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ABSTRACT: Photosystem I is a member of the iron-sulfur center or type I reaction centers. The primary
electron donor in photosystem I is a chlorophylla dimer termed P700. The biophysical properties of P700
are well understood, but the protein environment that gives it such unique properties is unknown. We
have characterized site-directed mutants of the photosystem I reaction center protein PsaB and identified
an amino acid, His-656, that interacts closely with one of the P700 chlorophylls. Mutation of His-656 to
Asn or Ser increases the oxidation midpoint potential of P700/P700+• by 40 mV. The P700/P700+• optical
difference spectra show the appearance of a new bleaching band at 667 nm. Electron nuclear double
resonance spectroscopy indicates a significant increase in the hyperfine coupling corresponding to methyl
protons at position 12 of the spin carrying chlorophylla of P700+•. The implication of these results to
current structural models of the photosystem I reaction center is discussed.

Photosynthesis occurs in specialized pigment protein
complexes termed reaction centers (RCs). The RC protein
complexes of green sulfur bacteria,Heliobacteria, and
photosystem I (PSI)1 contain an iron-sulfur center serving
as the terminal electron acceptor and are referred to as “iron-
sulfur-type” or type I RCs. A mobile quinone is the terminal
electron acceptor in purple bacteria and photosystem II (PSII)
that are referred to as “quinone-type” or type II RCs. A
detailed structure is available for the RC of purple bacteria
(bRC) (Deisenhofer et al., 1984; Allen et al., 1987; Chang
et al., 1991; Ermler et al., 1994). The primary electron donor
is a special pair of bacteriochlorophyllamolecules (BChls)
coordinated by a His residue from the L and M subunits of
the bRC heterodimer. In PSI, the RC Chl (P700) and early
electron acceptors A0, A1, and FX, are coordinated by a
heterodimeric complex of two related proteins, PsaA and
PsaB (Golbeck, 1992). Both PsaA and PsaB are predicted
to span the thylakoid membrane 11 times (Fish et al.,
1985a,b). A low-resolution structure of PSI derived from
crystals refracting at 4.5 Å has been published, but little
information on coordination of cofactors is available (Schu-
bert et al., 1995). Spectroscopic and biochemical charac-

terization of the bRC complexes of the green sulfur bacterium
Chlorobium limicola(Büttner et al., 1992) andHeliobacillus
mobilis(Liebl et al., 1993) has convincingly shown that they
are very similar to PSI and that, as with the case of type II
RCs, the type I RCs also share a common ancestor.

The primary electron donor in PSI (P700) is a Chla dimer
thought to be coordinated by amino acids from both PsaA
and PsaB (Golbeck, 1992). Spectroscopic analysis of P700

+•

in single crystals of PSI fromSynechococcus elongatus
indicates that the charge density distribution over the two
dimer halves is highly asymmetric (Ka¨ss, 1995). This would
indicate that the protein environment is critical in modulating
the physicochemical properties of the P700 dimer. It is not
known which regions of PsaA and PsaB are involved in
coordinating the P700dimer. It might be expected that regions
important for PSI function will be conserved in the amino
acid sequences of PsaA and PsaB from evolutionary diverse
organisms as well as in the RC proteins fromHeliobacillus
andChlorobium. Several amino acids and domains can be
identified by comparison of amino acid sequences of PsaA,
PsaB, and bRC proteins (Figure 1) (Bu¨ttner et al., 1992; Liebl
et al., 1993). In particular, a region containing two cysteines
now known to be involved in coordinating FX is very
conserved (Bu¨ttner et al., 1992; Liebl et al., 1993; Smart et
al., 1993; Webber et al., 1993). A conserved histidine in
the putative membrane span VIII domain has frequently been
suggested to serve as a P700 ligand, but this has now been
ruled out by spectroscopic analysis of site-directed mutants
in Chlamydomonas reinhardtii(Cui et al., 1995). The helix
X domain of PsaB has been shown to exhibit weak homology
to the helix D domain of the D1 and D2 RC polypeptides of
PSII (Marguilles, 1991). A histidine in this helix X domain
(Figure 1), residue number 656 in PsaB ofC. reinhardtii, is
conserved in all sequences and has also been proposed as a
candidate to ligate P700 (Marguilles, 1991; Vermaas, 1994;
Fromme et al., 1994; Cui et al., 1995).
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To determine the importance of the helix X domain in
coordinating P700, site-directed mutants of H656 of PsaB have
been constructed by genetic engineering of the chloroplast
genome inC. reinhardtii. Previously, ENDOR spectroscopy
has been employed successfully for the characterization of
mutants directed to alter the primary donor, P865, in bRC’s
of Rhodobacter sphaeroides(Huber et al., 1990; Rautter et
al., 1995). These investigations revealed that changes in the
surrounding protein environment have a dramatic impact on
the spin density distribution in the cation radical P865

+• and
on the midpoint potential of P865+• (Lin et al., 1994). Here
we describe mutations in PsaB that affect the oxidation
midpoint potential, electronic structure, and optical properties
of P700+•. From the data we conclude that H656 of PsaB is
close to and most likely a ligand to the central Mg atom of
the spin carrying Chl of the P700 dimer in PSI.

METHODS

Site-Directed Mutagenesis and Chloroplast Transforma-
tion. The strategy for mutagenesis is outlined in Figure 2A.
Plasmid pG528G is anEcoRI-PstI fragment of chloroplast
DNA that encodes thepsaB gene and a portion ofrbcL
(Bingham et al., 1991). In addition, this plasmid contains a
single silent site-directed mutation at codon position 528 that
creates a uniqueStuI site. The chimericaadA(Goldschmidt-
Clermont, 1991; Bingham & Webber, 1994) gene construct
was cloned into aHincII site within the intergenic region
betweenpsaBandrbcL in pG528G to give plasmid pG528G-
S. ABamHI-PstI fragment of pG528G was subcloned into
M13mp19 and single-stranded DNA used as a template for
oligonucleotide-directed mutagenesis. Following mutagen-
esis aStuI-BanII fragment was subcloned from M13 into
pG528G-S and used in transformation experiments.
A PSII-minus mutant strain ofC. reinhardtii, FuD7

(Bennoun et al., 1986), was used as the recipient of donor
plasmids in the transformation experiments. The cells were
maintained on HS medium supplemented with acetate (HSA)
and spectinomycin (100µg mL-1) when required (Webber
et al., 1993; Cui et al., 1995). Chloroplast transformation
was performed by the biolistics technique as previously

described (Boynton et al., 1988; Webber et al., 1993).
Bombarded cells were transferred to plates containing HSA
supplemented with 100µg mL-1 spectinomycin and 1.2%
agar and placed under dim light for 7-10 days until colonies
appeared. Single colonies were restreaked onto solid me-
dium. Total DNA was isolated from cells taken from
confluent regions of the plates as previously described
(Webber et al., 1993) and resuspended at a final volume of
100µL. One microliter of this DNA isolation was then used
as a template for PCR using primers P2 and P7 (Figure 2A;
Cui et al., 1995). To confirm the presence of the desired
mutations the amplified DNA from the homoplasmic strains
was sequenced using a Cycle Sequence kit (BRL) following
the manufacturer’s procedures.

FIGURE 1: Amino acid sequences of the C-terminal region of reaction center protein fromH. mobilis (Liebl et al., 1993) andC. limicola
(Büttner et al., 1992) and PsaB sequences fromSynechocystis6803 (Smart & McIntosh, 1991), maize (Fish et al., 1985), andC. reinhardtii
(Kück et al., 1987). The numbering is for PsaB fromC. reinhardtii. Residues conserved in all sequences are bold. Potential membrane
spanning regions are underlined. The FX-binding domain is indicated.

FIGURE 2: Chloroplast mutagenesis scheme and identification of
segregated mutants by PCR. (A) Restriction enzyme map and
chloroplast transformation strategy. The mutant plasmids pHN-
(B656) and pHS(B656) contain aBamHI-PstI fragment of chlo-
roplast restriction enzyme fragmentEco14. The plasmids contain
mutations that produce the desired codon change and a silent
mutation that introduces a newStuI restriction enzyme cleavage
site. TheaadAgene was cloned into aHincII site located between
psaBand rbcL. (B) A 1 kbp fragment ofpsaBwas amplified by
PCR (see Methods) from FuD7 (lane 1), HN(B656) (lane 3), and
HS(B656) (lane 5) and digested withStuI (lanes 2, 4, and 6).
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PSI Isolation, Optical Spectroscopy, and Redox Titration.
PSI complexes were isolated from thylakoid membranes as
previously described (Cui et al., 1995). The flash-induced
absorbance spectra were recorded using a laboratory-built
flash spectrophotometer. The measuring light from a 55 W
tungsten halogen lamp was passed through a monochromator
with 3 nm bandwidth, a 1 cm optical cuvette, and a
combination of interference and edge filter in front of the
photomultiplier (EMI 9558BQ) that was coupled to a
transient recorder (Tektronix TDS 320). The samples were
excited by saturating Xe flashes of about 15µs duration
filtered by a colored glass (CS96-4 from Corning). Before
measurements, the PSI complexes were diluted to ap-
proximately 10µM Chl with a buffer containing 20 mM
Tricine, pH 7.5, 25 mM MgCl2, 0.02% n-dodecyl â-D-
maltoside, 5 mM sodium ascorbate, and 10µM phenazine
methosulfate. The time course of the absorbance changes
was fitted to an exponential decay using an algorithm that
minimizes the sum of the unweighted least squares.
The midpoint potential of P700was determined by measur-

ing the magnitude of flash-induced absorbance increase at
826 nm, associated with oxidation of P700, as a function of
the redox potential poised in the reaction medium. Titrations
were performed in a medium containing 25 mM PIPES, pH
6.8, 100 mM MgCl2, 0.02%n-dodecylâ-D-maltoside, and
approximately 20µM Chl. The redox potentials of the
solution were adjusted by additions of ferricyanide and
ferrocyanide, respectively. The potentials were measured
using platinum and calomel electrodes (Radiometer K4040
and P1040) connected to a Radiometer PHM82 pH meter.
EPR and ENDOR Spectroscopy.ENDOR was performed

on the primary donor cation radical P700+• of PSI samples in
frozen solution as previously described (Cui et al., 1993).
P700was oxidized optically by irradiating a concentrated PSI
preparation in EPR quartz capillaries of 4 mm o.d. and 3
mm i.d. The Chl concentration for wild-type spectra was
4.0 mg mL-1 and for mutant spectra was 2 mg mL-1.
Illumination was performed at ambient temperature using a
1000 W tungsten lamp equipped with a water filter (10 cm
path length) and an edge filter (665 nm Schott RG 665).
After 1 min the samples were frozen under continued
irradiation in liquid nitrogen and transferred to the spec-
trometer. The ENDOR measurements were performed on a
Bruker ESP 300E X-band EPR spectrometer with home-built
ENDOR accessories (Ka¨ss et al., 1994). A TM110-type
microwave cavity/radiofrequency coil arrangement similar
to that described in Zweygart et al. (1994) was used which
provided a highQ factor (approximately 5000) resulting in
a high ENDOR sensitivity. The sample temperature was
controlled using a Bruker ER4111 VT nitrogen flow system.

RESULTS

Generation and Screening of Mutants in C. reinhardtii.
We have transformed the chloroplast genome ofC. rein-
hardtii to test the function of residue 656 in coordinating
P700. A fragment of thepsaBgene was subjected to site-
directed mutagenesis (Cui et al., 1995). Mutations were
designed to change H656 to Ser or Asn. Substitution of His
with Asn or Ser would provide either an alternative nitrogen
or oxygen ligand to the central Mg2+ of Chl and may change
properties of P700+• without major structural changes to the
protein. Plasmids containing the mutations, and the select-

able markeraadAcloned down stream ofpsaB(Figure 2),
were used to transform the FuD7 mutant ofC. reinhardtii
by particle bombardment (Boynton et al., 1988; Webber et
al., 1993). FuD7 lacks the PSII complex due to a deletion
in the psbAgene and requires acetate as a reduced carbon
source (Bennoun et al., 1986). Following transformation
colonies were selected for spectinomycin resistance, indicat-
ing integration ofaadA(Cui et al., 1995). The transforming
plasmids also contained a silent mutation that introduced a
uniqueStuI site into psaBthat could be used to screen for
successful homologous replacement of the endogenous wild-
type psaBgene by the mutated copies (Cui et al., 1995).
PCR-amplified DNA from the transformants was digested
with StuI and size-fractionated by agarose gel electrophoresis.
As shown in Figure 2B, the amplified DNA from each
transformant could be completely digested withStuI, indicat-
ing that chloroplast DNA was homoplasmic for the desired
psaBmutations. Thylakoid membranes from the mutants
and wild-type cells were found to contain similar amounts
of PSI as determined from the polypeptide profiles following
polyacrylamide gel electrophoresis (not shown).
Optical Spectroscopy and Oxidation Midpoint Potential

of P700/P700+•. To determine if the mutations affected the
chemical properties of P700, we measured the oxidation
midpoint potential of P700/P700+•. The results of redox
titrations of the flash-induced absorbance increase at 826 nm
in PSI preparations ofC. reinhardtiiwild type and mutants
HN(B656) and HS(B656) are shown in Figure 3 and Table
1. The solid lines represent one-electron (n ) 1) Nernst
curves. The midpoint potential of P700/P700+• in the wild-
type PSI preparation was determined as 447( 6 mV (vs
NHE). In both mutants slightly better fits are obtained with
n ) 0.8, but this does not affect the result of the midpoint
potentials. A slight heterogeneity was also noticed in the
Nernst curves from the two mutants. Similar heterogeneity
has also been noticed in other PSI mutants, such as HL-
(B523) (Cui et al., 1995), that have an unaltered midpoint
potential. In PSI from HN(B656) and HS(B656) the
measured oxidation midpoint potential was increased to 487
( 6 mV (Figure 3). These results indicate that the mutations

FIGURE 3: Redox titration of the flash-induced absorption change
at 826 nm due to the formation of P700+• in PSI complexes ofC.
reinhardtii: (O) wild-type; (9) HN(B656); (b) HS(656S). The
absorbance increase at 826 nm is attributed to formation of P700

+•.
The solid lines represent one-electron Nernst curves with a midpoint
potential of 445 and 488 mV for wild-type and mutants, respectively
(vs NHE).
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have significantly altered the redox property of the PSI
primary donor.
Further characterization of the mutants HN(B656) and HS-

(B656) was performed by absorbance difference spectros-
copy. The spectra of the absorbance changes obtained from
C. reinhardtiiwild type and the mutant HN(B656) are shown
in Figure 4. The difference spectrum measured with the
mutant HS(B656) (not shown) was very similar to that of
HN(B656). The spectra are normalized to the same bleached
area between 650 and 720 nm (Qy region) assuming that the
total area due to the photooxidation of P700 is not changed
by the mutations. The spectral features observed with PSI
complexes fromC. reinhardtii wild type agree well with
those reported for the P700 difference spectrum measured in
thylakoid membranes (Cui et al., 1995). The difference
spectra are dominated by the main bleaching band that is
centered at 696 nm inC. reinhardtiiwild type and slightly
blue shifted in the mutant. Low-temperature measurements
with better spectral resolution (∆λ ) 1 nm) indicate a blue
shift of about 2-3 nm (not shown). Most interestingly, the
difference spectra of both mutants also exhibit a pronounced
new bleaching band at 667 nm indicating altered spectral
properties of P700 induced by mutation of H(B656) to either
Asn or Ser.
Electron Nuclear Double Resonance Spectroscopy of

P700+•. The oxidized primary donor P700+• in PSI isolated
from wild type and mutants HN(B656) and HS(B656) has
been characterized by EPR and1H ENDOR spectroscopy in

frozen solution (120 K). For all preparations an unresolved
Gaussian EPR line of 0.70( 0.01 mT was obtained atg )
2.0025 (not shown), indicating no major differences in the
electronic state of P700+•. The individual hfc’s could be
resolved by ENDOR spectroscopy. Figure 5 compares the
powder-type spectra obtained for P700

+• in wild type and the
two mutants. The former spectrum has recently been
analyzed in detail (Ka¨ss et al., 1995). Three axially
symmetric1H hfc tensors could be assigned to the methyl
groups at molecular positions 2, 7, and 12 (Figure 6) on the
spin carrying Chla half of P700+•. The line positions of the
parallel (A|) and perpendicular (A⊥) components of these
three methyl group tensors are indicated in Figure 5a. The
isotropic hfc’s obtained byAiso ) (1/3)(2A⊥ + 2A|) are given
in Table 1. The hfc’s are very similar to those obtained for
P700+• in PSI of spinach andS. elongatus(Käss, 1995). The
1H ENDOR spectrum of P700+• from the mutant HN(B656)
is distinctly different from that of the wild type. In particular,
the hfc assigned to the methyl group at position 12 is
increased by about 20%. This hfc is also larger (ap-
proximately 16%) for the HS(B656) mutant. The methyl
group hfc’s at positions 2 and 7 do not show a significant

Table 1: Isotropic Methyl Proton Hyperfine Couplings of the Spin
Carrying the Chla Molecule of P700+• and Midpoint Potentials (vs
NHE) for P700/P700+• in PSI Prepared fromS. elongatusandC.
reinhardtii

Aiso (MHz)a

species 12b 7b 2b
midpoint potential

(mV)

Synechococcus 5.25 3.51 2.89 436( 5
Chlamydomonas 5.32 3.65 2.93 445( 5
HS(B656) 6.09 3.65 3.00 488( 6
HN(B656) 6.32 3.76 3.01 487( 6
a Error of Aiso is (0.05 MHz. bMolecular position to which the

Aiso(CH3) is assigned in the spin carrying Chla (Figure 6) of P700+•.

FIGURE 4: Flash-induced absorbance difference spectrum of
P700/P700+• measured at room temperature in PS I complexes ofC.
reinhardtii: wild-type (O) and mutant HN(B656) (b). The sample
was excited by saturating Xe flashes of about 15µs duration. The
spectra are normalized to the same area under the curve in the Qy
region (between 650 and 720 nm).

FIGURE5: 1H ENDOR (electron nuclear double resonance) spectra
of P700+• in PSI fromC. reinhardtii in frozen solution: (a) wild
type at 160 K; (b) mutant HN(B656) at 160 K; (c) mutant HS-
(B656) at 160 K. The arrow indicates the shift of the lines belonging
to the hfc at position 12 in the mutants.

FIGURE 6: Molecular structure and IUPAC numbering scheme for
chlorophylla (Chl a).
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increase in magnitude. Due to the strongly asymmetric spin
density distribution of approximately 85:15 (Ka¨ss, 1995; Ka¨ss
et al., 1995) over the dimer halves in P700

+•, only changes
of the large hfc’s of the Chla carrying the majority of the
spin density are easily detected in the1H ENDOR spectra.
However, the spectra (Figure 5) also indicate shifts and
intensity changes of the smaller couplings which might be
attributed to the second dimer half. The result obtained here
clearly shows that mutations at position B656 significantly
disturb the spin density of P700+•, indicating a close contact
between this histidine residue and the primary donor in wild-
type PSI.

DISCUSSION

Mutation of His-656 of the PsaB RC protein to either Asn
or Ser results in an increase in the oxidation midpoint
potential of P700/P700+• by approximately 40 mV. Both
mutations also lead to an increase of the methyl proton hfc’s,
in particular at molecular position 12 of the spin carrying
Chl a. This clearly shows that the mutations HN(B656) and
HS(B656) induce an alteration of the environment of P700

+•

in a manner not observed in any other PsaB mutations
characterized so far (Cui et al., 1995). This indicates that
H(B656) must interact closely with one Chla of the P700
dimer. This conclusion is supported by the altered spectral
properties of P700 due to the mutation of H(B656) to either
Asn or Ser. Assuming that the bleached areas in the Qy

region (corresponding to the oscillatory strength expected
for the oxidation of P700) are the same in the wild type and
in the mutants, analysis of the so normalized spectra indicates
that the intensity of the main bleaching around 695 nm
decreases and a new bleaching band centered around 667
nm appears. Furthermore, the main bleaching band is
slightly blue shifted in the mutants. The flash-induced
absorbance changes are suppressed in the presence of
ferricyanide, which blocks photochemistry of PSI by chemi-
cal oxidation of P700. One possible explanation of the
significantly changed spectral characteristics of P700 would
be that a neighboring Chl absorbing around 667 nm is
oxidized by P700+• as a consequence of its increase in
oxidation midpoint potential in the mutants. An equilibrium
level of about 3 for the reaction P700+Chl T P700Chl+ can
be roughly estimated from the bleached areas. The ENDOR
spectra show no indication of a cation radical different from
P700+•; however, it is sometimes difficult to detect low levels
(e25% in this case) of a secondary radical in such an
overcrowded spectrum. Alternatively, the differences be-
tween the P700/P700+• spectra may indicate an altered excitonic
interaction between the two Chlamolecules of P700 induced
by the mutations. On the basis of simple exciton theory,
the 667 nm band may be assigned to the high-energy exciton
component of P700 in the mutants (Cantor & Schimmel,
1980). Using the point-dipole approximation, this corre-
sponds to an exciton interaction energy of about 290 cm-1

and an angle of about 60° between the Qy transitions of the
two Chl a molecules of the P700 dimer calculated from the
estimated ratio of the oscillator strengths of the 667 and 695
nm band of approximately 1:3 (Cantor & Schimmel, 1980).
In wild-type PSI, the position of the high-energy exciton
component of P700 is not clearly seen due to its small
oscillator strength, indicating a more parallel orientation of
the Chl Qy transitions (Setif, 1992). If the ratio of the
oscillator strengths is estimated to bee1:10 in the wild type,

it results in an angle ofe35° similar to that of the special
pair of pigments in purple bacteria (38°). Even though the
spectral properties of P700 in wild type and in mutants are
not well understood, it seems reasonable that small changes
in geometry within the dimer can account for the observed
spectral changes of the primary donor.
Several mechanisms can affect the oxidation midpoint

potential together with the spin density distribution and the
optical properties of P700+•. First, it is possible that His-656
of the PsaB protein forms a hydrogen bond to the keto
carbonyl group of one of the Chla molecules in P700.
Removal and/or addition of hydrogen bonds to 3 and 131

carbonyl groups of the BChla dimer in P865+• in ring A
(acetyl) or ring E (keto) has been shown to affect both redox
and electronic properties of the oxidized primary donor in
R. sphaeroides(Rautter et al., 1995; Lin et al., 1994, Allen
& Williams, 1995). Generating a new hydrogen bond to
the 131-keto carbonyls by changing a Leu to His at position
L131 of the L protein subunit [mutant LH(L131)], or at
position M160 of the M subunit [mutant LH(M160)], raised
the oxidation midpoint potential of P865/P865+• by ap-
proximately 50-60 mV (Lin et al., 1994). With respect to
the electronic structure of P865+• these mutations influenced
all hfc’s of both Bchl halves by shifting the spin density
from one to the other dimer half in P865+• (Rautter et al.,
1995). If His(B656) would form such a hydrogen bond to
the keto group of one of the P700 Chl’s, the weakening of
the hydrogen bond by substitution with Ser or Asn should
decrease the redox potential. What we observe is an increase
of about 40 mV in both mutants HN(B656) and HS(B656).
Therefore, it is unlikely that such a hydrogen bond is formed.
Second, the introduction of charged amino acid residues

in the bRC protein in the vicinity of the P865 can result in a
change of the midpoint oxidation potential by electrostatic
interactions (Allen & Williams, 1995). In the RC ofRb.
capsulatusthe mutation YH(M210) decreased the oxidation
potential of P865/P865+• by approximately 36 mV (Jia et al.,
1993). The distance of Tyr M210 to the special pair is about
5 Å, which does not allow the formation of hydrogen bonds.
The reverse case, i.e., the exchange of His by another amino
acid residue, would be expected to result in an increase of
the redox potential, as is observed here. However, in this
situation the hfc’s of P700+• should all be altered almost
equally to a minor extent instead of showing a pronounced
specific increase of one hfc at a particular position as we
observe for the mutations HS(B656) and HN(B656).
Finally, His at position 656 could be an axial ligand to

the central Mg atom of one of the Chla molecules in the
dimer P700. In the bRC ofRb. sphaeroidesthe substitution
of His M202 or His L173 causes removal of the Mg atom
of the neighboring BChla if the substitution is by a
voluminous amino acid like Leu or Phe. This leads to the
so-called heterodimer with one BChl and one BPhe (Bylina
& Youvan, 1988). In the mutant HL(M202) the oxidation
potential is increased by 160 mV as compared to wild type.
This is the largest effect on potential observed by any single
RC mutation (Allen & Williams, 1995). As compared with
the wild-type bRC the HL(M202) mutation produces sig-
nificant changes in absorption, EPR, and ENDOR spectra
(Rautter et al., 1995; Kirmaier et al., 1988; Bylina et al.,
1990; Huber & To¨rring, 1995). The spin is localized on the
BChl a half of the oxidized bRC (BChl/BPheo) heterodimer.
In case of P700 in PSI the mutation HL(B656) may similarly
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result in the formation of a heterodimer (Chla/Phea) in
analogy to the bRC. But unlike in the bacteria, where the
mutations HL(M202) and HL(L173) influence the stability
of the bRC’s only to a minor extent (Bylina & Youvan,
1988), this mutant assembles only low amounts of PSI (data
not shown). The same phenomenon was observed in PSII
where the exchange of the predicted P680 Mg coordinating
His to Leu (His-198 in D1 and His-197 in D2) leads to PSII
complexes that are not stably assembled (Nixon et al., 1992).
Assuming that His(B656) is a ligand to the Mg of the spin

carrying Chla in the primary donor, the mutations HN(B656)
and HS(B656) would probably not lead to a removal of the
central Mg atom since Asn and Ser are considerably smaller
than Leu and also can still ligate the Mg. However, the
smaller volume and shorter length of the amino acids
introduced by the mutations at position B656 may lead to
changes in the geometry of the Chla dimer, as suggested
by the changes in the absorption difference spectra. This
may also influence the redox properties of P700/P700+•.
Investigations of substituted monomeric Chla molecules
have shown that the redox potential is dependent on steric
effects and is particularly sensitive to strain in ring E of the
molecule (Heald & Cotton, 1990). The redox potential is
increased from+540 mV in Chl a to +650 mV in
132-hydroxy-Chla, in clear contrast to the expected inductive
effect of the electron-donating OH group that should cause
a decrease of the potential. This was rationalized by
assuming an increased steric strain of ring E in 132-hydroxy-
Chl a, due to the more voluminous OH group. The
assumption of such steric effects in Chla-type systems is
corroborated by comparative ENDOR studies of substituted
BChl a cations which revealed a steric effect due to
substituents at position 13 in the BChlamolecule (Käss et
al., 1994).
Substitution with Gln and Gly at position M202 or Gly at

position L173 inRb. sphaeroidesRC does not lead to
formation of a heterodimer. In the HG(M202) and HG-

(L173) mutants the central Mg is coordinated by an adventi-
tious ligand, speculated to be water, and the midpoint
potential of the donor is unchanged (Goldsmith et al., 1996).
The oxidation potential in the HQ(M202) mutant is unknown.
The ENDOR characterization of the HG(L173) mutant
revealed that the hfc’s are changed in an identical manner
to those in the PsaB mutants described here (unpublished
observations). Only the coupling of the methyl protons at
position 12 of the BChl is affected whereas the coupling at
position 2 remains almost constant. The increase of this
coupling (position 12) is about 15%. This influences the
electronic structure leading to the different spin distribution
that is clearly observable in the ENDOR spectrum. This
result indicates that it is possible to affect the spin distribution
in a very localized manner by altering an axial ligand to one
chlorophyll of the primary donor.
In summary, we conclude that His-656 of PsaB is in close

proximity to the spin carrying Chla of P700+•. Based on the
above discussion the most likely explanation for the signifi-
cantly changed properties of P700 in the mutants HN(B656)
and HS(B656) is that the His at position B656 of PSI
coordinates the central Mg atom of the spin carrying half of
P700+•. However, further analysis of additional mutations at
this position and at the equivalent His in the PsaA subunit
is required to confirm this. His-656 is located toward the
center of the predicted membrane span X of PsaB, which is
difficult to reconcile with the location of P700 toward the
lumenal side of PSI. In theH. mobilisRC primary sequence
a Pro and Lys are found 5 and 6 amino acids toward the
lumenal side of the helix X His, which might suggest that
His-656 is indeed located closer to the lumenal side of the
complex. However, this discussion is based solely on
predicted hydrophobicity profiles and awaits direct deter-
mination from a higher resolution structure.
The current 4.5 Å structure of PSI indicates that two

symmetrical helices, e and e′, are close to electron densities
attributed to the P700 chlorophyll dimer (Schubert et al.,

FIGURE 7: Model of the coordination of PSI cofactors by helices VII-XI of PsaB. The amino acid sequence and numbering are derived
from analysis of thepsaBgene fromC. reinhardtii (Kück et al., 1987).
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1995). Our results show that helix X of PsaB interacts
closely with P700, suggesting that it corresponds to helix e
or e′ observed in the 4.5 Å structure, renamed m and m′ in
the 4 Å model (Wolf-Dieter Schubert, personal communica-
tion). It has previously been noted that there is a strikingly
similar organization of the cofactors in both the type I and
type II RCs (Golbeck, 1993). Since the amino acid sequence
homology between type I and type II RCs is low, it was
never possible to draw any firm conclusions. However, even
with low amino acid identity it might be expected that protein
domains coordinating the cofactors in type I and type II RC’s
may have been retained during the course of evolution. Our
results indicate that the helix X region of PsaB is closely
associated with the P700 RC Chl a. On the basis of these
data we propose a model for coordination of PSI cofactors
shown in Figure 7. In this model, the C-terminal five helices
of the PsaB protein coordinate the FX [4Fe-4S] iron-sulfur
center and the primary donor (Figure 7) in a manner
analogous to helices A through E of the type II RC. Helix
X of PsaB plays a role identical to helix D of the D1 and
D2 polypeptides of PSII and the L and M subunits of purple
bacteria. Vermaas (1994) has previously reported significant
homology between helices I-VI of the RC protein ofH.
mobilis and the CP43 antenna protein of PSII, which also
has six transmembrane spans. Thus, a model in which the
first six membrane spans of PsaB constitute an antenna
domain and the last five membrane spans the RC domain is
further supported by these results.
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Käss, H. (1995), Ph.D. Thesis, Technische Universita¨t Berlin.
Käss, H., Rautter, J., Zweygart, W., Struck, A., Scheer, H., &
Lubitz, W. (1994)J. Phys. Chem. 98, 354-363.
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