impedes a reliable extrapolation of
the rate constant at infinite ionic strengi). However, all

Replacement of single acidic residues with lysine promotes
in all cases a decrease ki of up to ca. 60% of that with
Cf(WT) without significantly decreasing the values ¥,
as deduced from the independencégffrom Pc concentra-
tion at low ionic strengths [see Figure 2 for th&EL65K)
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Ficure 4: Surface electrostatic potential distribution d{\@T) and its D64K, D100A/E108A, and D64A/E189A mutants. In each case,

the surface electrostatic potential was estimated at an ionic strength of 200 mM, with 80 and 4 as solvent and protein dielectric constant
values, respectively, by using the algorithm by Nicholls and Ho88) and MOLMOL (30). Negative and positive potential areas are
colored red and blue, respectively. The orientation of the heme protein is the same as in Figure 1A.

mutant, and Table 2]. Thus, whereas a single negative charge 12 A
removal does not promote drastic kinetic effects, its reversion A A
results in a general decrease in the kinetic efficiency. Such 9| A oL A

a kinetic effect indicates that the complex formation is driven o < ° * e *
by the additive result of multiple interactions, which define n: 6l 0’ 6 ¥ o

a broader electrostatic contact area. As was the case with = o
the single alanine mutants, the ionic strength dependence K 2

profile of k.ps Obtained with the single lysine variants 3t 4 :g@’&‘;ﬁ‘oﬁ .
indicates a general proteiprotein attractive interaction, with o Cﬁmm A,EIOBA;PZEE']?A)
kobs approaching €WT) values at high salt concentrations 0 . . . . )

even though, as expected from the charge substitution, the 0 5 10 15 20 25 30
effect of ionic strength is less pronounced than with WT Plastocyanin (uM)

(see Figure 3 for the E165K variant). The exception to this . .
behavior is that of the ffD64K) mutant, which presents a Ficure 5: Dependence upon Pc concentration kgfs for the
' p oxidation of G(WT) and G(D100A/E108A) by WT and L14A Pc.

near independence &f,swith an increase in ionic strength,  The lines for the D100A/E108A mutant correspond to the theoretical
thereby leading td,s values higher than that offGVT) at fittings using the formalism in reR6. Experimental data from

high ionic strengths (Figure 3). Substitution of this residue, Albarren et al. @1) with C((WT) and L14A Pc @) are presented
which contributes to the negative electrostatic area of the fs(::rriggtrjnFna?;g:ri%uéﬁgsle; OEé(gSrrg;ental conditions were as de-
small domain (Figures 1 and 4), thus promotes additional
modifications in the active complex other than purely Pc(L14A) mutant is lower (ca. 3.4 10° M~1) than that of
electrostatics, either by increasing the hydrophobic naturethe WT complex (Figure 5 and Table 1). However, ke
of the interaction forces or by promoting minor modifications value estimated for this cross reaction is similar to that
in the productive protetrprotein orientation or interaction  obtained with @WT) when it interacts with Pc(L14A)
surface. (Table 1). It is also remarkable that the dependende,nf
Cross reactions between mutants of both proteins wereon Pc concentration previously reported for the interaction
carried out to obtain information about specific short-range of Cf(WT) with the Pc(K35E) mutant2(l), a position also
interactions between charged residues of Pc ahav@ich involved in formation of the PePSI complex 22), disap-
can be identified by the reversion of the effects of mutations peared when this Pc mutant interacts with eithEDC0O0K)
in these double mutant cross reactions; this approach alscor Cf(E108K), the system then recovering the high \K{
could contribute to the definition of the relevance of the values, although with a decreaskd (Figure 6 and Table
different electrostatic areas off @ the interaction with Pc ~ 2), which indicates a restoration of the proteprotein
(Tables 1 and 2). The couples of @nd Pc mutants to be  affinity but in a nonoptimal configuration. Taking these
analyzed by laser flash spectroscopy were selected by takingesults together, we can conclude that there is no strong
into account the distance and the relative orientation in the interaction between any of these charged residues as in any
complex of the altered residuek7). In most cases, thies case the WT system behavior was totally recovered (Tables
values for oxidation of €by Pc, as was the case in the WT 1 and 2). However, the areas of both proteins in which these
system, were independent of Pc concentration within the residues are located interact very closely in the complex, as
range that was analyzed, except for the cross reaction of thededuced from the NMR structure (Figure 1A and 16,
Cf(D100A/E108A) mutant with the Pc(L14A) mutant (Figure and thus, our results suggest that whereas the area defined
5 and Table 1). The tentative minimKl, value obtained by D100 and E108 in Cis clearly involved in complex
for the interaction of the fD100A/E108A) mutant with the  formation, the region defined by L14 and K35 in Pc is
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Ficure 6: Dependence upon Pc concentration kgfs for the FIGURE 7: lonic strength dependence ks for the interaction of

oxidation of G(WT), Cf(D100K), and &E108K) by K35E Pc.  WT Pc and @and for the reaction of fD64A/E189A) with WT
Experimental data from Albarmeet al. 1) with Cf(WT) and K35A  and D54K Pc. The solid and dashed lines represent the fitting of
Pc (a) are presented for comparative purposes. The dashed lineexperimental data to the equation by Watkins et 27).(Experi-
represents the fitting of experimental data to the equation by Meyer mental data from Albafraet al. 1) with Cf(WT) and Pc @) are
et al. 26). Experimental conditions were as described in Experi- presented for comparative purposes. Experimental conditions were

mental Procedures. as described in Experimental Procedures.
involved both in the electron transfer step and in the of pc means that replacement of a single charged residue
electrostatic interaction for complex formation. in the heme protein promotes no drastic changes in the

In almost all the reactions between mutants of both iyieraction with the copper protein. A similar result has been
proteins, the calculatekle: value is a result of the additive  gptained by mutating specific residues Rimormidium Cf
effect of the mutations (Tables 1 and 2). The exception to (19). Thus, there seem not to be key charged residues or
this rule is the reaction betweerf(D64K) and Pc(K62E),  «not spots” in G for the interaction with Pc but an additive
the K¢ being higher than that obtained with the same PC gffect of multiple specific interactions. We can also conclude
mutant and @WT) (Table 2). This result allows us 10 hat inNostocCf the small domain is the most relevant area
conclude that the area near the affected residue is closgy conducting the electrostatic interaction with Pc, so the
enough in the complex to compensate for the opposite nerajization of this region turns the nature of the-P¢
changes of charges on the mutants, in agreement with thecomplex from electrostatic to more hydrophobic. Moreover,

structural data of the compled?). Most interesting is the s work makes evident the existence of a specific interaction
behavior of the reaction between the threbniutants of f residues of the small domain of @ith the electrostatic

residue E189 and the Pc(D54K) mutant (Tables 1 and 2), 5rea of Pc.
which presents an increaskg value with G(WT) compared The different results obtained from analysis of the interac-

to that with Pc(WT) 21). In all these cross reactions, the  tjon of CF(WT) with site-directed mutants of charged residues

system recovered the WR value, clearly indicating that i, the positive patch oRostocPc @1), where neutralization
these two residues are sufficiently close to each other t0, inversion of the charge of key residues promotes

reverse the individual effect of the mutation by means of a gjgnificant changes in complex formation and electron

specific interaction, in particular for thef(E189K) and Pc- yransfer, suggest that the electrostatic features of Pc are

(D54K) interaction (Table 2). This becomes more evident majniy determining the specificity of the PEF interaction.
when the effect of ionic strength on these cross reactions is

analyzed. Whereas most of the reactions between mutantACKNOWLEDGMENT

of both proteins present the same ionic strength dependences . . . .
as the reactions of each individual mutant with its respective We thank Dr. Antonio Diz-antana .for .h's. he_lp n
WT, the reaction betweenf(D64A/E189A) and Pc(D54K) calculatlng the surface electro_statlc p(_)tentlal distributions and
recovered the WT ionic strength dependence profile (Figure Pilar Alcantara for her technical assistance. PDQ and dRf
7), which is not the case when thi§ @utant interacts with ~ WE'® generous gifts of Prof. Gordon Tollin (University of
the Pc(K62A) mutant (not shown). Taken together, all these AZ0Na, Tucson, AZ).
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