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The Photosystem | complex catalyses the transfer of
an electron from lumenal plastocyanin to stromal
ferredoxin, using the energy of an absorbed photon.
The initial photochemical event is the transfer of an
electron from the excited state of By, a pair of
chlorophylls, to a monomer chlorophyll serving as
the primary electron acceptor. We have performed a
systematic survey of conserved histidines in the last
six transmembrane segments of the related polytopic
membrane proteins PsaA and PsaB in the green alga
Chlamydomonas reinhardtii These histidines, which
are present in analogous positions in both proteins,
were changed to glutamine or leucine by site-directed
mutagenesis. Double mutants in which both histidines
had been changed to glutamine were screened for
changes in the characteristics of Ry using electron
paramagnetic resonance, Fourier transform infrared
and visible spectroscopy. Only mutations in the histid-
ines of helix 10 (PsaA-His676 and PsaB-His656)
resulted in changes in spectroscopic properties of&,
leading us to conclude that these histidines are most
likely the axial ligands to the Py, chlorophylls.
Keywords Chlamydomonas reinhardtitPR/FTIR/
photosystem |/site-directed mutagenesis

Introduction

The core of PS1 consists of two integral membrane
proteins, PsaA and PsaB. These proteins are related to
each other, sharing 45-50% identical residues and each
containing 11 transmembranehelices (Fistet al,, 1985;
Vallon and Bogorad, 1993). The X-ray crystal structure
of PS1 reveals that the helices of the C-terminal half of
these proteins together form a cage holding the cofactors
involved in electron transfer from the lumenal to stromal
compartments (Krausst al, 1996). In order, they are:
P;o0 @ pair of chlorophylla (Chl a) molecules; 4, a Chl
a; A;, a phylloquinone; and J a 4Fe-4S iron—sulfur
cluster. The terminal electron acceptorg,and kg, which
are also 4Fe—4S clusters, are bound by the small, extrinsic
subunit PsaC on the stromal side. After excitation gfP
an electron is transferred topAand subsequently to4A
through the iron—sulfur clusters, and finally to a reversibly
bound ferredoxin, whose docking is facilitated by the
extrinsic proteins PsaD and PsaE (& al, 1994).
Likewise, PsaF in green plants plays a role in the docking
of reversibly bound plastocyanin (or cytochrog)ewhich
reduces P);" (Farahet al, 1995; Hippleret al, 1997).
PS1 belongs to the family of type 1 reaction centres (RCs)
that use iron—sulfur centres as terminal electron acceptors.
This family includes the RCs of green sulfur bacteria (e.g.
Chlorobiun) and Heliobacteriaceae {(Boeret al., 1992a;
Liebl et al, 1993). However, the core of PS1 is reminiscent
of the purple bacterial RC, a member of the type 2 family,
which uses quinones as the terminal electron acceptors.
The purple bacterial RC, whose structure has been solved
to 2.3 A resolution (Deisenhofet al., 1995), consists of
two related membrane proteins, L and M, each of which
has five transmembrane helices. The pigments are arranged
in two symmetrical branches, starting from the dimeric
‘special pair’ of bacteriochlorophylls (BChls) through the
accessory BChls, pheophytins (analogous in their position
to Ay of PS1) and quinones.

Chlamydomonas reinhardtiias served as a very useful
model organism for genetic and biochemical/biophysical
analysis of photosynthesis (Rochaix, 1995). As this

Photosystem | (PS1) is an integral membrane, multisubunit eukaryotic green alga can grow well in the absence of
complex that uses light energy to drive electrons both photosynthetic functions on media supplemented with
across the thylakoid membrane from the lumenal to the acetate (Harris, 1989), it is ideal for structure/function
stromal side and up an energy barrier o700 mV analysis of photosynthetic proteins. The chloroplast in
between the soluble electron carriers plastocyanin and C.reinhardtii is a single, cup-shaped organelle which has
ferredoxin (for recent reviews, see Golbeck and Bryant, its own genome of 196 kilobase pairs present at 80—
1991; Chitnis, 1996; Brettel, 1997). PS1 is present in all 100 copies per cell. The advent of chloroplast genome
oxygenic photosynthetic organisms along with photo- transformation and selectable markers has enabled site-
system Il (PS2). It is required for efficient generation of directed mutagenesis of chloroplast genome-encoded pro-
low-potential reductants, and can function in linear electron teins (Boyntoret al., 1988; Goldschmidt-Clermont, 1991).
transport in concert with PS2 and cytochrorhgf to The genes encoding the three cofactor-bearing subunits
generate NADPH and a proton gradient or in a cyclic of PS1 (PsaA, PsaB and PsaC) have been inactivated,
mode with cytochromdosf to generate a proton gradient resulting in the loss of the PS1 complex and photosynthetic
(Bendall and Manasse, 1995), which is used by the growth (Takahashiet al, 1991; Fischeret al, 1996;
chloroplast ATP synthase to produce ATP (Boyer, 1993). this work).
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Several mutations have been generated in the PsaA and A
PsaB proteins. On the acceptor side, mutations have been
generated that affect theyHron—sulfur centre (Webber
et al, 1993; Hallaharet al, 1995), and association with
the PsaC subunit (Rodd&y al, 1995). The fact that helix s FiseaaTy O FRSHEAT FGOATST
8, directly before the stromal loop involved in ligating
Fx, has two conserved histidines led to the suggestion
that these might coordinate the chlorophylls effor Ag
(Buttner et al, 1992b; Lieblet al, 1993). However,
although mutations of the helix 8 histidines in PsaB
decreased accumulation of PS1, they had no effect upon
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spectroscopic properties ofdg (Cui et al, 1995). Atten- B %

tion has been focused on helix 10, where there is a single
conserved histidine. The PsaB-H656N mutation exhibited C reinhardtii
several effects upon/fR; a noticeably changed visible chloroplast genome
difference spectrum (g™ — Py, @ 40 mV increase in Q@w\

the redox potential of the/gyP;q" couple, and a modified
electron nuclear double resonance (ENDOR) spectrum
of Pyoot (Webber et al, 1996). Ultra-fast absorption

spectroscopy analysis demonstrated that the PsaB-HE656N C Resistant to moderate light
mutation affects the Byt — Pyq difference spectrum, but
not the Ay~ — A, difference spectrum, suggesting that the Q
mutation has a localized effect (Melkozernat al,
1997). These experiments, along with fluorescence decay peaArpsatt \ -

psas psaB

analysis, indicate that the intrinsic rate of charge separation

has been decreased by the mutation.
Histidines are often ligands to cofactors such as Chl, °°'"a"5f°"“"“'°"
guinones and metal ions. We identified nine sites in the
last six transmembrane helices of PsaA and PsaB that are ‘ ‘ "5"’" peaB "““A"”"
always occupied by histidines in both proteins (see Figure

1A). Thus, they should occupy symmetrical positions in
the PsaA/PsaB heterodimer, since there are two quasi- Dle in moderate light
Symmetric branches seen in the CryStaI structure of PS]'Fi 1. Strategy for site-directed mutagenesi) The mutation sites
(Kral_Jsse'g al, 1996). We deC|_deq to target th.ese hIStIdlneS arg, mapped g%to the corresponding r%gion of the PsaA and PsaB
by site-directed mutagenesis, in order to identify those proteins using the topological model of Kraussal. (1996). The
that interact with the primary donoryfg As the histidines  vertical bars represent transmembrane helices and are numbered from
" helix 8 had alieady been mutated in PsaB by BLal O o relces tormed ' and I found in the crystal Stucture

i ; i arallela-
.(1995) with no effects Up.o.n780' We. d.ld not include th.ese . ?Krausset al, 1996). The histidines are numberedyaccording to the
In our StUdy The remaining histidines at these sites in C.reinhardtii sequence (Kek et al, 1987; the error in the numbering
both PsaA and PsaB were changed to glutamine and, inof PsaA residues has been corrected here), with PsaA first and PsaB
some cases, leucine. We constructed double mutationssecond. The start point gfsaAexon 3 is indicated with an arrow.
such that the same site was mutated in both PsaA and iSee, T T 2 et o, 1933) are shown as

; - et al, .
PsaB, WhI.Ch allowed l.JS to Scr‘?e” more eff|C|enf[Iy thro.UQh dark circles, and by open circles for those conserved with
the collection of mutations. A biochemical and biophysical pejiobacillusPshA only. Additionally, the lumenal and stromal sides
analysis of the double mutants allowed us to conclude of the thylakoid membrane are marked, as well as the region involved

that only the histidines in helix 10 interact with,dg in in binding the F iron-sulfur centre.&) Map of the chloroplast
any significant way. genome indicating the genes encoding the core subunits of PS1,
) including all three of thepsaAexons. Black bars indicate the inverted
repeat. C) Double mutant selection strategy. Upon co-transformation

R It of the psaA-2 psaB\ double mutant with plasmids containing
esults . o .

mutations at the same site psaAand psaB selection for
Mutagenesis strategy spectinomycin resistance will give single and double transformants.

- f : The latter are selected for by moderate illumination, which inhibits the
Previously, we described a method to delete genes in thegrowth of PSI mutants. Bars indicate genes, triangles represent

chloroplast genome with subsequent loss of the bacterial gejetions and asterisks represent point mutations.

gene aadA used as an antibiotic resistance marker

(Goldschmidt-Clermont, 1991; Fischet al, 1996). We

took advantage of strains that lack theaA-3and psaB of flanking DNA which was deleted in the null mutants,
genes to reintroduce the mutant genes. This allows for thus eliminating the possibility of recombination between
rapid creation of mutant strains, as we are not forced to the aadA gene and the point mutation. Additionally, we
wait until every copy of the 80-100 copies of the chloro- have placed unique restriction sites throughout each gene
plast genome has been replaced by the newly introducedsuch that we can easily introduce point mutations at any
gene (Newmanet al, 1991). The vectors have been position using a simple one-tube PCR reaction (Picard
designed such that theadA cassette, which is used to et al, 1994). Mutagenesis gfsaAis slightly complicated
select for transformation, is placed within a nearby piece by the fact that this gene is split into three exons that are
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Fig. 2. In vivo characteristics of double mutants. The indicated strains were grown in liquid culture in acetate-containing medium under low
illumination (<1 pEinstein/n¥/s) before spotting onto agar plates. A portion of each culture was also harvested for immunoblot afghResu(ts
of growth tests under various conditions and immunoblot analysis of PS1 from each strain. The identity of each strain is indicated at the top.
‘Acetate’ refers to TAP medium. Minimal medium demands photosynthetic growth. The light fluences are indicated in parentheses: low
(0.5 pEinstein/n¥/s); medium (5QuEinstein/n¥/s); and high (50QuEinstein/n¥/s). The bottom row is the result of an immunoblot using a polyclonal
antiserum raised against the N-terminus of PsaA. Each lane was loaded with&Qotal membrane protein. The lanes marked ‘33%’ and ‘11%’
represent serial 3-fold dilutions of the WT extract into fisA\/psaR\ extract and allow quantitation of PsaA abundan&).Rluorescence
transients of the mutant strains. Cells grown in TAP (low light) were subjected to constant excitatiqnE{bS€ein/n?/s of blue light) fo 3 s and
the resulting fluorescence was measured with a video imaging system. The values were normalized such that O corresponds to the initial fluorescence
level and 100 corresponds to the maximal level for each curve.

trans-spliced together (Kek et al, 1987; Choquett al, due to the lack of the other gene. As PS1-deficient mutants
1988; see Figure 1B for locations of the exons in the are light-sensitive (Spreitzer and Mets, 1981; see Figure
chloroplast genome). However, as the third exosa@-3 2A), the double transformants can be selected by passage

encodes the last 660 residues of PsaA (see Figure 1A),on acetate-containing medium under weak to moderate
we may restrict ourselves to this exon for all the mutations illumination. This method assumes that the double mutant
described in this work. PS1 will provide enough activity that it can be distin-
The histidines that have been targeted are shown inguished from a PS1 null mutant. This proved to be the
Figure 1A. Each histidine was changed individually to case for all the double glutamine substitution (double-
glutamine and leucine. Two independent clones were usedGIn) mutants, but some of the double leucine substitution
to transform null mutants to ensure that any observed mutants were impossible to obtain. In the interests of
phenotypes were due to the point mutation and not to brevity, we will refer to the PsaA-H394Q/PsaB-H377Q
other mutations inadvertently introduced elsewhere. We double substitution mutant as ‘H394Q/H377Q’, and the
also created double mutants such that both histidines inothers likewise.
homologous positions in PsaA and PsaB were changed to For the biochemical and biophysical analyses, we con-
glutamine (or leucine) by cotransforming the respective structed PS2-less versions of all these mutants. The genes
mutantpsaA-3andpsaBvectors into a strain lacking both  for psaAor psaBwere deleted in the FUD7 mutant, which
psaA-3andpsaB As both vectors contain theadAgene, has a large deletion in thpsbA gene encoding the D1
selection for spectinomycin resistance does not select forsubunit of PS2 (Bennoust al, 1986), and these PS2
double transformants, but single transformants are"PS1 PST mutants were used to reintroduce mutant PS1 genes
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Fig. 3. Western analysis of thylakoids from PS1 mutants. Thylakoid membranes were prepared from PS2-lesaati2ios double substitution
mutants and FUD?7 for single substitution mutants) and dissolved with SDSugwad Chl was loaded onto each lane, and the blots were probed
with antibodies against the indicated subunits (PsaA, PsaD, PsaE and PsaF). The genotypes are indicated above theplsarepreeitidingpsaB
No detectable PsaA, PsaD or PsaE, and only small amounts of PsaF accumulate in thylakoids frea®thautant. The lanes marked ‘33%’ and
‘11%’ represent serial 3-fold dilutions of the WT extract into fieaB\ extract and facilitate quantitation of the abundance of each subunit.

as described above. As this method is not possible for thePS1 function has become limiting for photosynthesis in
double mutants, they were crossed tonac2 mutant, this mutant, and that this limitation can be overcome by
which fails to express the D2 subunit of PS2 (Kuchka increasing the excitation of the mutant PS1. None of the
et al, 1989), to obtainnac2 segregants harbouring the double mutations in helices 7, 9 or 11 caused a dramatic

two PS1 mutations. in vivo phenotype, although H458Q/H441Q displayed a
. o slight effect, which is difficult to explain by the fact that
In vivo characterization its accumulation is hardly reduced (Figure 2).

Thein vivo characterization of the double-GIn mutants is  The kinetics of fluorescence induction in the double
shown in Figure 2. All the strains grew well on acetate- mutants after growth on acetate medium in low light are
containing medium in low light, indicating that they had  shown in Figure 2B. The initial increase in fluorescence,
no general growth defects (Figure 2A). However, the PS1 \yhich arises mainly from the antenna of PS2, is due to
null mutants fail to grow upon illumination at light  the reduction of the plastoquinone pool by PS2 during the
levels considered normal for growth of wild-type (WT) first few hundred milliseconds of illumination (Garnier
C.reinhardtii (50 pEinstein/nt/s) due to the light sensi- o4 31 "1979). The subsequent drop in fluorescence from
tivity of PSI- mutants (Spreitzer and Mets, 1981). Under the maximal level requires the action of PS1 and
the same light intensities on minimal medium, the situation cytochrome bgf (Chua and Bennoun, 1975), as they
is even more demanding, with PS1 activity required for reoxidize therIastoquinone pool. Th'us, the,speed and

both photosynthesis and light resistance. Recently, we : :
X : L ! extent of this drop in fluorescence can be taken as a
have discovered that the observed light sensitivity of PS1 relative measure of the functional capacity of RS Livo

mutants requires the presence of oxygen (Fiscteal, : . e

1997; K.Redding, M.Hippler, N.Fischer and J.-D.Rochaix, ;Bgr]ngudnr:nd5%hlé%b/1907fet)ﬁ:\/h;f;&i \?I/-rofégzlfé(:'bf'rfg]

unpublished results). Thus, growth on minimal medium th ge C pl (I _I 'Eh' 500V60IO uth f )

in anaerobic conditions allows the separate examination € maximal level within —obU ms, the fluorescence
from the null mutant did not fall significantly during the

of these twoain vivo functions of PS1. i
Variations in the ability to grow photosynthetically can first few seconds. The extent and speed of the fluorescence

be explained for the most part by the level of PS1 drop observed in all of the d(_)uble mutants fell be;ween
abundance. Both double-GIn mutants in helix 6 (H394Q/ these two extremes, and their order correlated with the
H377Q and H408Q/H391Q) cause a 75-80% decrease indegree of photosynthetic function seen in the growth tests.
the amount of PS1 (Figure 2A, bottom row). Although  The fact that the helix 10 double-GIn mutant seemed
the double-GIn mutant in helix 10 (H676Q/H656Q) is t0 be especially affected in photosynthetic function
amassed at roughly this same level or higher, it clearly Prompted us to examine the vivo characteristics of the
exhibits a stronger effect upon PS1 function. For example, Single glutamine and leucine substitution mutants in helix
both H394Q/H377Q and H408Q/H391Q are able to grow 10. As shown in Figure 2A, the single glutamine mutants
well anaerobically on minimal medium under normal grow much better than the double-GIn mutant, but the
illumination, while H676Q/H656Q grows quite poorly single leucine substitution mutants are even more severely
under these conditions (Figure 2A, fifth row). However, affected. They are barely distinguishable from the null
H676Q/H656Q grows much better when the light flux is mutants in terms of light sensitivity, but their limited
increased 10-fold (Figure 2A, sixth row), indicating that growth on minimal medium under anaerobic conditions
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and intense illumination demonstrates that they are CapableTable I. Electron transport rates in thylakoid membranes from WT and

of reducing ferredoxin at an appreciable ratevivo. PS1 mutants
Biochemical characterization Mutatior? O, uptake rate Amount of PS1
After crossing the double mutants tonac2-26 mutant, (% of WT)P (% of WT)°
we obtained PS2segregants. T_hylakoid membrgnes WEre \\r maco) 100 +76 100
prepared from these PS2-deficient cells for biochemical psam (FUD7) 0.03+ 1 0
and biophysical analysis. In all cases we used the double-H394Q/H377Q 24 +16 20 +35
GIn mutants, the sole exception being H440L/H423L, H408Q/H391Q 25 *03 27 *46
which behaved identically to H440Q/H423Q in growth Eiﬁgg}ﬁﬁb 3341 iéii P i;‘:;
tests (data not shown). H609Q/H597Q 40 +14 60 * 4.9
Figure 3 presents immunoblots using these membranesHs76Q/H656Q 26 +0.9 28 + 22
and antibodies directed against various PS1 subunits. TheH730Q/H714Q 51 *2 43 =44
lowered accumulation of PS1 in the helix 6 and helix 10 PsaA-H676Q 65 *63 9 x19
double mutants is similar to that observed in crude Eigﬁ:ngggs 820 Y gi 1059; g'g
membranes from PS2cells (Figures 2A and 3). A psaB-H656L 12 +o08 24 +04

comparison of the signals obtained from the anti-PsaA
antibody with those from antibodies against the stromal aThe thylakoid membranes shown in this table lacked PS2 due to the
subunits PsaD and PsaE or the lumenal p|‘,a‘stocyal,]in_nacZmutatlon (double mutants) or to the FUD7 mutation (single

. L mutants). They are the same as those used in Figures 3-6.
dOCkmg PsaF subunit indicates that all sev_en of the PSlbOZ uptake experiments were performed with an oxygen electrode in
double mutants accumulate these subunits. The PsaFhe presence of methyl viologen as electron acceptor and ascorbate/
subunit accumulates at a low level in thylakoids of the 2,6-dich|oro_phenol ind_ophenol as electron donor_/m_ediator in darkness
psaB\ mutant, consistent with its identity as an integral 2nd saturating light. Light-dependent Optake activities are
membrane protein (Kruipt al, 1997), while presence of gx?resscerﬁ/rr]elatlve to the Whdc2 value, which was 60 4.6 pumol

.. z T . /Mg .

the extrinsic PsaD and PsaE subunits requires assemblythe abundance of the PsaA and PsaD subunits relative to total Chl in
of PS1. This is due to the fact that most subunits of the each membrane preparation was quantified by densitometry of several
multisubunit, membrane complexes of the thylakoid are immunoblots similar to that shown in Figure 3.
degraded in the absence of a core subunit (Rochaix, 1992).
Similar results were obtained with an antibody directed o . .
against PsaC (data not shown). Thus, any observed pheno'_l'able II. EPR linewidths of Pyp" in WT and mutant PS1 thylakoid

; b
types of the double mutants cannot be attributed to the membranes

loss of other PS1 subunits. Samplé AHp, (MT)° Samplé AHp, (MT)°
All of the thylakoid membranes were assayed for WT (nac2 0.77 WT (FUDT) 0.77
R ; i _di nac . .
Pil rﬂedlalted delectr(k)]nItra}nlsport usmg|2,6 dlch(;orophengl H3940/H377Q 0.76 PsaA-H6760 0.76
indophenol and methyl viologen as electron donor and 4080/H3910 0.76 PsaB-H6560 0.83
acceptor, respectively. For the most part, the rate of Ha40L/H423L 0.76 PsaA-H676L 0.87
electron transport was proportional to the amount of PS1 H458Q/H441Q 0.76 PsaB-H656L 0.88
determined by immunoblotting (Table I). However, the :ggggﬁ:gggg 8-;2 bsaB.H507L 0.75
PsaA-HE?GL and PsaB-H656L mutants appeared to haveH73OQ,H714Q 077 PsaB-H714L 0.76
~40-50% of the expected activity. PsaB-H714Q 0.75

WT PS1 particle$ 0.76

Biophysical characterization: P,y —
A biophysical analysis was initiated to determine the cause 2! of the double substitution mutants were prepared froac2 cells.
. . . All of the single substitution mutants were prepared from FUD7 cells.

of any functional defects in the mutants. Here we describe crng error in linewidths is-0.01 mT.
a screen for altered properties ofglp It is likely that dWT PS1 particles from a PS2-containing strain. (Thylakoids from this
histidines act as axial ligands to the Chis agf as in strain contained contributions from the PSg-EPR signal that
the purple bacterial RC (Deisenhofer and Michel, 1989), significantly influenced the linewidth determination.)
and there is some spectroscopic evidence to this effect
(Mac et al, 1996). If so, this screen of the conserved actions) experienced by the unpaired electron g,P
histidines in the last six helices should serve to identify Typical linewidths for Chl cation radicals are of the order
the ones playing this role. of 0.9 mT (peak to peak), but the linewidth is significantly

Electron paramagnetic resonance (EPR) spectroscopyreduced to 0.70-0.78 mT in,fgt (Lubitz, 1991 and
was used to study the,fgt radical cation, which has references therein). None of the double mutants showed
properties characteristic of an organic cation radical. The a significant change in the,fg" EPR linewidth (0.75—
g-factor of Chl cation radicals in organic solvents is 0.77 mT for all), except for H676Q/H656Q (Table II;
~2.0026-2.0028 (Lubitz, 1991). ;&% from WT Figure 4). The PsaB-H656Q mutation alone also causes a
C.reinhardtii has ag-factor of 2.0027, similar to that noticeable broadening of the,fgt EPR linewidth, while
reported previously (Lubitz, 1991). All the mutants investi- the PsaA-H676Q mutation has no detectable effect (Table

gated had an observablg,p EPR signal after illumin- II). Substitution of leucine for either of the helix 10

ation at low temperature. None of the mutations caused ahistidines causes obvious broadening of the EPR line,

change in they-factor. similar to that seen in the double-GIn mutant (Table II).
The linewidth of the B)," EPR signal can reveal As infrared radiation causes transitions in vibrational

information about the environment (i.e. hyperfine inter- states, a g™ — Py Fourier transform infrared (FTIR)
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Fig. 4. Nine GHz EPR spectrum of,g," in C.reinhardtii thylakoid \/ /.\/
membranes. Thylakoid membranes frorc2 mutants expressing A A N /\ A H730Q/H714Q
either WT or H656Q/H676Q PS1 were frozen under illumination (see ~V d \/
Materials and methods) and EPR spectra were recorded under the
following experimental conditions: microwave power, 0.1 mW; field 1700 1600
modulation frequency, 100 kHz; field modulation depth, 0.2 mT; Wavenumbers (cm-1)

accumulation time, 160 s; temperature, 20 K.

difference spectrum reveals the changes in energies of
vibrational transitions caused by the conversion gf R
P;00", and thus allows access to both the ground state and
cation state. Vibrational modes that are sensitive to the
photo-oxidation of P700 will give rise to a negative peak
corresponding to the energy of the transition in thgyP
ground state and a positive peak corresponding to that in
the Rgot state. In practice, the most easily observable
vibrational modes in Chl are those associated withGC
bonds, such as the +8etone and 13ester bonds in Chl
a (Nabedryk, 1996; see Figure 5 for molecular positions).
Using modified Chls in organic solvents, the 1715/
1700 cntt and 1753/1748 cm peak pairs in the f3o"—
P;o0 difference spectrum have been attributed to the 13
keto and 13-ester carbonyl groups, respectively (Nabedryk
et al, 1990; Nabedryk, 1996).

The Rgo" — Proo FTIR difference spectra of the mutants  Fig. 5. Light-induced FTIR difference spectra in the 1500 to 1800%cm

are shown in Figure 5. All of the double substitution
mutants, except the helix 10 mutant, present FTIR
difference spectra similar to that of WT. The H676Q/
H656Q mutant displays a clear upshift of 5@nin the

1700 cm! peak. The PsaA-H676Q mutant displayed a

frequency range for the thylakoids of WT and PS1 mutants. Spectral
resolution was 4 cmt. Spectra are the average of 70 000 to 160 000
interferograms. Spectra were normalized for comparable amplitudes of
the negative band at 1532 chThe distance between the horizontal
grid lines represents>210~* absorbance units for the WT spectrum.
Beneath the spectra is the structure of @hising the IUPAC

similar shift, whereas the PsaB-H656Q mutant displayed numbering system.
a negligible shift €1 cnt?; Figure 5). Thus, this change
in the 1700 cm' peak seen in the helix 10 double-GIn
mutant can be assigned to the mutation in the PsaA
protein. Differences in the spectra seen in the 1630-1660 This indicates that the optical properties ghfhave not
cnt! region are difficult to attribute, as this congested been altered by mutations in helices 6, 7, 9 or 11.
region contains contributions from peptide=O bonds Previously, Cuiet al. (1995) reported that mutations of
as well as water. the conserved histidines in helix 8 of PsaB had a similar
The double mutants were also characterized in termslack of effect. As the visible difference spectrum of the
of the Ry, visible difference spectrum. The 600-750 nm H676Q/H656Q mutant was difficult to observe in thylakoid
region of the spectrum probes electronic transitions in membranes under steady-state conditions, it was necessary
cofactors such as chlorophylls. Thylakoid membranes to prepare PS1 particles from it and use a laser-flash
from all of the double mutants were examined using a protocol. Figure 6 presents the spectra obtained in this
Fourier transform spectrophotometer. Using this method, manner from WT and H676Q/H656Q PS1 particles. Com-
one can primarily see the main bleaching band due to thepared with WT, there is a significant blue-shift of the
oxidation of By The position of this band was essentially maximal bleaching band (from 699.5 to 695 nm) as well
unchanged in all of the mutants, except for a slight blue- as an additional bleaching at ~670 nm in the helix 10
shift seen in the helix 10 double mutant (data not shown). double-GIn mutant.
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Fig. 6. Visible difference spectra of WT and H676Q/H656Q PS1
particles. Difference spectra were calculated from laser-flash kinetic
spectroscopy of PS1 particles prepared fnroac2 mutants expressing
either WT or H656Q/H676Q PS1 (see Materials and methods). The
spectra are normalized to the same maximal bleaching.

Discussion

We have identified a set of sites in the homologous
PsaA/B proteins that are always occupied by histidine. A
biophysical analysis of double substitution mutants at all
seven sites uniquely identified the site in helix 10 as
changing the properties of,§ when mutated. In fact,
none of the other six double mutations elicited any
significant change in the spectra ofyfF obtained by
three very different types of spectroscopy (EPR, FTIR
and visible), while the H676Q/H656Q double mutant
displayed changes in the properties gfdby all three
methods. From this, we conclude that the histidines of
helix 10 are uniquely involved in contributing to the
environment of the fo chlorophylls.

Role of the helix 10 histidines
One possibility is that the imidazole rings are near the

helices of PsaA/B have been mutated, with mutations in
helix 10 being the only ones to produce changesigp, P
Although residues other than histidine can serve as axial
ligands to Chl and BChl (Coleman and Youvan, 1990;
Kuhlbrandt and Wang, 1991), there may be reasons why
histidine is preferred as the axial ligand to special pair
chlorophylls. The histidines that serve this role in the
purple bacterial RC are in the fourth transmembrane
a-helices of the L and M subunits and are conserved in
all Proteobacterial RCs as well as in PS2 (Deisenhofer
and Michel, 1989). Moreover, ENDOR and electron spin
echo envelope modulation experiments witN-labelled
PS1 have been interpreted as providing direct proof that
histidines serve as the axial ligands to thgyehlorophylls
(Mac et al,, 1996). If the axial ligands are histidines, then
we are driven to the conclusion that they are the helix 10
histidines.

It has been suggested that the PsaA/B proteins represent
a fusion between a six-helix ‘antenna’ Chl-binding protein
at the N-terminus and a five-helix RC protein at the
C-terminus (Nitschke and Rutherford, 1991; Vermaas,
1994; Fromme, 1996; Nitschket al, 1996; Rutherford
and Nitschke, 1996). The structural model of PS1 at 4 A
resolution lends strong support to this idea (Kraesal,
1996), as it is now possible to trace the polypeptide
backbone from helix 8 to helix 11. The ‘antenna—RC
fusion’ hypothesis makes the prediction that the fourth
transmembrane helix of the RC section of PS1 (i.e. helix
10) would be responsible for axial ligation of theyp
special pair. Finally, we note that the helix 10 histidines
are conserved in the RC proteins @hlorobium and
Heliobacillus(see Figure 1A), giving credence to the idea
that the admittedly low sequence similarity between these
three sets of proteins reflects a similar topological and
functional structure among the type 1 RCs.

Biophysical properties of helix 10 histidine
substitution mutants

P;q0 chlorophyll macrocycles, and contribute to the hydro- Only the mutants in helix 10 exhibited changes in the
phobic environment around them. However, the more P;oqt EPR signal. The single substitution mutant PsaB-
drastic effects of substitution with leucine as compared H656Q exhibits noticeable linewidth broadening, while
with glutamine argues against this. Histidines can donate the corresponding mutation in PsaA (H676Q) does not.
and accept hydrogen bonds and are also involved in acid/As the spin density distribution in;py* has been found
base chemistry in many enzymes. However, the latter doesto be highly asymmetric, with ~85% of the spin on one
not occur during g photochemical events. An inspection of the chlorophylls (K8, 1995; K& and Lubitz, 1996),
of the Chl a molecule presents three possibilities for mutations that perturb this chlorophyll would be expected
specific interactions with the histidine imidazole ring: as to have a much bigger effect upon the magnitude of the
a hydrogen bond donor to the oxygen of the'-kato hyperfine couplings, and thus upon the EPR linewidth,
group; as a hydrogen bond donor to the oxygen of the than those on the other side. If this holds true for the
13?-methyl ester; or as the fifth (axial) ligand to the central glutamine substitution mutants, then we can assign PsaB-
Mg?*. For reasons discussed below, we favour the last His656 to the dimer half of §, containing most of
possibility. the spin, and PsaA-His676 with the dimer half of,f
The primary reason for favouring the hypothesis that harbouring the smaller portion of the spin. An ENDOR
the helix 10 histidines serve as the axial ligands to the analysis of helix 10 mutants is consistent with our proposal
P;q0 chlorophylls is that these are the only ones whose above, as somewhat smaller increases (~10%) in the
mutation affects R properties. We did not analyse the methyl group 12 hyperfine coupling are observed in PsaB-
conserved histidines in helix 8 for changes ipd? as H656Q, but not in PsaA-H676Q (L.Krabben, A.Webber
substitution mutants in these sites had no observable effectand W.Lubitz, personal communication).
upon Rgo (Cui et al, 1995). In addition, two mutations The FTIR difference spectrum of the PsaA-H676Q
in helix 10 of PsaB, PsaB-H656N and PsaB-H656S, have mutant displays a 4-5 cthupshift of the major negative
been reported to produce changes in thgyRisible peak at 1700 cm, which has been attributed to the
difference andH ENDOR spectra (Webbeat al, 1996). vibration of the 13-keto group in the ground state
Thus, all conserved histidines of the last six transmembrane(Nabedryket al, 1990). The positive peak at 1716 Tin

56



Survey of histidines in Photosystem |

which has been assigned to thelX@to group in the BChl to a bacteriopheophytin (i.e. loss of the central
P;oo" state, is only shifted by 1 crh indicating that the ~ Mg?"), and the creation of a new kind of primary
PsaA-H676Q mutation exerts its effect upon this group donor, the so-called ‘heterodimer’ special pair (Bylina and
primarily in the ground state. It is not yet clear which Youvan, 1988; Bylinaet al, 1990). The EPR signal
band would correspond to the “Beto group of the Chl  of the oxidized primary donor in the purple bacterial
on the PsaB side. It may be that this band is located in heterodimer RC displayed linewidth broadening (Bylina
the congested region of the spectrum (1630-1666%cm et al, 1990; Huberet al, 1996). This was interpreted as
containing overlapping contributions of peptide carbonyls a shift from the situation in the WT special pair, where
and water, which would explain PsaB-H656Q’s apparent the spin density is ~65% on the L-side (Rautétral,
lack of effect upon the 13keto vibration. We noted a  1994), to a situation where the spin density is primarily
small (1 cm) downshift of the differential feature at on the remaining BChl (Bylinat al,, 1990). The fact that
1753/1749 cmt, which has been tentatively attributed to the Ry;" EPR signals are much broader in PsaA-H676L
the 13-methyl ester carbonyl (Nabedryk, 1996), in both and PsaB-H656L (Table 11) would seem to be consistent
the H676Q/H656Q and PsaB-H656Q mutants, but not in with the idea that these mutants harbour a ‘heterodimer
the PsaA-H676Q mutant. Pzoo- However, the asymmetry in spin density between
The upshift in stretching frequency of the i&to the two Chls in By," is already thought to be high (IRa
group upon change of PsaA-His to GIn might seem, at 1995; K& and Lubitz, 1996). Further analysis of the
first glance, to be consistent with the loss of a hydrogen PsaB-H656L mutant, including ENDOR spectroscopy of
bond to the GO group. Mutations designed to introduce Pyo," and EPR analysis of th&P,q, triplet state, will be
hydrogen bonds to this keto group in the purple bacterial necessary, but preliminary visible and FTIR spectroscopic
RC special pair resulted in downshifts of the stretching results already indicate thatdg is strongly disturbed in
frequencies by 19-35 crh (Nabedryk et al, 1993). this mutant (data not shown).
However, the frequency of 1700 chis very close to that
of Chl a in apolar solvent (Nabedry&t al, 1990) and is Role of the other conserved histidines
indicative of a non-hydrogen-bonded di&to group. It is interesting that the mutations with the largest effects
Thus, although PsaA-H676Q clearly has an effect upon upon accumulation of PS1 are of residues that are con-
the PogrPro” FTIR spectrum, these effects are not served between PS1 and the other type 1 RCs (Figure
consistent with the gain or loss of a hydrogen bond. 1A): the two histidines of helix 6 and the histidine of
The flash-induced &," — Py Visible difference spec-  helix 10 (see Figure 2). We speculate that all of these
trum of the H676Q/H656Q mutant presents two significant histidines are playing an important structural role, and
changes: a 4-5 nm blue-shift of the main bleaching band that mutation of them either lessens the efficiency of
and an additional bleaching at ~670 nm (Figure 6). We assembly or increases their rate of degradation. The first
should note that our WT spectrum deviates from the WT nhistidine of helix 6 is especially interesting in this regard,
C.reinhardtii spectrum measured by Weblwral. (1996), as the decrease in accumulation is completely attributable
where the main bleaching band was centred at 696 nmto the PsaB side; mutation of the corresponding histidine
and had an amplitude ~4-fold that of the proximal bleach- in PsaA, even to leucine, has no effect (K.Redding and
ing band (at 680-685 nm). It is not clear whether these J.-D.Rochaix, unpublished data). On the other hand, the
differences are due to different preparations or to the second histidine of helix 6 shows the opposite effect,
use of ‘wild types’ from different genetic backgrounds. although it is less dramatic: PsaA-H408Q is accumulated
Although we observed some variation of the position of at a much lower level than PsaB-H391Q (K.Redding and
the main bleaching band and the relative magnitude of J.-D.Rochaix, unpublished results). Helix 6 would not be
the proximal bleaching band among WT PS1 particles predicted to be part of the RC part of PS1; we speculate
isolated from differenC.reinhardtii strains, no significant  that these two histidines ligate antenna Chls whose position
deviations were evident at ~670 nm. An even more s crucial to the assembly of PS1.
pronounced bleaching at ~670 nm was observed for the
PsaB-H656N mutant (Webbet al, 1996). This mutant .
also has a significantly larger 670 nm bleaching than does Materials and methods
the PsaB-H656Q single mutant, and PsaA-H676Q has pasmids and molecular techniques
almost no effect upon this region of the spectrum plasmids for the reintroduction gisaB and psaA-3include flanking
(L.Krabben, E.Schlodder and W.Lubitz, personal com- sequences to direct homologous recombination, as well as the bacterial
munication). The origin of an ~670 nm band has been SAgee WS b o seleion, e secrs s crbed
discussed in terms of excitonic interactions I%(Pb.y of upstream lEs)equence, the e':r)mmanghe, and 2.7 kbp of downstrear:n
Breton (1997). It has been suggested that mutation of sequence (including all of thebcL gene): a cassette using tpebD
PsaB-His656 could change the exciton interaction g P  promoter and 5 untranslated region to drive expression of aadA
and lead to the appearance of a high-energy exciton (Nickelsenet al, 1994) was inserted at tteinP1 | site betweerpsaB
component at 670 nm (Webbet al, 1996; Melkozernov andtrnG in the same orientation gmsaB Likewise, thepsaA-3vectors
contain 2.9 kbp of upstream sequence, 1.7 kbp of downstream sequence,
etal, 1997)' . . Lo . and thepsbD—aadA-rbclcassette placed in the antisense orientation at
The hypothesis that the helix 10 histidines are the axial an EcaRI site 300 bp downstream of thpsaA third exon. Silent
ligands to the Chls of 8o makes a strong prediction that mutations resulting in unique restriction sites were introduced by a three-
the leucine substitution mutants should result in a profound stage PCR method (Picaet al, 1994) to create a series of vectors,

: : each of which contains two unique sites spaced 370-460 bp apart. All
change in Poo character. Replacement of either of the of these vectors restore phototrophic growth and WT levels of PS1

aXia! histidines in_ the purple ba(_:terial RC special pair_to when reintroduced into the corresponding null mutant (K.Redding
leucine resulted in the conversion of the corresponding and J.-D.Rochaix, unpublished data). The substitution mutations were
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introduced by the three-stage PCR method (Pirdl, 1994) using

EPR spectroscopy

oligonucleotides beyond the restriction sites flanking the desired mutation Thylakoid membranes (1-1.5 mg Chl/ml) were put in standard Suprasil

to amplify the PCR products, which were cloned directly into the

guartz EPR tubes (4 mm outer diameter) and frozen to 77 K while under

corresponding plasmids using these same sites. The mutagenic primersllumination from an 800 W lamp using a 4 cm water filter and a 720 nm

introduced silent mutations for easy detection by restriction analysis; all

cut-off filter. Further illumination at low temperatures (10 K) resulted

such mutations were contrived so that they did not change the protein in no further increase in the;g," signal amplitude. X-Band EPR spectra
sequence, nor did they result in the use of rare codons. Several were measured on a Bruker ESP300E spectrometer using a standard
independent clones were verified by restriction analysis and sequenced;rectangular Bruker EPR cavity (ER4102T) equipped with an Oxford

at least two independent subclones were used for transformation.

Algal strain construction
All strains were derived from a 137c background (Harris, 1989). Sexual

crosses were performed as described in Harris (1989). The method of

constructing the originapsaA-A and psa®\ null strains (KRC2 and
KRC3, respectively) has been described (Fisobienl, 1996). Using
the same technology, we have cregtedA-3\ andpsaB\ null mutations
in the psbAdeletion mutant FUD7 (Bennouet al, 1986), resulting in
KRC4 and KRCS5, respectively. ThpsaA-2 psaR\ double mutant
(KRC6) was created by deletimsaA-3in KRC3. This was then crossed
to amt nac2-26(Kuchkaet al, 1989) strain to generate KRC22-4A
[mt nac2-26(psaA-3 psaR))].

Plasmids were introduced into the appropriate null mutant strains by
particle bombardment (Boyntoet al, 1988) followed by selection
on spectinomycin-containing medium (Goldschmidt-Clermont, 1991).

Several representatives of each mutation were characterized to ensur
that the observed phenotypes were due to the point mutation and not to

secondary mutations. Vectors containing point mutantssaA-2\ and
psaBwere introduced into KRC2 and KRC3 fan vivo analysis and
into KRC4 and KRCS5 for biochemical and biophysical analysis. Double
mutants were created by simultaneously bombarding KRC6 with a
mixture of two plasmids containing mutations in the same site in
psaA-3andpsaB Spectinomycin-resistant transformants were passaged
alternately on Tris—acetate—phosphate (TAFH00ug/ml spectinomycin
(0.5pEinstein/n?/s) and TAP (20-5@Einstein/n¥/s) to select for double
transformants. The logic was that single transformants, still harbouring
a deletion in the other gene, would be P&hd therefore light-sensitive

(Spreitzer and Mets, 1981). Homoplasmicity was assessed by PCR

reactions on genomic DNA purified from cells by standard methods
(Rochaixet al,, 1988). All the double substitution mutants were crossed
to KRC22-4A, andnac2 segregants were identified by fluorescence
transient screening (see below).

Growth conditions and in vivo tests

TAP and high-salt minimal media were prepared according to Harris
(1989). Algae were grown heterotrophically at 25°C in liquid TAP
medium in low light fluences<t1 pEinstein/n¥/s). Growth tests were
initiated by spotting 12ul of log phase cultures onto agar plates.
Anaerobiosis of agar plates was imposed using the bia@ve (Marcy-
I'Etoile, France) Generbag Anaer system according to manufacturer’s

ESR900 helium cryostat. The microwave frequency was measured using
a Hewlett Packard HP5350B frequency counter. The magnetic field was
measured with a Bruker ER0O35M Gaussmeter. The measuedues
were corrected for an offset against a knogwtandard [¢,a’)-diphenyl-
B-picryl hydroxyl]. Linewidth numbers were determined by curve fitting,
using the SimFonia program (Bruker) with an isotrogiwalue and a
single isotropic linewidth.

Fourier transform spectroscopy: infrared and visible

Thylakoid membranes were resuspended in 20 MM MES pH 6.4, 20 mM
sodium ascorbate, and 20/ methyl viologen (for infrared) or 10QM
phenazine methosulfate (PMS; for visible), centrifuged at 200 §00
and the pellet was squeezed between two GaiRdows. Samples for
visible spectroscopy had an @§3 of ~0.9, and samples for infrared
spectroscopy were approximately twice as dense. All measurements
were done in a cryostat at 280 K. For steady-state illumination, light
from a halogen lamp was passed through hea?t(Q0 nm) and red

et>630 nm) filters for a duration of 22 s. An equal number of interfero-

grams were recorded before and during continuous illumination, yielding
light-minus-dark difference spectra. These measuring cycles were
repeated several hundred times with a 30 s period of darkness between
each cycle to ensure return to the ground state. Infrared spectroscopy
was performed on a Nicolet 60 SX spectrometer equipped with a MCT-A
detector, and visible difference spectroscopy in the 650—-800 nm range
were carried out on a Bruker IFS 88 spectrometer equipped with a
tungsten lamp and a silicon diode detector.

Flash spectroscopy

The PS1 particles were diluted to ~u® Chl with a buffer containing

10 mM Tricine pH 8.0, 5 mM sodium ascorbate, and 248 PMS.
Absorption changes due to the photo-oxidation and re-reductionggf P
were recorded using a laboratory-built flash spectrophotometer. The
continuous measuring light from a 45 W tungsten halogen lamp passed
through a monochromator (Jobin Yvon H25) with 1.5 nm bandwidth, a
1X1 cm cuvette containing the sample (2 ml), and a combination of
interference and coloured glass filters in front of a photomultiplier
(Thorn EMI 9558B). The photomultiplier output was DC-coupled via a
low-pass RC filter { = 1 ms) to a transient digitizer (Tektronix DSA
602A with 11A33 plug-in amplifier). Excitation flashes (~1 mJfcai

532 nm; pulse duratior= 300 ps full width at half-maximum) were
provided by a frequency-doubled Nd/YAG laser (Quantel YG501-10) at
a repetition rate of 2 Hz. Many transients (64—256) were averaged at

instructions. The remainder of the cultures were harvested forimmunoblot €ach wavelength.4," — Proo difference spectra were constructed from
analysis. Fluorescence transient analysis was performed as previouslythe initial amplitudes of the absorbance changes, obtained by fitting the

described (Faraét al., 1995), using a laboratory-built video fluorescence

averaged transients in the time window from 10 to 300 ms post-excitation

imaging system based upon that described by Fenton and Crofts (1990).t0 & monoexponential decay;f = 20-50 ms, depending on PMS

Preparation and biochemical characterization of
membranes, thylakoids and PS1 particles
Crude membrane fractions were made as described (&hald 1990).

concentration) and extrapolating back to the time of the flash. This
procedure eliminates a fluorescence artefact that was present during the
first few milliseconds after the flash.

Thylakoids and PS1 particles were prepared as described by FischerAcknowIedgements

et al. (1997). Chlorophyll was calculated as described by Petral.

(1989). Protein was measured by the bicinchoninic acid assay (Pierce 1he authors wish to thank Nicolas Roggli for preparation of figures,

Chemical Company). Quptake using methyl viologen as a mediator
was performed as described by Takahashial. (1991), except that
DCMU was not added, as all membranes assayed contained no PS
Immunoblotting was performed using standard protocols (Fisehat,
1997). The anti-PsaF (Faradt al, 1995), anti-psaD (Fischegt al,
1997) and anti-PsaE (Faradt al, 1995) antisera have been described
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tag. The fusion gene was made by PCR-amplifying the region correspond- References

ing to the first 77 codons of PsaA with primers that introdudmbi

sites at both ends, and cloning the amplification product d$ce
fragment into pET-15b (Studiest al, 1990). The fusion protein was
expressed in BL21(DE3), isolated as inclusion bodies, purified on SDS
gels and injected into New Zealand White rabbits using standard
protocols.
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