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ABSTRACT. Photosystem | is a member of the iresulfur center or type | reaction centers. The primary
electron donor in photosystem | is a chloroptg/limer termed Ro The biophysical properties of,&

are well understood, but the protein environment that gives it such unique properties is unknown. We
have characterized site-directed mutants of the photosystem | reaction center protein PsaB and identified
an amino acid, His-656, that interacts closely with one of thg ¢éhlorophylls. Mutation of His-656 to

Asn or Ser increases the oxidation midpoint potential @/Pzos™ by 40 mV. The RodPros™ 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 chloroptg/lbf P;os™. The implication of these results to
current structural models of the photosystem | reaction center is discussed.

Photosynthesis occurs in specialized pigment protein terization of the bRC complexes of the green sulfur bacterium
complexes termed reaction centers (RCs). The RC proteinChlorobium limicola(Bittner et al., 1992) anHieliobacillus
complexes of green sulfur bacteribieliobacterig and mobilis (Liebl et al., 1993) has convincingly shown that they
photosystem | (PSt)contain an iror-sulfur center serving  are very similar to PSI and that, as with the case of type ||
as the terminal electron acceptor and are referred to as“iron RCs, the type | RCs also share a common ancestor.
sulfur-type” or type | RCs. A mobile quinone is the terminal

electron acceptor in purple bacteria and photosystem Il (PSII) : . .
that are referred to as “quinone-type” or type Il RCs. A thought to be coordinated by amino acids from both PsaA

detailed structure is available for the RC of purple bacteria 21d PsaB (Golbeck, 1992). Spectroscopic analysisgf P
(bRC) (Deisenhofer et al., 1984; Allen et al., 1987; Chang I single crystals of PSI fronSynechococcus elongatus
etal., 1991; Ermler et al., 1994). The primary electron donor indicates that the charge density distribution over the two
is a special pair of bacteriochlorophglimolecules (BChls)  dimer halves is highly asymmetric (K8, 1995). This would
coordinated by a His residue from the L and M subunits of indicate that the protein environment is critical in modulating
the bRC heterodimer. In PSI, the RC Chi¢fand early ~ the physicochemical properties of the,fdimer. Itis not
electron acceptors A A;, and F, are coordinated by a  known which regions of PsaA and PsaB are involved in
heterodimeric complex of two related proteins, PsaA and coordinating the odimer. It might be expected that regions
PsaB (Golbeck, 1992). Both PsaA and PsaB are predictedimportant for PSI function will be conserved in the amino
to span the thylakoid membrane 11 times (Fish et al., acid sequences of PsaA and PsaB from evolutionary diverse
1985a,b). A low-resolution structure of PSI derived from organisms as well as in the RC proteins frétaliobacillus
crystals refracting at 4.5 A has been published, but little andChlorobium Several amino acids and domains can be
information on coordination of cofactors is available (Schu- identified by comparison of amino acid sequences of PsaA,
bert et al., 1995). Spectroscopic and biochemical charac-psaB, and bRC proteins (Figure 1) (Bwer et al., 1992; Liebl
etal., 1993). In particular, a region containing two cysteines
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The primary electron donor in PSI{f) is a Chla dimer
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VIII
H. mobilis FVAAHATAGGLHFTMVPLWRMVFF SKVSPWITKVGMKAKRDGEFPCLGPAYGGTCSISLY
C. limicola WUMAHVITAGSI FSLIALVRIAFFAHTSPLWDDLGLK KNSYSFPCLGPVYGGTCGVSIQ
5. 6803 FLVHHAIALGLHTTALILIKGALESRGSKLMED. . . KKDFGYSFPCDGPGRGGTCDI SAW
PsaB maize FLVHHATATGLHTTTLILVKGALDARGSKLMED. . . KKDFGYSFPCDGPGRGGTCDI SAW
PsaB cr FLVHHATALGLHTTTLILVKGALDARGSKLMED. . . KKDFGYSFPCDGPGRGGTCDISAY

519 Fx

IX

H. mobilis DOFYLAIFFSLOVIAPAWFYLDGCWMGSFVATSSEVYKQAAELFKANPTWFSLHAVSNFT
C. limicola DQ. .LW.FAMLWGIKGLSAVCWYIDGAWI ASMMYGVPAADAKAWDSIA. . . ... .. HLQH
5. 6803 DAFYLAMFWMLNTLGWLTFYWHWKHLGVWSGNVAQ. . . o\ oo\ ... FNENSTYLMGWFRD
PsaB maize DAFYLAVFWMLNTIGWVTFYWHWKHITLWOGNVSQ. . . oo v ... FNESSTYLMGWLRD
PsaB cr DAFYLAVFWMLNTIGWVTFYWHWKHLTIWQGNVAQ . . . .. ... ... FDESSTYLMGWLRD

576

X

H. mobilis SEVTSATSSLKPLVCSNTT . MVTWFKPCWAAHFTWAFTFSMLEFQYRGSRD
C. limicola HYTSGIFYYFWTETVTIF.SSSHLSTILMIGHLVWFISFAVWFEDRGSRL
S. 6803 YLWANSAQLINGYNPYGVNNLSVWAWMEFLFGHLVWATGFMEFLISWRGYWQ
PsaB maize YLWLNS SQLINGYNPFGMNSLSVWAWMFLFGHLVWATGFMFLI SWRGYWQ
PsaB cr YLWLNSSQLINGYNPFGMNSLSVWAWTFLFGHLIYATGEMFLISWRGYWQ

625

Ficure 1: Amino acid sequences of the C-terminal region of reaction center proteinHramobilis (Liebl et al., 1993) andC. limicola
(Buttner et al., 1992) and PsaB sequences fRymechocysti€803 (Smart & Mcintosh, 1991), maize (Fish et al., 1985), @nceinhardtii

(Kick et al., 1987). The numbering is for PsaB fr@n reinhardtii. Residues conserved in all sequences are bold. Potential membrane
spanning regions are underlined. Thelitnding domain is indicated.

To determine the importance of the helix X domain in A
coordinating Ry, site-directed mutants of H656 of PsaB have  kbp_ B% tz\zm“““" a y ‘
been constructed by genetic engineering of the chloroplast / PHRN(B36) or pHS(B36)
genome irC. reinhardtii Previously, ENDOR spectroscopy - —— /] Recipien coDNA
has been employed successfully for the characterization of psaB rbel atpA
mutants directed to alter the primary donogesPin bRC'’s E B BSt E
of Rhodobacter sphaeroidébiuber et al., 1990; Rautter et # e / Transiormant cpDNA

psaB P7 P2  aadA rbcl.  atpA

al., 1995). These investigations revealed that changes in the
surrounding protein environment have a dramatic impact on
the spin density distribution in the cation radicgbf” and

on the midpoint potential ofdgst* (Lin et al., 1994). Here

we describe mutations in PsaB that affect the oxidation
midpoint potential, electronic structure, and optical properties
of P;gg™. From the data we conclude that H656 of PsaB is  xyp—
close to and most likely a ligand to the central Mg atom of

the spin carrying Chl of the & dimer in PSI.

METHODS Ficure 2: Chloroplast mutagenesis scheme and identification of
segregated mutants by PCR. (A) Restriction enzyme map and

. . . chloroplast transformation strategy. The mutant plasmids pHN-
Site-Directed Mutagenesis and Chloroplast Transforma- (B656) and pHS(B656) containBanH|—Pst fragment of chlo-

tion. The strategy for mutagenesis is outlined in Figure 2A. roplast restriction enzyme fragmeftal4. The plasmids contain
Plasmid pG528G is aBcaRI—Pst fragment of chloroplast ~ mutations that produce the desired codon change and a silent
DNA that encodes thg@saB gene and a portion ofbcL mutation that introduces a ne@tu restriction enzyme cleavage

; e ; ; ; site. TheaadAgene was cloned intotdincll site located between
(Bingham et al., 1991). In addition, this plasmid contains a psaBandrbcL. (B) A 1 kbp fragment ofpsaBwas amplified by

single silent site-directed mutation at codon position 528 that pcg (see Methods) from FuD7 (lane 1), HN(B656) (lane 3), and
creates a uniqustu site. The chimeri@adA(Goldschmidt- HS(B656) (lane 5) and digested wistu (lanes 2, 4, and 6).

Clermont, 1991; Bingham & Webber, 1994) gene construct
was cloned into aincll site within the intergenic region  described (Boynton et al., 1988; Webber et al., 1993).
betweempsaBandrbcL in pG528G to give plasmid pG528G- Bombarded cells were transferred to plates containing HSA
S. ABanHI—Pst fragment of pG528G was subcloned into  supplemented with 10@g mL~! spectinomycin and 1.2%
M13mp19 and single-stranded DNA used as a template for agar and placed under dim light for-70 days until colonies
oligonucleotide-directed mutagenesis. Following mutagen- appeared. Single colonies were restreaked onto solid me-
esis aStu—Banll fragment was subcloned from M13 into  dium. Total DNA was isolated from cells taken from
pG528G-S and used in transformation experiments. confluent regions of the plates as previously described
A PSIll-minus mutant strain ofC. reinhardti, FuD7 (Webber et al., 1993) and resuspended at a final volume of
(Bennoun et al., 1986), was used as the recipient of donor100xL. One microliter of this DNA isolation was then used
plasmids in the transformation experiments. The cells were as a template for PCR using primers P2 and P7 (Figure 2A,
maintained on HS medium supplemented with acetate (HSA) Cui et al., 1995). To confirm the presence of the desired
and spectinomycin (108g mL™t) when required (Webber  mutations the amplified DNA from the homoplasmic strains
et al., 1993; Cui et al., 1995). Chloroplast transformation was sequenced using a Cycle Sequence kit (BRL) following
was performed by the biolistics technique as previously the manufacturer’'s procedures.
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PSI Isolation, Optical Spectroscopy, and Redox Titration. 12
PSI complexes were isolated from thylakoid membranes as
previously described (Cui et al., 1995). The flash-induced E 10 -
absorbance spectra were recorded using a laboratory-builty  r
flash spectrophotometer. The measuring light froma55W % %8
tungsten halogen lamp was passed through a monochromatog |
with 3 nm bandwidth, a 1 cm optical cuvette, and a 5 %[
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 48 duration
filtered by a colored glass (CS96-4 from Corning). Before
measurements, the PSI complexes were diluted to ap-
proximately 10uM Chl with a buffer containing 20 mM O T S S S R
Tricine, pH 7.5, 25 mM MgG, 0.02% n-dodecyl 3-b- “ 025 030 035 040 045 050 055 060 065
maltoside, 5 mM sodium ascorbate, and @ phenazine potential (volts)
methosulfate. The time course of the absorbance changesicure 3: Redox titration of the flash-induced absorption change
was fitted to an exponential decay using an algorithm that at 826 nm due to the formation of,fg™ in PSI complexes o€.

minimizes the sum of the unweighted least squares. reinhardtii. (O) wild-type; (@) HN(B656); @) HS(656S). The
absorbance increase at 826 nm is attributed to formationggf*P

~ The midpoint potential of 3o was determined by measur-  The solid lines represent one-electron Nemst curves with a midpoint
ing the magnitude of flash-induced absorbance increase afpotential of 445 and 488 mV for wild-type and mutants, respectively

826 nm, associated with oxidation ofoR as a function of (vs NHE).

the redox potential poised in the reaction medium. Titrations

were performed in a medium containing 25 mM PIPES, pH able markeraadAcloned down stream gisaB(Figure 2),

6.8, 100 mM MgC}, 0.02%n-dodecyl5-p-maltoside, and ~ Were used to transform the FuD7 mutant@freinhardtii
approximately 20uM Chl. The redox potentials of the by particle bombardment (Boynton et al., 1988; Webber et
solution were adjusted by additions of ferricyanide and al., 1993). FuD7 lacks the PSII complex due to a deletion
ferrocyanide, respectively. The potentials were measuredin the psbAgene and requires acetate as a reduced carbon
using platinum and calomel electrodes (Radiometer K4040 source (Bennoun et al., 1986). Following transformation
and P1040) connected to a Radiometer PHM82 pH meter.colonies were selected for spectinomycin resistance, indicat-

EPR and ENDOR SpectroscopNDOR was performed ing integration ofaadA(Cui et al., 1995). The transforming
on the primary donor cation radicatd™ of PSI samples in plasmids also contained a silent mutation that introduced a

frozen solution as previously described (Cui et al., 1993). UniquesStu site into psaBthat could be used to screen for
Pz0oWas oxidized optically by irradiating a concentrated PSI successful homologous replacement ,Of the e_ndogenous wild-
preparation in EPR quartz capillaries of 4 mm o.d. and 3 WYP€ psaBgene by the mutated copies (Cui et al., 1995).
mm i.d. The Chl concentration for wild-type spectra was P CR-amplified DNA from the transformants was digested
4.0 mg mL! and for mutant spectra was 2 mg miL with St and size-fractionated by agarose gel electrophoresis.

lllumination was performed at ambient temperature using a S Shown in Figure 2B, the amplified DNA from each

1000 W tungsten lamp equipped with a water filter (10 cm Fransformant could be completely digested vtil, indicat-

path length) and an edge filter (665 nm Schott RG 665). ing that chlproplast DNA was homoplasmic for the desired
After 1 min the samples were frozen under continued psaB mutations. Thylakoid membranes from the mutants

irradiation in liquid nitrogen and transferred to the spec- and wild-type cells were found to contain similar amounts

trometer. The ENDOR measurements were performed on aof PSI as determined from the polypeptide profiles following

Bruker ESP 300E X-band EPR spectrometer with home-built polya(_:rylamide gel eIectrophore_sis _(not s_hown). .
ENDOR accessories (ia et al., 1994). A TM110-type Optical Spectroscopy and Oxidation Midpoint Potential

, . . S !
microwave cavity/radiofrequency coil arrangement similar of P7°_0/ Proo”". To_determlne if the mutations affec_ted _the
to that described in Zweygart et al. (1994) was used which ch_emu_:al properties of A, we. measured the oxidation
provided a highQ factor (approximately 5000) resulting in  Midpoint potential of R/Proo™. The results of redox
a high ENDOR sensitivity. The sample temperature was ttrations of the flash-induced absorbance increase at 826 nm

controlled using a Bruker ER4111 VT nitrogen flow system. i

Em_,0 = (487 £ 6) mV

04 |-

O wildtype
00 |- m HN (B656)
® HS (B656)

relative absorbance differe

in PSI preparations of. reinhardtii wild type and mutants
HN(B656) and HS(B656) are shown in Figure 3 and Table
RESULTS 1. The solid lines represent one-electran=f 1) Nernst
curves. The midpoint potential of/&/P7ee" in the wild-
Generation and Screening of Mutants in C. reinhardtii. type PSI preparation was determined as 44 mV (vs
We have transformed the chloroplast genomeCofrein- NHE). In both mutants slightly better fits are obtained with
hardtii to test the function of residue 656 in coordinating n = 0.8, but this does not affect the result of the midpoint
Pz A fragment of thepsaBgene was subjected to site- potentials. A slight heterogeneity was also noticed in the
directed mutagenesis (Cui et al.,, 1995). Mutations were Nernst curves from the two mutants. Similar heterogeneity
designed to change H656 to Ser or Asn. Substitution of His has also been noticed in other PSI mutants, such as HL-
with Asn or Ser would provide either an alternative nitrogen (B523) (Cui et al., 1995), that have an unaltered midpoint
or oxygen ligand to the central Mgof Chl and may change  potential. In PSI from HN(B656) and HS(B656) the
properties of Rg™ without major structural changes to the measured oxidation midpoint potential was increased to 487
protein. Plasmids containing the mutations, and the select-4+ 6 mV (Figure 3). These results indicate that the mutations
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T T T T T T T

Table 1: Isotropic Methyl Proton Hyperfine Couplings of the Spin

i
Carrying the Chla Molecule of Bgg'* and Midpoint Potentials (vs 77 : Chiamydomonas
NHE) for ProdPsoo™ in PSI Prepared frons. elongatusndC. a 122) 121 [\ 2,[12,12,
reinhardtii N wr
Aiso (MHZ)* midpoint potential
species 12 7° 20 (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) 632 376 3.01 487 6

agrror of Ao is £0.05 MHz.? Molecular position to which the
Aiso(CHs) is assigned in the spin carrying Chl(Figure 6) of Bog™.

T T
8 10 12 14 16 18 20
Vin v [MHz]

Ficure 5: IH ENDOR (electron nuclear double resonance) spectra
of Psog™ in PSI from C. 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.

relative absorbance change

o wildtype
¢« HN (B656)
KRS
1 1 x I i 1 1
550 600 650 700 750

wavelength (nm)

Ficure 4: Flash-induced absorbance difference spectrum of
Pz00P700™ measured at room temperature in PS | complexés. of
reinhardtii: wild-type (O) and mutant HN(B656)®). The sample
was excited by saturating Xe flashes of aboup&5duration. The
spectra are normalized to the same area under the curve in,the Q
region (between 650 and 720 nm).

have significantly altered the redox property of the PSI HZC,: o=c\ °

primary donor. COO—phytyI(l)

Further characterization of the mutants HN(B656) and HS- CHz
(B656) was performed by absorbance difference S.peCtrOS'FleureE 6: Molecular structure and IUPAC numbering scheme for
copy. The spectra of the absorbance changes obtained fromgniorophyila (Chl a).
C. reinhardtiiwild type and the mutant HN(B656) are shown
in Figure 4. The difference spectrum measured with the frozen solution (120 K). For all preparations an unresolved
mutant HS(B656) (not shown) was very similar to that of Gaussian EPR line of 0.78 0.01 mT was obtained at=
HN(B656). The spectra are normalized to the same bleached2.0025 (not shown), indicating no major differences in the
area between 650 and 720 nm, (@gion) assuming that the electronic state of f3;". The individual hfc’s could be
total area due to the photooxidation offis not changed  resolved by ENDOR spectroscopy. Figure 5 compares the
by the mutations. The spectral features observed with PSIpowder-type spectra obtained forg* in wild type and the
complexes fromC. reinhardtii wild type agree well with two mutants. The former spectrum has recently been
those reported for the;R difference spectrum measured in  analyzed in detail (Kss et al., 1995). Three axially
thylakoid membranes (Cui et al., 1995). The difference symmetric'H hfc tensors could be assigned to the methyl
spectra are dominated by the main bleaching band that isgroups at molecular positions 2, 7, and 12 (Figure 6) on the
centered at 696 nm i@. reinhardtii wild type and slightly spin carrying Chk half of P,o™*. The line positions of the
blue shifted in the mutant. Low-temperature measurementsparallel @;) and perpendicularAz) components of these
with better spectral resolutiol\d = 1 nm) indicate a blue  three methyl group tensors are indicated in Figure 5a. The
shift of about 2-3 nm (not shown). Most interestingly, the isotropic hfc's obtained bys, = (1/3)(2An + 2A) are given
difference spectra of both mutants also exhibit a pronouncedin Table 1. The hfc’s are very similar to those obtained for
new bleaching band at 667 nm indicating altered spectral P;o5™ in PSI of spinach an&. elongatugKass, 1995). The
properties of Ry induced by mutation of H(B656) to either 1H ENDOR spectrum of f§5™ from the mutant HN(B656)
Asn or Ser. is distinctly different from that of the wild type. In particular,

Electron Nuclear Double Resonance Spectroscopy ofthe hfc assigned to the methyl group at position 12 is
Pzoo™*. The oxidized primary donor 45" in PSI isolated increased by about 20%. This hfc is also larger (ap-
from wild type and mutants HN(B656) and HS(B656) has proximately 16%) for the HS(B656) mutant. The methyl
been characterized by EPR atttiENDOR spectroscopy in  group hfc’s at positions 2 and 7 do not show a significant
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increase in magnitude. Due to the strongly asymmetric spin it results in an angle ok35° similar to that of the special
density distribution of approximately 85:15 {85 1995; Kas pair of pigments in purple bacteria (38 Even though the
et al., 1995) over the dimer halves inof?*, only changes  spectral properties of/& in wild type and in mutants are
of the large hfc’s of the Chh carrying the majority of the  not well understood, it seems reasonable that small changes
spin density are easily detected in th& ENDOR spectra. in geometry within the dimer can account for the observed
However, the spectra (Figure 5) also indicate shifts and spectral changes of the primary donor.
intensity changes of the smaller couplings which might be  Several mechanisms can affect the oxidation midpoint
attributed to the second dimer half. The result obtained herepotential together with the spin density distribution and the
clearly shows that mutations at position B656 significantly optical properties of f3¢. First, it is possible that His-656
disturb the spin density of/®t*, indicating a close contact of the PsaB protein forms a hydrogen bond to the keto
between this histidine residue and the primary donor in wild- carbonyl group of one of the Chd molecules in Ry
type PSI. Removal and/or addition of hydrogen bonds to 3 and 13
carbonyl groups of the BChh dimer in Res™ in ring A
DISCUSSION (acetyl) or ring E (keto) has been shown to affect both redox
Mutation of His-656 of the PsaB RC protein to either Asn and electronic properties of the oxidized primary donor in
or Ser results in an increase in the oxidation midpoint R. sphaeroide¢Rautter et al., 1995; Lin et al., 1994, Allen
potential of BooPzo0™* by approximately 40 mV. Both & Williams, 1995). Generating a new hydrogen bond to
mutations also lead to an increase of the methyl proton hfc’s, the 13-keto carbonyls by changing a Leu to His at position
in particular at molecular position 12 of the spin carrying L131 of the L protein subunit [mutant LH(L131)], or at
Chla. This clearly shows that the mutations HN(B656) and position M160 of the M subunit [mutant LH(M160)], raised
HS(B656) induce an alteration of the environment af;P the oxidation midpoint potential of g&/Pses™ by ap-
in a manner not observed in any other PsaB mutations proximately 56-60 mV (Lin et al., 1994). With respect to
characterized so far (Cui et al., 1995). This indicates that the electronic structure ofsit* these mutations influenced
H(B656) must interact closely with one Chlof the P all hfc's of both Bchl halves by shifting the spin density
dimer. This conclusion is supported by the altered spectral from one to the other dimer half ingR®™ (Rautter et al.,
properties of R due to the mutation of H(B656) to either 1995). If His(B656) would form such a hydrogen bond to
Asn or Ser. Assuming that the bleached areas in the Q the keto group of one of the;f Chl's, the weakening of
region (corresponding to the oscillatory strength expected the hydrogen bond by substitution with Ser or Asn should
for the oxidation of Py are the same in the wild type and decrease the redox potential. What we observe is an increase
in the mutants, analysis of the so normalized spectra indicatesof about 40 mV in both mutants HN(B656) and HS(B656).
that the intensity of the main bleaching around 695 nm Therefore, it is unlikely that such a hydrogen bond is formed.
decreases and a new bleaching band centered around 667 Second, the introduction of charged amino acid residues
nm appears. Furthermore, the main bleaching band isin the bRC protein in the vicinity of thegh can result in a
slightly blue shifted in the mutants. The flash-induced change of the midpoint oxidation potential by electrostatic
absorbance changes are suppressed in the presence dfiteractions (Allen & Williams, 1995). In the RC dRb.
ferricyanide, which blocks photochemistry of PSI by chemi- capsulatughe mutation YH(M210) decreased the oxidation
cal oxidation of Rope. One possible explanation of the potential of Bes/Psss™ by approximately 36 mV (Jia et al.,
significantly changed spectral characteristics af®ould 1993). The distance of Tyr M210 to the special pair is about
be that a neighboring Chl absorbing around 667 nm is 5 A, which does not allow the formation of hydrogen bonds.
oxidized by Bos™ as a consequence of its increase in The reverse case, i.e., the exchange of His by another amino
oxidation midpoint potential in the mutants. An equilibrium acid residue, would be expected to result in an increase of
level of about 3 for the reactionsfg"Chl < P;ooChl™ can the redox potential, as is observed here. However, in this
be roughly estimated from the bleached areas. The ENDORsituation the hfc’'s of RBgt* should all be altered almost
spectra show no indication of a cation radical different from equally to a minor extent instead of showing a pronounced
Pz06™; however, it is sometimes difficult to detect low levels specific increase of one hfc at a particular position as we
(225% in this case) of a secondary radical in such an observe for the mutations HS(B656) and HN(B656).
overcrowded spectrum. Alternatively, the differences be-  Finally, His at position 656 could be an axial ligand to
tween the Ry/P7o0t* Spectra may indicate an altered excitonic the central Mg atom of one of the Chlmolecules in the
interaction between the two Chlmolecules of Ry induced dimer P In the bRC ofRb. sphaeroidethe substitution
by the mutations. On the basis of simple exciton theory, of His M202 or His L173 causes removal of the Mg atom
the 667 nm band may be assigned to the high-energy excitonof the neighboring BChla if the substitution is by a
component of Ry in the mutants (Cantor & Schimmel, voluminous amino acid like Leu or Phe. This leads to the
1980). Using the pointdipole approximation, this corre-  so-called heterodimer with one BChl and one BPhe (Bylina
sponds to an exciton interaction energy of about 290'cm & Youvan, 1988). In the mutant HL(M202) the oxidation
and an angle of about 8®etween the Qtransitions of the potential is increased by 160 mV as compared to wild type.
two Chl a molecules of the By dimer calculated from the  This is the largest effect on potential observed by any single
estimated ratio of the oscillator strengths of the 667 and 695 RC mutation (Allen & Williams, 1995). As compared with
nm band of approximately 1:3 (Cantor & Schimmel, 1980). the wild-type bRC the HL(M202) mutation produces sig-
In wild-type PSI, the position of the high-energy exciton nificant changes in absorption, EPR, and ENDOR spectra
component of Ry is not clearly seen due to its small (Rautter et al., 1995; Kirmaier et al., 1988; Bylina et al.,
oscillator strength, indicating a more parallel orientation of 1990; Huber & Taring, 1995). The spin is localized on the
the Chl Q transitions (Setif, 1992). If the ratio of the BChlahalf of the oxidized bRC (BChl/BPheo) heterodimer.
oscillator strengths is estimated to £&:10 in the wild type, In case of Ry in PSI the mutation HL(B656) may similarly
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Ficure 7: Model of the coordination of PSI cofactors by helices-VMl of PsaB. The amino acid sequence and numbering are derived
from analysis of thgpsaBgene fromC. reinhardtii (Ktick et al., 1987).

result in the formation of a heterodimer (ChlPhea) in (L173) mutants the central Mg is coordinated by an adventi-
analogy to the bRC. But unlike in the bacteria, where the tious ligand, speculated to be water, and the midpoint
mutations HL(M202) and HL(L173) influence the stability potential of the donor is unchanged (Goldsmith et al., 1996).
of the bRC’s only to a minor extent (Bylina & Youvan, The oxidation potential in the HQ(M202) mutant is unknown.
1988), this mutant assembles only low amounts of PSI (dataThe ENDOR characterization of the HG(L173) mutant
not shown). The same phenomenon was observed in PSlirevealed that the hfc’'s are changed in an identical manner
where the exchange of the predictegioPg coordinating to those in the PsaB mutants described here (unpublished
His to Leu (His-198 in D1 and His-197 in D2) leads to PSIlI observations). Only the coupling of the methyl protons at
complexes that are not stably assembled (Nixon et al., 1992).position 12 of the BChl is affected whereas the coupling at

Assuming that His(B656) is a ligand to the Mg of the spin position 2 remains almost constant. The increase of this
carrying Chlain the primary donor, the mutations HN(B656) coupling (position 12) is about 15%. This influences the
and HS(B656) would probably not lead to a removal of the electronic structure leading to the different spin distribution
central Mg atom since Asn and Ser are considerably smallerthat is clearly observable in the ENDOR spectrum. This
than Leu and also can still ligate the Mg. However, the resultindicates that it is possible to affect the spin distribution
smaller volume and shorter length of the amino acids in a very localized manner by altering an axial ligand to one
introduced by the mutations at position B656 may lead to chlorophyll of the primary donor.

changes in the geometry of the Ghldimer, as suggested In summary, we conclude that His-656 of PsaB is in close
by the changes in the absorption difference spectra. Thisproximity to the spin carrying Ch of P;os™. Based on the
may also influence the redox properties ofodPsoot. above discussion the most likely explanation for the signifi-

Investigations of substituted monomeric Ghimolecules cantly changed properties ofdzin the mutants HN(B656)
have shown that the redox potential is dependent on stericand HS(B656) is that the His at position B656 of PSI
effects and is particularly sensitive to strain in ring E of the coordinates the central Mg atom of the spin carrying half of
molecule (Heald & Cotton, 1990). The redox potential is Pzot*. However, further analysis of additional mutations at
increased from+540 mV in Chl a to +650 mV in this position and at the equivalent His in the PsaA subunit
13*-hydroxy-Chla, in clear contrast to the expected inductive is required to confirm this. His-656 is located toward the
effect of the electron-donating OH group that should cause center of the predicted membrane span X of PsaB, which is
a decrease of the potential. This was rationalized by difficult to reconcile with the location of 8, toward the
assuming an increased steric strain of ring E ifrHy3roxy- lumenal side of PSI. In the. mobilisRC primary sequence
Chl a, due to the more voluminous OH group. The a Pro and Lys are found 5 and 6 amino acids toward the
assumption of such steric effects in Ghtype systems is  lumenal side of the helix X His, which might suggest that
corroborated by comparative ENDOR studies of substituted His-656 is indeed located closer to the lumenal side of the
BChl a cations which revealed a steric effect due to complex. However, this discussion is based solely on
substituents at position 13 in the BGomolecule (K&s et predicted hydrophobicity profiles and awaits direct deter-
al., 1994). mination from a higher resolution structure.

Substitution with GIn and Gly at position M202 or Gly at The current 4.5 A structure of PSI indicates that two
position L173 in Rhb. sphaeroidesRC does not lead to  symmetrical helices, e and, @re close to electron densities
formation of a heterodimer. In the HG(M202) and HG- attributed to the Ry chlorophyll dimer (Schubert et al.,
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1995). Our results show that helix X of PsaB interacts
closely with Bgg, suggesting that it corresponds to helix e
or € observed in the 4.5 A structure, renamed m aridom

the 4 A 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 | and

Biochemistry, Vol. 35, No. 39, 19962863

Deisenhofer, J., Epp, O., Mikki, K., Huber, R., & Michel, H. (1984)
J. Mol. Biol. 180, 385.

Ermler, U., Fritzsch, G., Buchanan, S. K., & Michel, H. (1994)
Structure 2 925-936.

Fish, L. E., Kick, U., & Bogorad, L. (1985a). Biol. Chem 260,
1413-1419.

Fish, L. E., Kick,.U., & Bogorad, L. (1985b) iMolecular Biology

type Il RCs (Golbeck, 1993). Since the amino acid sequence ©f the Photosynthetic ApparatySteinback, K. E., Bonitz, S.,

homology between type | and type Il RCs is low, it was

Arntzen, C. J., & Bogorad, L., Eds.) pp 11120, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

never possible to draw any firm conclusions. However, even gromme, P., Schubert, W.-D., & Kraub, N. (199&)ochim.

with low amino acid identity it might be expected that protein
domains coordinating the cofactors in type | and type Il 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;i® RC Chla. 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 thg BFe-4S] iron-sulfur

center and the primary donor (Figure 7) in a manner
analogous to helices A through E of the type Il 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-VI of the RC protein ofH.
mobilis and the CP43 antenna protein of PSIl, which also

Biophys. Acta 118799-105.
Golbeck, J. H. (1993Proc. Natl. Acad. Sci. U.S.A. 90642

Golbeck, J. H. (1992Annu. Re. Plant Physiol. Plant Mol. Biol
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Huber, M., Lous, E. J., Isaacson, R. A., Feher, G., Gaul, D., &
Schenck, C. C. (1990) iRReaction Centers of Photosynthetic
Bacteria (Michel-Beyerle, M. E., Ed.) pp 219228, Springer

Verlag, Berlin.
Jia, Y., DiMagno, T. J., Chan, C.-K., Wang, Z., Du, M., Hanson,
D. K., Schiffer, M., Norris, J. R., Fleming, G. R., & Popov, M.

has six transmembrane spans. Thus, a model in which the S. (1993)J. Phys. Chem97, 13186-13191. _
first six membrane spans of PsaB constitute an antennakéss, H. (1995), Ph.D. Thesis, Technische Univérdserlin.

domain and the last five membrane spans the RC domain is

further supported by these results.
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