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ABSTRACT. In cyanobacteria, plastocyanin and cytochrargare two soluble metalloproteins which can
alternately serve as electron donors to photosystem |. From site-directed mutagenesis studies in vitro, it
is well-established that both hydrophobic and electrostatic forces are involved in the interaction between
the donor proteins and photosystem |. Hence, two isofunctional areas, a hydrophobic one in the north and
an acidic one in the east, have been described on the surface of both electron donors. In this work, we
have tested the relevance of such kinds of interactions in the photosystem | reduction inside the cell.
Several plastocyanin and cytochronog site-directed mutant strains affecting both the acidic and
hydrophobic regions of the two metalloproteins, which were previously characterized in vitro, have been
constructed. The photosystem | reduction kinetics of the different mutants have been analyzed by laser
flash absorption spectroscopy. Relevant differences have been found between the in vitro and in vivo
results, mainly regarding the role played by the electrostatic interactions. Adding positive electrostatic
charges to the acidic patch of plastocyanin and cytochrosm@omotes an enhanced interaction with
photosystem | in vitro but yields the opposite effect in vivo. These discrepancies are discussed in view of
the different environmental conditions, in vitro and in vivo, for the reaction mechanism of photosystem

| reduction, namely, differential interaction of the electron donors with the thylakoidal membrane and
kinetics of donor exchange.

Plastocyanin (Pé)and cytochromes (Cyt) are two small accompanying the replacement of Cyt with Pc in the
soluble metalloproteins that act as alternative electron donorsevolution from cyanobacteria to plants (reviewed in Tgf
to photosystem | (PSI) in the photosynthetic electron From these studies, two isofunctional regions have been
transport chain (see refsand?2 for recent reviews), although  identified in both proteins: a hydrophobic area in the north
it has been recently demonstrated that they are also involvedpole of the molecule involved in the electron transfer and
in the cyanobacterial respiratory chain as donors tatge an acidic patch in the east region responsible for electrostatic
type cytochromec oxidase 8—5). The expression of one interactions with PSI§). In the cyanobacteriurBynechocys-
protein or another is regulated by the presence of copper intis, a single oriented collisional mechanism has been reported
the medium: the copper protein Pc is expressed in the for the in vitro reduction of PSI by both donors. This process
presence of this metal, whereas Cyt, a heme protein, isinvolves repulsive electrostatic interactions without formation
synthesized in the absence of copp@) ( of any kinetically detectable electron-transfer complgjx (

The factors determining the efficiency of PSI reduction According to this reaction mechanism, the in vitro site-
by Pc and Cyt have been extensively studied in vitro, a directed analysis of the process has shown that adding
hierarchy of mechanisms with an increase in efficiency positive charges to the acidic east patch of both Pc and Cyt
led to an increase in the efficiency of PSI reduction, whereas
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phases, respectively, of biphasic kinetikg; observed rate constant inati ; ;
for monophasic kinetics; LAHG, light-activated heterotrophic growth; Recently, the kinetics of PSI reduction by Cyt or Pc in

Pc, plastocyanirpetE gene encoding plastocyanjret] gene encoding SynePhOPYStiwere analyzed in V\_’h0|e celld§). Whereas
cytochromecs; PSI, photosystem |; WT, wild-type. the kinetic traces for PSI reduction by Pc correspond to a
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monophasic process, the CyRSI interaction follows bi- —

phasic kinetics with a first fast component in the microsecond Pstl Nhel SmalBsal Cell
range which was absent in the in vitro experimed®.(The . '

fast phase of PSI reduction has been typically assigned to a

kinetic model involving transient complex formation before

the electron-transfer sted ). Thus, as a general rule in

cyanobacteria, it seems that Cyt interacts with PSI in vivo < —1ko—>1

petE

Hincll Pstl C.C2 Pstl Hincll

by following a mechanism more complex and more efficient —
than that of Pc18) BstEll Nhel EcoRV Nssil Clal BstEll
) | | | |
To gain deeper insight into the reaction mechanism of PSI petJ
reduction under physiological conditions, we have con-
structed a series ddynechocystismutant strains in which Pstl c.c2 Pstl

the WT copies of th@etE (encoding Pc) opetJ(encoding FicURE 1: Strategy designed to obtain site-directed mutant strains
Cyt) genes have been replaced by the modified genes offor the petE(top) andpetJ(bottom) genes irBynechocystisells.
mutant proteins previously studied in vitrdQ 11). The Solid arrows denote ORFs, and open segments stand for probes
ability of the different mutated donors to carry out PSI used in Southern blot analysis.

reduction in vivo has been further analyzed by laser flash

absorption spectroscopy. on solid BG-11 medium in the presence of: copper,

with increasing amounts of chloramphenicol from 10 to 80
EXPERIMENTAL PROCEDURES ug/mL. The correct integration and segregation of the site-
directed mutant copies were tested by Southern blotting by
Strains and Culture Conditions. Synechocysiis PCC digesting the genomic DNA of isolated mutang6) with
6803 cells were grown photoautotrophically in liquid BG- Pst and using, as a probe, ti¢hd —Sma fragment from
11 medium at 30C, either in the presence or in the absence pPlaF radioactively labeled witfiP with the Ready-To-Go
of copper, as previously describetl6f. When necessary, commercial kit (Amersham). In st digestion of the
copper was added at a concentration oi:Ml, whereas genomic DNA, this probe hybridized with a 4.0 kb band in
copper-depleted medium was supplemented with @00 the case ofApetEand with a 3.2 kb band in the case of WT
bathocuproinedisulfonic acid (BCSA) as a chelating agent and site-directed mutant strains.
to eliminate any traces of this metdlg, 19). Cell cultures In a similar fashion, theApetJ strain (L6) was used to
with or without copper were pre-adapted to the new obtain the strains with WT and site-directed mutant copies
conditions by repeated incubation cycles, and cell growth of thepetJgene. The 2.4 kiBal —Sadl fragment from pCytF
was monitored by spectrophotometric measurements of the(16) was ligated to pBluescript Il SKf) (Stratagene)
chlorophyll content Z0). The ApetEmutant was grown in  digested withSal and Sadl. The resulting plasmid was
the presence of kanamycin (2@/mL); the Apetd mutant named pACC. A 1.4 kbPst—Pst band from pRL479
was cultured in the presence of spectinomycin«smL), carrying the C.C2 cassette was ligated to hsi-digested
and site-directed mutant strains were cultured in the presencgpACC plasmid, thus generating the pCitCC2 plasmid (Figure
of chloramphenicol (1&g/mL). The whole protein concen- 1, bottom). To obtain the constructs with the WT and site-
tration was determined as previously describ2d).(Light- directed mutant copies of theetJgene, the 350 bplhd —
activated heterotrophic growth (LAHG) experiments were EcoRV fragment from the pCitCC2 plasmid was replaced
carried out as described elsewhel®,(22 by adding 10 with the 350 bpNhd —EcaRV fragments of each ORF of
mM glucose to the standard solid medium. WT and site-directed mutanpetJ copies from plasmids
Escherichia colDH5a. cells were grown in Luria-Bertani  previously developedl(l), and the resulting plasmids were
liquid or solid medium 23) supplemented, when required, used to transform theé\petJ strain. Transformants were
with chloramphenicol (4&g/mL), kanamycin (5Q:g/mL), selected and segregated on solid BG-11 in the absence of
spectinomycin (10@g/mL), or ampicillin (100ug/mL). copper with increasing amounts of chloramphenicol from 10
DNA Manipulation. To constructSynechocystistrains 0 80ug/mL. To test the correct integration and segregation
carrying site-directed mutant copies of thetE gene, the ~ Of transformed strains, Southern blot experiments were
ApetE strain (16) was transformed as shown in Figure 1 Performed as follows: genomBsEll-digested DNA from
(top). The pPlaF plasmid carrying thetEgene and flanking ~ these strains was hybridized with téal —EcdRV fragment
regions (6) was digested witt8ma, and the resulting 5.7 ~ from the®P-labeled pCytF plasmid as a probe, giving a band
kb band was ligated with the 1.4 KHincll—Hincll band of 1.7 kb in the case oApetJand a band of 4.3 kb in the

from the pRL479 plasmid carring the C.C2 cassette, which case of the WT and site-directed mutants.

confers resistance to chloramphenicd)( thus generating All DNA manipulating enzyme procedures followed the
the pPlaCC2 plasmid. This plasmid was used as a templatemanufacturers’ instructions.
to insert the site-directed mutations: the 2000y —Bsd RNA Isolation and Northern Blot Analysigotal RNA

fragment of pPlaCC2, corresponding to the central part of isolation fromSynechocystiquid cultures was performed
the ORF ofpetE was replaced with the 200 Iipelll —Bsd by breaking the cells in the presence of glass beads—(0.2
fragments of each ORF of WT and precisely mutgbetE 0.3 mm in diameter, Sigma) as described elsewh2arg (
copies from plasmids previously developdd)( The result- Probes for Northern blots were tBanmHI—EcdR| fragment
ing plasmids were tested by restriction and sequence analysigrom the pBS-Pc plasmid2g) in the case of th@etEgene
and used to transform th&petE strain by standard proce- and theEcaRI—HinDIII fragment from the pBS-Cyt plasmid
dures @5). The transformants were selected and segregated(11) in the case of the@etJgene. Both were radioactively
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Ficure 2: Space-filling representations &ynechocystiplasto-
cyanin (left) and cytochromes (right) showing the residues
mutated. The molecules are oriented with their electrostatic patches,
or east sites, to the front and the hydrophobic patches, or north
sites, at the top. The mutated residues are depicted in black. The L
electron-transfer ports for both proteins, His87 at plastocyanin and 1.7 kb = |
the heme group at cytochromg are also indicated. The numbering '
in plastocyanin corresponds to that of the spinach protein.

. Ficure 3: Southern blot of site-directed mutant strainspefE
labeled as described above for Southern blots. As a control,andpetJgenesSynechocystiild type (WT) andApetEandApetJ

in all cases filters were stripped and rehybridized with the mutants were used as controls. Genomic DNAs were digested with
HinDIIl —BarH| 580 bp probe from the pAV1100 plasmid ~ appropriate restriction enzymes and hybridized with either3mg-[

; T _ CTP-labeled\hd —Sma fragment of the pPlaF plasmid (A) or
that contains the constltutl_vely expressed RNase-P RNA genef'he F?P]dCTP-labelecClal —ECaRV fragment of the pCytF plasmid
(rnpB) from Synechocystif29).

k > (B). The band length is expressed in numbers of kilobase pairs.
Other Techniqueslsolation of Pc and Cyt fronSyn- See the text for details.

echocystisNT cells and immunoblotting experiments were  ,ants corresponding to eapbtEor petJmutant. In the case

carried out as previously described6). Proteins were of Pc, the respective mutant strains are named MP-K33E,
immunodetected with polyclonal antibodies raised against MP-D44A, MP-D44K, MP-D47R, and MP-D44RD47R. In
Synechocysti®c or Cyt 16). _ the case of Cyt, strains carrying the different mutations are
For the kinetic analysis of in vivo PSI reduction, cells of ,5meq MC-F64A, MC-D70R, and MC-D72R. As a control,
Synechocystizarrying the WT or mutated genes were gmilar constructions carrying the \WJetE and petJ genes
harvested by centrifugation at different stages of the culture. \yare used to transform thpetE and ApetJ strains,
The in vivo reduction of PSI was followed by laser flash regpectively (pPlaCC2 and pCytCC2 plasmids, respectively),
absorption spectroscopy in PSll-inactivated samples aSresulting in reversion strains MP-WT and MC-WT. Site-
previously describedl@). Each yalue_for kinetic constants  Girected mutant strains foApetE and ApetJ genes were
was obtained from three to flveT different cultures..The selected in the presence of chloramphenicol(g0nL) and
structure of Cyt fromSynechocystiwas modeled by using  gijther in the presence or in the absence gfM copper,
SwissPDB Model, with the structure of Cyt fro8ynecho- respectively; in the case of tietImutants, 30gM BCSA
coccus elongatugPDB entry 1C6S) as a template. was also added to the medium. The correct integration and
segregation of every mutant was checked by Southern blot
RESULTS AND DISCUSSION (Figure 3), with the WT ApetE and ApetJ strains being
Synechocystis petE and petJ Site-Directed Mutant Strains.used as controls. The lengths of the resulting bands and the
We have previously reported a detailed site-directed mu- absence of other bands were as expected for completely
tagenesis analysis of in vitro electron transfer from Pc and segregated mutants (see Experimental Procedures and Figure
Cyt to PSI inSynechocysti€l0, 11). On the basis of these  1).
results, we have selected a number of mutants to perform To test the ability of every strain to synthesize the mutated
an in vivo study on the effect of replacing surface residues protein, Western blot experiments were performed. Jdt&
in both Pc and Cyt on PSI reduction, comparing the results mutant strains were grown in the presence of copper to test
to those previously obtained in vitro, the replaced groups the expression of mutated Pc, wherga$] mutant strains
being shown in Figure 2 for both proteins. The selected were cultured in the absence of the metal to allow the
mutants were D44A, D44K, D47R, and the double mutant synthesis of mutated Cyt. As shown in Figure 4, both MP-
D44R/D47R in the case of Pc and F64A, D70R, and D72R WT and MC-WT reversion mutant strains, as well as most
for Cyt. All these mutations are located in the acidic site-directed mutants, were able to produce normal levels of
isofunctional patch of both proteins (Figure 2). In addition, the mutant proteins, thus not only corroborating the correct
the mutant K33E, with the charge located at the hydrophobic integration of the constructions in the genome of the
area of Pc which is close to the copper atom, has also beercyanobacteria but also showing that these integrations did
investigated (Figure 2). It has been previously reported that not affect the regulation of the expression of both Pc and
the redox potentials of the mutant proteins studied here areCyt. The only exception was the MC-D70R strain, for which

similar to those measured for the WT proteid§,(11). a dramatic decrease in the Cyt expression levels was observed
The cyanobacterial cells were transformed with the plas- (Figure 4).
mids carrying the specific site-directed mutations petE Northern blot analysis of the MC-D70R strain showed no

or petd and the resulting strains were selected as transfor-deficiencies in gene transcriptions, in the case of eipietd
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Ficure 4: (A) Immunodetection of plastocyanin (Pc) in site- B

directed mutants opetE gene strains cultured in the presence of
copper. (B) Immunodetection of cytochromg Cyt) in site-directed
mutants ofpetJgene strains cultured in the absence of copper. Cell
extracts with 10Qug of total protein were loaded into each gel
lane, with 0.1ug of purified Pc and Cyt as controls. Polyclonal MC-WT

o : MC-D72R
antibodies against Pc (A) and Cyt (B) were used.

¢

0010203 2 4 0 010203 2 4
or petEgenes (not shown), thus suggesting that the low level Time (ms)
of Cyt Expression in this strain is d_ue toan unldent_lfled_p_ost- FIGURE 5: Kinetic traces showing in vivo PSI reduction jretE
transcriptional process. There is maybe the inefficient (a)andpetJ(B) site-directed mutant strains. The cells were grown
translation inSynechocystief the CGA codon for arginine  either in the presence (A) or in the absence (B) of copper. The
70 or the instability of the D70R mutant protein inside the reaction cell contained an amount of cells equivalent to a total
cell, although the purified recombinant protein was shown chlorophyll content of 156300xg/mL. Absorbance changes were

to be as stable as the WTJ). recorded at 820 nm.

All'the pe,tE,S'te'd'rECted mutants e_md the MP-WT s,tra'ns Table 1: Observed Rate Constants for the in Vivo Reduction of PSI
were as efficient as WBynechocystisells when growing in the Pc Site-Directed Mutant Strains and Bimolecular Rate
under phototrophic conditions in the presence of copper (not Constants for the in Vitro PSI Reduction in the Presence of 250
shown). The same results were obtained in the cagewf ~ MM NaCl

mutants and MC-WT strains when cultured in the absence in vivo kv? in vitro® kose®
of this metal. These findings indicated that mutations did (x10°%s™) (x10'Mts™)
not significantly affect the global photosynthetic electron MP-WT 2.8+ 0.5 0.97
flow rate in the cell; this result is as expected because itis  MP-K33E 3.6+ 0.6 0.58
well-established that the rate-limiting process in the photo- mg:giiﬁ igi 8'2 8'32
synthetic electron flow is the plastoquineneytochromebgf MP-D47R 13+ 0.3 0.87
interaction 80). Similar results were obtained in LAHG MP-D44RDA47R 0.9 0.6 0.83
experiments, thus indicating that the global respiratory rate

k aObserved rate constant for monophasic kinefi®ata from ref
was not affected by the mutations. 10. ¢ Bimolecular rate constant in the presence of 250 mM NaCl.

In Vivo Reduction of PSI in Mutant Straingigure 5
S.hOWS _k|net|cs traces of in vivo PSI reductiorSynechocys- Table 2: Observed Rate Constants for the in Vivo PSI Reduction in
tis strains carrying the reverted WT genes and some of thethe Cyt Site-Directed Mutant Strains and Bimolecular Rate
mutated Pc and Cyt. For an equivalent amount of cells, Constants for the in Vitro PSI Reduction in the Presence of 250
similar amplitudes of the signals corresponding to PSI were MM NaCl

obtained, although slightly different signal-to-noise ratios in vivo in vitro2
could be observed depending on the strains and culture kb (x107457Y) Kk (x103sY) kose (x10 7 M~1s7Y)
conditions. Ascorbate was present in the reaction cell to T 39+ 16 52103 118
ensure the total reduction of the donor protein pdd)( MC-F64A 3.8+ 1.5 1.8+ 05 0.92
Thus, the interaction between the donor protein and PSI canMC-D72R 3.6+ 1.8 1.4+ 0.3 2.04

b_e directly _measured with no interference arising _from aData from refl1l. b Observed rate constant for the fast phase of
differences in the redox status of Pc and Cyt pools, or in the biphasic kinetics¢ Observed rate constant for the slow phase of biphasic

relative content of PSI1E, 18). kinetics.d Bimolecular rate constant in the presence of 250 mM NaCl.
As previously described for WBynechocystisells and
other cyanobacterial6, 18), kinetic traces for PePSI traces shown in Figure 5, the values for the observed kinetic

interaction can be well-fitted to monophasic kinetics (Figure constants for such monoexponential curvig) (for PSI
5A), whereas CytPSI interaction follows biexponential reduction by Pc (Table 1) and those for the observed rate
curves (Figure 5B). The monophasic kinetics have been constants for the fastkf) and slow ks) phases for PSI
assigned to a single oriented collisional mechanism, whereagreduction by Cyt (Table 2) have been estimated with all
the biphasic ones can be explained according to kinetic mutants. In both cases, the in vitro second-order bimolecular
models that involve transient complex formation. From the constants at 250 mM NaCk4s) are shown for comparative
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purposes (see below). Thekg, values reflect the relative  not definitively appear to be involved in the electron transfer
efficiency of the different mutant proteins in the interaction to PSI.
with PSI in vitro at near-physiological ionic strength, In Vivo versus in Vitro KineticsWhen data obtained for
allowing a more appropriate comparison with the in vivo the same process in vitro and in vivo are compared, it is
results. Under such conditions, a collisional bimolecular necessary to take into consideration the very different
mechanism for the in vitro PSI reduction has been observedexperimental conditions of both situations. First, the ionic
(10, 11). Both the MP-WT and MC-WT reverted strains gave strength inside the thylakoid is 0:8.3 M; second, the
kinetic traces and observed rate constants similar to thosepresence of the thylakoid membrane imposes additional
previously reported for WBynechocystisells grown in the electrostatic and hydrophobic interactions, along with a
presence and absence of copper, respectiiéyl@), thus physical diffusional constraining factor, and third, the mo-
validating the methodological approach applied here. As lecular crowding inside the cell can also impose severe
already published for the WT cells, no significant differences limitations on the diffusion and encounter of protein partners.
in the kinetic constants were observed among the cultures In Synechocystjghe in vitro reduction of PSI by both Pc
growing in either case (not shown). and Cyt involves repulsive electrostatic interactions, and so
With regard to Pc mutations, a decrease in the efficiency the electron-transfer rate increases with ionic strength up to
of PSI reduction directly correlated with the decrease in the a saturating platea®). In agreement with this, an increase
size of the negative patch in the east side of Pc could be of the electron-transfer rate at low salt concentrations occurs
observed (Figure 5A and Table 1). Thus, the removal of the when negative residues are replaced with positive ones in
negative charge of Asp44 (MP-D44A strain) leads to a the east negative side of both dondt§,(11). Thus, in vitro,
decrease in thiy of up to 65% of that of MP-WT, but this  the efficiency of PSI reduction at relatively low ionic
decrease is even more pronounced (ca. 50%) when astrengths is related to the net charge of the mutation in the
negatively charged amino acid is replaced with a positively acidic patch of the donor protein; however, the bimolecular
charged one (MP-D44K and MP-D47R strains). The most rate constants approach WT values at higher salt concentra-
drastic effect is observed with the double mutant strain (MP- tions (L0, 11). On the other hand, mutations in the hydro-
D44RD47R), where two negative residues have been re-phobic north side of Pc resulted in an impairment of the
placed with positive ones, a decrease in lheto 30% of electron-transfer process itself().
that of WT being obtained. This double mutant protein has  Surprisingly, when the effect of mutations in the acidic
the largest modification of the charged patch of any of the patch of both donor proteins is studied in vivo, the tendency
mutants tested, and accordingly, it shows the lowest electron-is just the opposite of that observed in vitro: the efficiency
transfer efficiency. In contrast, adding negative charges to of PSI reduction in vivo decreases when positive charges
the north side of Pc in the MP-K33E strain leads to a PSI are added. This effect seems to be additive, as the smaller
reduction slightly faster than that of the WT. rate constants are obtained with the double MP-D44RD47R
With regard to Cyt mutations, from the four mutants of mutant strain. The discrepancies between the results obtained
Cyt previously studied in vitrol(1), it was only possible to  in vitro and in vivo are also observed when comparing the
obtain the three mutant strains here assayed. Although it isin vivo results with the in vitro data at near-physiological
not possible to attain general conclusions from this reducedionic strength, i.e., at 250 mM NacCl, at which all the rate
number of available mutants, the results obtained with the constants in vitro of the mutants approach WT values (Tables
MC-D72R mutant are in agreement with those described 1 and 2). Interestingly, the in vivo results with the MC-D72R
above for Pc. Thus, this Cyt mutant, in which a negative Cyt mutant show a diminished rate for the slow phase of
charge has been replaced with a positive one, showed aPSI reduction, but the initial fast phase is not affected by
decrease in thks to 65% of that of the WT protein, although the mutation, either in the kinetic rate or in the amplitude,
no significant differences are found for the fast phase which indicates that the electron-transfer step and the
component, either in thig- value or in the relative amplitude  equilibrium of preflash complex formation are not modified.
of the fast phase (35%). This differential effect of the Thus, only the ability of both proteins to encounter each other
mutation on the fast and slow kinetic components indicates is modified.
that the mutation is not affecting the electron-transfer process Together, the in vivo results show that adding positive
itself, but the ability of both partners to interact with each charges to the east acidic side of the donor proteins promotes
other. a less efficient reduction of PSI, contrary to the effects
The mutant MC-D70R shows a dramatic decrease in the previously observed in vitro. It is also interesting to note
ks value (not shown), because of the inability of this strain that the magnitude of the effects induced by the mutations
to produce normal levels of Cyt (see above). However, the is much higher in vitro than in vivo with respect to the WT
kinetic fast component seems to be maintained, although itsproteins. Discrepancies between the effects of mutations on
small amplitude prevented a reliable estimatiorkefThis the electron-transfer process in vivo versus in vitro have been
finding also confirms that Cyt mutations leave intact the previously observed in other photosynthetic redox systems
electron-transfer process itself. Moreover, the kinetic behav- (12—15). Several factors have been invoked to explain these
ior of the MC-D70R strain further supports the fact that no discrepancies. First, the electrostatic interactions do not seem
other donor can efficiently replace Pc and Cyt in reducing to be as important in vivo as in vitro because of the shielding
PSI (16). Finally, the F64A mutation, with no charge of charges by the high ionic strength inside the c8ll)(
replacement, has no effect on PSI reduction in vivo (Table Second, the thylakoid membrane could promote both pack-
2), as was also the case for in vitro PSI reduction by this aging and diffusional motions of the soluble proteins in the
mutant 1). Thus, Phe64, which is close to the heme group thylakoid lumen. The interaction of the donors with the
and was proposed to be the counterpart of Tyr83 in Pc, doesthylakoid membrane has also been argued to influence
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electron-transfer reaction$3, 32), and this interaction would
be modified by charge replacement in mutated proteins.
Third, it has been recently proposed, from site-directed
mutagenesis of PSI, that in vivo PSI reduction in the green
algaChlamydomonass limited by the release of oxidized
Pc from the PSI complexl§). This effect could also explain
both our results with mutant Pc, in terms of slower donor

exchange induced by the charge mutations and the specific

effect of the MC-D72R mutation on the slow diffusional
kinetic component, without affecting the equilibrium of
complex formation and the electron-transfer st&§).(Thus,
we have to invoke molecular crowding to explain why this
effect seems not to apply in vitro.

With regard to the weaker effect induced by charge
mutations in vivo, it is interesting to note that, in general,

the charged residues at the electrostatic patches of both
soluble donors and, in particular, those mutated herein are
not conserved in cyanobacteria. In fact, the electrostatic 10,

pattern of both proteins varies in a parallel way from one
organism to another7]. However, it has been recently

reported 83) that such variations in the electrostatic proper-
ties of the electron donors do not correlate with comple-

mentary changes at the corresponding PSI docking site, thus

indicating that the PStdonor interactions are less specific

in cyanobacteria than in eukaryotes, the PSI docking site 12.

being similar in the former organisms3).

Finally, adding a negative charge to the hydrophobic north
side of Pc in the MP-K33E mutant, which in vitro promotes
a strong impairment of the P@®SI interaction, has shown
almost no effect in vivo. Again, differences in salt concentra-
tion and/or the presence of the thylakoid membrane could
explain these results.

To conclude, our results reveal the differences found when
carrying out in vivo experiments with respect to in vitro
conditions and thus show the relevance of studying biological
processes in their physiological environment. Adding positive
charges to the acidic patch of Pc and Cyt, which in vitro
promoted an enhanced interaction with PSI, yields opposite
effects in vivo; the mutations induce a decrease in the PSI
reduction efficiency, but this does not significantly affect
the overall photosynthetic metabolism.
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