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ABSTRACT. P700, the primary electron donor of photosystem I, is an asymmetric dimer made of one
molecule of chlorophylf’ (Pa) and one of chlorophykh (Ps) that are bound to the homologous PsaA and
PsaB polypeptides. While the carbonyl groups gfaPe involved in hydrogen-bonding interactions with
several surrounding amino acid side chains and a water moleguldpd3 not engage hydrogen bonds
with the protein. Notably, the residue Thr A739 is donating a strong hydrogen bond to the 9=kéto C
group of R and the homologous residue Tyr B718 is free from interaction wath_LRht-induced FTIR
difference spectroscopy of the photooxidation of P700 has been combined with a site-directed mutagenesis
attempt to introduce hydrogen bonds to the carbonyl groups; @ Bynechocystisp. PCC 6803. The

FTIR study of the Y(B718)T mutant provides evidence that the 9-ket®@@roup of B and Rt engages

a relatively strong hydrogen-bonding interaction with the surroundings in a significant fractiot (40
10%) of the reaction centers. Additional mutations on the two PsaB residues homologous to those involved
in the main interactions between the PsaA polypeptide and the 10a-carbomethoxy groupaffeicP

only marginally the vibrational frequency of the 10a-ester@group of B. The FTIR data on single,
double, and triple mutants at these PsaB sites indicate a plasticity of the interactions of the carbonyl
groups of B with the surrounding protein. However, these mutations do not perturb the hydrogen-bonding
interactions assumed by the 9-keto and 10a-este®@@roups of R and R™ with the protein and have

only a limited effect on the relative charge distribution betwegh &nd RB*.

In all photosynthetic organisms, conversion of sunlight into quinone in type Il RCs, respectively. The photosynthetic
chemical energy occurs in transmembrane pigmpnbtein reactions that take place in anoxygenic photosynthetic
complexes called reaction centers (RE€$he RCs of both bacteria involve either type | or type Il RCs.

oxygenic and nonoxygenic organisms exhibit a common |n the last two decades, X-ray crystallographic models of
general architecture and share the same basic functionathe RC from purple photosynthetic bacteria have provided
principles. Following absorption of a photon, a separation mest valuable information on the structure of the primary
of electric charges takes place between a primary electrondonor and the surrounding protein in type Il RCH).(
donor, a dimer of chlorophyll (Chl) or bacteriochlorophyll  Recently, the elucidation of the structure at 2.5 A resolution
molecules, and a series of electron acceptors situated abf PS | from the cyanobacteriuynechococcus elongatus
increasing distances away from the primary donor. Owing has revealed for the first time many structural details of a
to their prominent role in the process of transmembrane type | RC @). Type | and type Il RCs share a common
separation and stabilization of the electric charges, the pseudoC,-symmetry structural motif of several membrane-
electronic structure of the primary donors has been inVes'spanningx-helices within two homologous polypeptides that
tigated in great detail using various forms of optical, pind the various redox cofactors. These cofactors are
vibrational, and magnetic resonance spectroscpyr{the  organized in two branches that start at the center of the
case of oxygenic photosynthesis, two large RC complexes, primary donor and that are also related by the pseDgo-
photosystems | and Il (PS | and PS Il), act in tandem to symmetry axis. While electron transfer is known to proceed
oxidize water and reduce NADPThe RCs of PS 1 and PS  ynjdirectionally down along only one branch of cofactors in

I differ predominantly by the nature of their terminal electron type Il RCs, it has been proposed that both branches would
acceptor, which is an ironsulfur protein in type | and a  pe active in PS | RCs3).

The X-ray structure of PS | at 2.5 A resolutio?) Ghows
* To whom correspondence should be addressed. Telephone: (331)interesting features of the asymmetry of the interactions
6908 2239. Fax: (331) 6908 8717. E-mail: cadara3@dsvidf.cea.fr. -
“Service de Biomergdique, CEA-Saclay. between the primary eIect_ron donor (called P700) and the
$lowa State University. two homologous polypeptides, PsaA and PsaB, that form
! Abbreviations: Chl, chlorophyll; PS 1 (1), photosystem I (Il); RC,  the core of the RC. Notably, while PsaB binds a @hl

reaction center; P700, primary electron donor of PS I; FTIR, Fourier ; 1 :
transform infrared;SynechocystjsSynechocystisp. PCC 6803C. molecule (R), the Chl bound to PsaA fpis a Chla’ (epimer

reinhardtii, Chlamydomonas reinhardii. elongatus Synechococcus ~ Of Chla at Go) molecule. The structural model also indicates
elongatus large differences at the level of the bonding interactions
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sponding to the photooxidation of P700 to P7(@eferred

HisB6S1 to as P700/P700 difference spectra in the following) to those
,{-_\/ for the conversion of P700 to the triplet st&@700. This
comparison led to the assignment of the IR bands corre-
Q sponding to the upshift upon P70€rmation of the 9-keto

and 10a-ester carbonyHD groups of each of the two Chl
molecules in P7008). When the X-ray structure of PS | at

TyrBTI8

Sera\H TyrAS99

‘\f/ - 2.5 A resolution appeare®) these assignments could be
HO 1 LeuBS81 easily related to the carbonyl groups of, FP*, Ps, and
~7 Ps* (7). Note, however, that a divergent assignment has also
N r‘“’“" been proposed for the 9-kete=© vibrations of R and R*
TheAT39 ) (9).2 Recently, P706/P700 FTIR difference spectra were
% reported for PS | samples bearing mutations that were devised
HisA676 |- to perturb the hydrogen bond network involving the carbonyl

) groups of R. These mutations were introduced first in
Ficure 1: Structural model of P700, the primary electron donor Chlamydomonas reinhardiflL2—14) and, more recently, in

of photosystem | derived from the work of Jordan et 2).dn the .
cyanobacteriunS. elongatusGeneral view along the pseud- Synechocystisp. PCC 6803 (hereafter referred to -

symmetry axis showing the organization of the dimer of chlorophyll €chocystis(15). In the latter study, the effect on the P700
a (Ps) and chlorophylla® (P)) with their central Mg atoms P700 FTIR difference spectra of replacing the three PsaA

coordinated to the side chains of His B651 and His A676, residues involved in the network of hydrogen bonds (Thr

respectively. Also shown are some of the amino acid residues :
located in the close vicinity of waterJ®-19 and of the 9-keto and A739, Ser A603, and Tyr A599) by their PsaB homologues

10a-ester carbonyl groups of P700. Note the residues engaged ik 1Y’ B718, Gly B585, and Leu B581, respectively) was
putative hydrogen bonds with the carbonyls of Bnd the consistent with the rupture, or at least a significant loosening,

symmetry-related side chains that appear free from hydrogen- of the hydrogen bond to the 9-keta<O of P, and with an
e ey nobacer Sanemheosiop Do 603 sbe, nereased freedom of a bound 10z-ester (D). Winen
Ta%le or com)[l)arison ith tha sequgncgéfelongatus ’ only residue Thr A739 was changed to Phe, the perturbation
of the hydrogen bond to the 9-ketc=© group of R was
Table 1: Hydrogen-Bonding Residues of PsaA (and Homologues in still observed with almost no changes at the level of the 10a-
PsaB) inS. elongatusnd Synechocystisp. PCC 6803 ester G=0. Very comparable experimental results have been
reported inC. reinhardtiiPS | when Thr A739 was changed

S. elongatus Synechocystis .
gau Y Yl to Tyr, His, or Val (L2) or to Ala (13, 14).
Tyr A603 Leu B590 Tyr A599 Leu B581 h h h
Ser AGO7 Gly B594 Ser A603 Gly B585 In the present study, we have attempted to perturb the
Thr A743 Tyr B727 Thr A739 Tyr B718 environment of the carbonyl groups of By interchanging
aBased on the 2.5 A crystal structure of PS 1Sn elongatusy either one, two, or three '_Df the PsaB residues TyrB718, Gly
Jordan et al.Z). B585, and Leu B581 with their PsaA analogues, and we

report on the P700P700 FTIR difference spectra of the four
between the carbonyl groups ofs Fand R and their mutants that have been obtained by site-directed mutagenesis
respective protein partners (see Figure 1). More specifically, in Synechocystis

residue Thr A739 is proposed to interact both with the 9-keto

C=0 group of R and with a bound water molecule. This MATERIALS AND METHODS

water (HO-19) appears at the center of a network of

hydrogen bonds that involves, in addition to Thr A739, the . .
. the psaBgene was performed using donor plasmid pBC
/igggz'}}b; r;grtr:)é(ggg[?#g hcg%l:glr:)d’oitslfeassigur:s Ic?rl1J ?sengaBthat contains the C-terminal region of theaBgene, a 760
) 9 bp region downstream of thpsaB gene, and a chloram-

side are Tyr B718, Leu B581, and Gly B585, respectively phenicol resistance gené@). The site-specific mutations

;Flgg;ersltoa?(;jrgiblgrg)é r’:kt)Jr(])en dosf thteh I?r:éegat%gﬁ rlg:g(ij'JDes were made using the polymerase chain reaction (PCR)
Tﬁgrefore it woulg segm of interevsvtI to investi ateywﬁ::ather method with platinumPfx polymerase (Invitrogen). The
’ 9 mutated plasmids were checked by sequencing and were used

such an asymmetry of the pigmergrotein interactions at AR :
. o to transform theSynechocystigecipient strain, pCRAB (a
the level of P700 could be manipulated through site-directed ift from Drs. Jianping Yu and Lee Mcintosh, Michigan State

mutagenesis and whether it bears any consequence on th niversity). In this strain the ahalf of the psaBgene was

d'fﬁ:'(;)r?alt'ﬁéf eelgt(igggotrintsgg;{m ues that are well suited deleted and replaced by a kanamycin resistance gene. The
Y P P q transformants were selected and segregated for several

to investigate the interactions of photochemically active
cofactors with the protein binding site, light-induced FTIR :
difference spectroscopy appears as a choice method (for !N our assignment schemé, g, 10), the 9-keto €O group of R

. - . Lo absorbs at 1638 cm in Synechocystiand upshifts to 1653 cm in
reviews, see refd—7). With regard to the bonding inter-  p &\ he alternative assignment proposed by Hastings and colleagues

actions of P700 with the surrounding protein, the conclusion (9, 11), the 9-keto &0 group of R absorbs at 1695 cm and
that both the 9-keto and the 10a-ester carbonyl groups ofdownshifts to 1686 crt in Pa*. In the following, an interpretation of

only one of the two Chl molecules of P700 are engaged in the P700/P700 FTIR difference spectra of the PsaB mutants within
the frame of our assignment scheme will first be presented. It will then

hydrogen-bonding interactions with the protein was first pe shown that the observed effects of the mutations are inconsistent
reached upon comparing the FTIR difference spectra corre-with the alternative assignment scheme of Hastings and colleagues.

Site-Directed MutagenesiSite-directed mutagenesis of
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Ficure 2: Light-induced P706/P700 FTIR difference spectrum  Ficure 3: Light-induced P700/P700 FTIR difference spectrum
of PS | complexes fronsynechocystisp. PCC 6803 at 3C: (a) of PS | complexes fronsynechocystisp. PCC 6803 at 8C: (a)
wild-type PS I; (b) mutant G(B585)S; (c) double-difference wild-type PS I; (b) single mutant Y(B718)T; (c) double-difference
spectrum, wild-type minus G(B585)S mutant; (d) double-difference spectrum, wild-type minus Y(B718)T mutant. Each division on the
spectrum, wild-type minus a double mutant containing the L(B581)Y vertical scale corresponds toxl 10-2 absorbance unit.

and G(B585)S changes (see text for details). Each division on the

vertical scale corresponds to 1 10-2 absorbance unit. About wild-type) and B+ (1718 cn1?) and around 1750 cri where

100000 interferograms were added. The resolution is 4*cand 1 +

the frequency of the bands is giveril cnr ™. theﬁlOa—est.er €0 group of B _(1749 cm’) and B (;754
cm 1) contributes 7). The main effect of the mutation on

generations on chloramphenicol-supplemented BG11 platesth® Vibrations of B and B* is a small decrease of the
under low light intensity (23 umol m2 s7%) at 30°C. The amplitude of the bands assigned to the 9-keto group together

fragment of interest was amplified from genomic DNA by with a small increase of the amplitude of the bands attributed

PCR and sequenced to verify the presence of the desired© vibrations of the 10a-ester€O group. The minor bands
mutation(s). observed around 1660 and 1550 ¢nfsee Figure 2SI in

Cell Growth and PS | Complex Isolatio@rowth of the Supporting Information) in the double-difference spectrum

Synechocystisild-type and mutant strains in BG11 medium E:rgkbbeoaeeasonably assigned to contributions from the protein
was carried out as described previoushp)( Cells were y

; ; P7007/P700 FTIR Difference Spectrum of the Double
harvested at mid to late exponential phase (1.049DPand .
isolation of thylakoid membranes and PS | trimers was Mutant L(B581)Y/G(B585)Fhe P700/P700 FTIR differ-

carried out as described in r&¥ with minor alterations. S~ €NCe spectrum of a double mutant containing the changes

: ; L(B581)Y and G(B585)S (data not shown) is actually very
I't t 1 mg/mL Chl trat tored-a10 g
ocrlmers at = mg/m concentration were store close to that of the single G(B585)S mutant, and therefore

only the corresponding double-difference spectrum is dis-
e o ey (it 20) A previously descrbed o e GESES)
ously (L5) single mutant, the main impact of the mutations on the
’ P700/P700 FTIR difference spectrum is localized on the
RESULTS bands assigned to the carbonyls gfdhd R in wild-type
and appears as a slight decrease (increase) of the amplitude
P7007/P700 FTIR Difference Spectrum of the Single of the differential signals assigned to the 9-keto (10a-ester)
Mutant G(B585)SFigure 2 shows a comparison of the light- C=O groups.
induced P700/P700 FTIR difference spectra of a wild-type P7007/P700 FTIR Difference Spectrum of the Single
control (Figure 2a) and of the mutant G(B585)S (Figure 2b) Mutant Y(B718)TFigure 3 shows a comparison of the light-
in the spectral region 178QL580 cnt?. The two spectra have  induced P706/P700 FTIR difference spectra of a wild-type
been normalized by minimizing the residuals over the control (Figure 3a) and of the single mutant Y(B718)T
spectral range 18601200 cn* (see Figure 2SIl in Support-  (Figure 3b) with the double-difference spectrum depicted in
ing Information). The wild-type minus mutant double- Figure 3c. A pronounced effect of the mutation is observed
difference spectrum is shown (Figure 2c). The two P700 in the spectral region above 1650 chwith a number of
P700 FTIR difference spectra are remarkably similar in the the bands being strongly affected. However, it is of note that
frequency range below 1660 cfn Notably, the differential the mutation has little impact on the differential signals
signal at 1600{)/1608() cm™* assigned to the perturbation previously assigned to the contributions in the spectrum of
upon P700 formation of the macrocycle<€C marker mode  wild-type of Py*/Px at 1653/1638 cmt and at 1742/1735
of 5-coordinated Chl{8) is unaffected by the mutation. The cm for the 9-keto and 10a-ester<D groups, respectively
most significant differences between the two spectra are (7). On the other hand, the;P'P; differential signal assigned
observed between 1685 and 1725 énn the region of to the 10a-ester€0 group in wild-type at 1754/1749 crh
absorption of the 9-keto€0 group of B (1698 cn1? for upshifts by +2 cnm!, and its amplitude decreases ap-
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Y(B718)T single mutant are also observed around 1655
1660 cn1l. They are likely to reflect contributions from
rearrangements of the protein backbone which could be
further investigated by globdfN labeling as shown in a
previous study 15). More subtle differences between the
spectra of these two mutants appear also at many positions
as shifts of the frequency of the bands and/or changes in the
relative amplitudes of the bands. Notably, the macrocycle
C=C marker mode of 5-coordinated Chl responsible for the
differential signal at 1606¢)/1608(—) cm™* appears slightly
more perturbed in the Y(B718)T single mutant than in the
triple mutant. On the other hand, the coupled CC, CN, and
CH vibrations giving rise to the IR bands around 1360
1280 cn1t are perturbed in the same way in the two mutants
(see Figures 3SI and 4Sl in Supporting Information).

A Absorbance

T T T T T T T T
1760 1720 1680 1640 1600
-1
Wavenumber (cm )

DISCUSSION

FiGURE 4: Light-induced P7000P700 FTIR difference spectrum Effect of the Mutation G(B585)S on the P7{®700 FTIR
of PS | complexes fronSynechocystiat 5°C: (@) wild-type PS1;  Difference SpectraThe impact of the mutation G(B585)S

(b) a triple mutant containing the L(B581)Y, G(B585)S, and b - .
Y(B718)T changes; (c) double-difference spectrum, wild-type minus on the P700/P700 FTIR difference spectra (Figure 2b,c) is

triple mutant. Each division on the vertical scale corresponds to 1 both limited and highly specific. It affects mostly the IR
x 1073 absorbance unit. bands previously assigned, 8) to the 9-keto and 10a-ester

carbonyl groups of P and R* without perturbing ap-
preciably those assigned to the carbonyl groups L0&Rd
P.™. The main effect of the mutation is a decrease (by about
15%) of the amplitude of the g?/Ps differential signal
assigned to the 9-keto=€0 and an increase (by about 10%)
of that attributed to the 10a-ester=O group without any
significant shift of frequency of the vibrations. This behavior
indicates a change in the environment of the carbonyl groups
together with an increase and an apparent broadening of th hen thg short and apolar side chain Of Gly 85.85 is replaced
positive band peaking at 1687 cfrin the spectrum of wild- y the slightly Iong(_er and more polar side chain of _Ser. The
type. The amplitude of the 1606}/1608() cm* dif- FTIR spectra provide no evidence for the format|0n+of a
ferential signal assigned to the macrocycle=C marker hydrogen bond between t_he carbonyl groups @hﬁd.%
mode of 5-coordinated Chl is somewhat decreased uponand the hydroxyl of Ser mtrpduced a.t the B585 s+|te. The
mutation. Both this decrease of amplitude and the aIterationO.bserve‘.j changes of relative amplitude of the'/Ps
of IR bands around 13661280 cn! (see Figure 3SI in dlfferen.tlal signals are most probably related to the change
Supporting Information) assigned to coupled CC, CN, and of polarity of the enwronme_nt of the cgrbonyl groups @f P
CH vibrations of the Chl ring point toward some modification ~ When the effect of the single mutation G(B585)S on the
of the conformation of the Pmacrocycle in the Y(B718)T ~ P700/P700 FTIR difference spectra (Figure 2c) is compared
mutant. to that of the double mutation L(B581)Y/G(B585)S (Figure
P700"/P700 FTIR Difference Spectrum of the Triple 2d), the effect of the additional mutation L(B581)Y is
Mutant L(B581)Y/G(B585)S/Y(B718)Figure 4 shows a Practically unnoticeable. The simplest interpretation is that
comparison of the light-induced P700700 FTIR difference  the Tyr residue introduced at the B581 site points away from
spectra of a wild-type control (Figure 4a) and of a triple the carbonyl groups of #and therefore does not perturb
mutant containing the changes L(B581)Y, G(B585)S, and the environment (_)f these groups. Indeed, the X—ray_structural
Y(B718)T (Figure 4b) with the double-difference spectrum model of PS | (Figure 1) shows that the side chain of Leu
depicted in Figure 4c. In the spectral range above 167¢cm B581 is pointing away from £ and it is therefore not
the spectrum of the triple mutant (Figure 4b) bears many Surprising that a similar geometry is deduced for the side
similarities with that of the single mutant Y(B718)T (Figure chain of the Tyr introduced at the B581 site.
3b), as also evident from the comparison of the corresponding Effect of the Mutation Y(B718)T on the P7®700 FTIR
double-difference spectra (Figures 3c and 4c). The main Difference SpectraThe mutation Y(B718)T has a strong
difference between the P70®700 FTIR difference spectra impact on the IR vibrations of the 9-keto and 10a-ester
of the single mutant (Figure 3b) and of the triple mutant carbonyl groups of Pand R™. In the region of absorption
(Figure 4b) resides in an upshift of the positive bands of the 9-keto G=O group, the two most prominent effects
representing the contributions of the 9-keto and 10a-esterare (i) the pronounced decrease of the amplitude of the 1718/
C=0 groups of B" in the triple mutant compared to the 1698 cn1! differential signal assigned to the contribution
single Y(B718)T mutant by 3 and 5 cth respectively. The  of the 9-keto G=O in Ps"/Ps and (ii) the appearance of a
main negative bands at 1698 chin wild-type upshifts by large negative band at 1668 chin the spectrum of the
1 cnrtin the triple mutant. Large differences between the mutant. A straightforward interpretation of these changes
P700/P700 FTIR spectra of the triple mutant and of the assumes that the 9-keto=© group of B in the mutant

preciably in the mutant. An even stronger effect of the
mutation is observed on thegHPg differential signal
assigned to the 9-keto=80 group in wild-type at 1718/
1698 cntt with a small downshift £1 cn?) and a drastic
reduction of the amplitude of the positive component. This
is accompanied Yo a 2 cm? upshift and a decreased
amplitude of the negative band at 1698 ¢émAt lower
frequency, a large negative band now appears at 1668 cm
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engages in hydrogen-bonding interaction in a subpopulation ] '
of the RCs. For the neutral species, this hydrogen bond would ]
be strong enough to downshift by 27 chthe free 9-keto
C=0 frequency from 1695 to 1668 crh(Figure 3c). A
direct hydrogen-bonding interaction between the 9-keto C

O group of B and the hydroxyl of the introduced Thr side
chain does not seem likely from the mere examination of
the X-ray structural model( see also Figure 1). However,
interaction via an intervening water molecule could occur,
notably upon rotation of the Thr side chain introduced at
the B718 site. Furthermore, one cannot exclude that larger
rearrangements of the protein, and even some minor dis-
placement of the d°Chl, in the vicinity of the mutated residue
take place, allowing for hydrogen bonding to the 9-kete C

O group of RB. For the B* radical corresponding to this ] 2
subpopulation of B, the frequency of the 9-keto=€0 group ' ' J ' ' ¥ ' ' '
is difficult to extract directly from the FTIR spectra. 1760 1720 1990 4 1640 1500
However, both the broadening of the positive band peaking Wavenumber (cm )

1j ; Ficure 5: Light-induced P700/P700 FTIR difference spectrum
at 1687 cm* in the mutant spectrum (Figure 3b) compared of PS | complexes fronSynechocystiat 5°C: (a) single mutant

to the spectr.um of wild-type (Figqre 3a) and the shapg OT Y(B718)T; (b) the triple mutant containing the L(B581)Y, G(B585)S,
the double-difference spectrum (Figure 3c) suggest a distri-and Y(B718)T changes; (c) double-difference spectrum, single
bution of hydrogen bonds of different strengths for this mutant Y(B718)T minus triple mutant;, (d) double-difference

vibration. It is possible that the two negative bands at 1683 spectrum, wild-type minus the double mutant containing the

and 1695 cm! in the double-difference spectrum (Figure L(B581)Y and G(B585)S changes (same spectrum as in Figure 2d).
. T Each division on the vertical scale corresponds to< 1103

3c) correspond to some bimodal distribution of these ,hcorbance unit.

hydrogen bonds ind®. However, the negative band at 1695

cm! (Figure 3c) mainly contains the contribution from the Therefore, the change upon the Y(B718)T mutation of both

9-keto C=0 of R in the fraction of the population of wild-  the amplitude and the frequency of the"HPs differential

type RCs that becomes engaged in hydrogen-bondingsignal of the 10a-ester=€0 group at 1754/1749 cm

interaction upon the Y(B718)T mutation. This overlap (Figure 3) could be well explained by a change of geometry

hampers a precise determination of the IR frequency of the of the 10a-carbomethoxy group. For example, a rotation of

9-keto C=0 group of B* in the latter population. Despite  the 10a-ester €0 group out of the plane of the ring V of

A Absorbance

this difficulty, the relative amplitudes of the 9-keto=© Ps would lead to a decrease of the extent of conjugation of
differential signals of B*/Pg in the three spectra (Figure 3) the 10a-ester €0 group to the Chl macrocycle and would
allow for a crude estimate of 4& 10% for the fractional  induce a shift of the vibrational frequency of this group.

population of RCs that are engaged in hydrogen-bonding Around 1760 cm?, the high-energy side of the differential
interaction in the Y(B718)T mutant. Note that this estimate signals appears broader for the mutant than for wild-type.
relies on the assumption that the extinction coefficient of This indicates a more heterogeneous distribution of the
the carbonyl groups ofPand R™ is rather insensitive to  conformation of the 10a-ester=€D of P;* in the mutant

their hydrogen-bonding state. than in wild-type. Another indication of an heterogeneity of
Besides the large spectral changes observed in thethe conformation of thed*Chl is provided by the distribution
frequency range of the 9-keto=D signals of B and R, of frequency of the 1698 cm band assigned to its 9-keto

the other most significant change noted upon the Y(B718)T C=0O group in wild-type (Figure 4a). In the Y(B718)T
mutation is the %2 cnr! frequency upshift and the mutant, this band appears to correspond to two populations
amplitude decrease of theg®P; differential signal of the of 9-keto carbonyls, a low-frequency one centered around
10a-ester €0 group at 1754/1749 cmi This change cannot 1695 cm! which is further downshifted to 1668 crhin

be due to an effect of hydrogen bonding as this would lead the mutant (Figure 4c) and another population centered
to a frequency downshift of the corresponding bands. Most around 1700 cmt which corresponds to the fraction of the
probably, it reflects changes in the conformation and/or 9-keto groups of P that are essentially unaffected by the
environment of the 10a-ester=© group upon mutation.  mutation (Figure 4b).

Although it is commonly thought that the 10a-esterQ Effect of the Triple Mutation L(B581)Y/G(B585)S/Y(B718)-
group of Chla is not conjugated to the macrocycle, it has T. Upon introducing the triple mutation, the strong decrease
been demonstrated that this is not the case. Indeed, uporof the amplitude of the 1718/1698 cindifferential signal
generating the Chd™ cation in tetrahydrofuran, a=€0 ester assigned to thed?/P; contribution of the 9-keto €0 group
band absorbing at 1738 crhin neutral Chla is upshifted and the appearance of a new negative band at 1668 cm
to 1751 cm? in the cation state, and this set of bands is (Figure 4b) provide evidence to support the conclusion of a
absent when the experiment is performed with pyro&ta new hydrogen-bonding interaction of the 9-keterG group

Chl a derivative lacking the 10a-carbomethoxy grod)( of Ps. When the P700P700 FTIR difference spectra of the
This observation is actually at the basis of the assignmenttriple mutant and of the single mutant Y(B718)T are
of the differential signals observed in the range 173860 compared directly (Figure 5a,b), the many similarities
cmt of the P700/P700 FTIR difference spectra to the observed above 1670 cifurther show that it is probably
contributions of the 10a-ester=€D groups of P700109). the same partner that is also involved in the hydrogen bond
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to the 9-keto &0 group of R in the triple mutant. Evenin interpretation of the results of magnetic resonance and FTIR
the frequency range above 1745¢dpcorresponding to the  experiments led Hastings et af) (to reanalyze the P700
contribution of the 10a-ester=€0 group of B and R™, the P700 FTIR difference spectra Gf reinhardtiiand to propose
effect of the triple mutation (Figure 4c) resembles more an assignment of bands for the 9-kete=Q group of R
closely that observed in the single Y(B718)T mutant (Figure that is more consistent with the conclusions derived from
3c) than that found in the double mutant L(B581)Y/ magnetic resonance spectrosco®0)f but that differs
G(B585)S (Figure 2d), indicating that the impact of the considerably from the previous interpretation of the FTIR
Y(B718)T mutation dominates the spectrum of the triple data {, 8). However, the FTIR assignments of Hastings et
mutant. The FTIR spectra lend no evidence for hydrogen al. (9) are based on the perturbation of the 9-keto carbonyl
bond formation with the 10a-este® group of B or Rs™* frequency in a single mutant modified at the His axial ligand
in the triple mutant. of Pa by replacement with a Ser side chain, and they do not
The comparison of the P700P700 FTIR difference  take into account the comparison of the P7®I00 and
spectra of wild-type (Figure 3a) with the single Y(B718)T S3P700/P700 FTIR difference spectra that was at the root of
mutant (Figure 3b) or the triple mutant (Figure 4b) provides the previous assignment®)(On the other hand, the P700
no evidence that these PsaB-side mutations perturb the strondg?700 FTIR difference spectra df. reinhardtii and of
bonding interactions that exist for the 9-keto and 10a-ester Synechocystiare close enough in the frequency range of
carbonyl groups of Pand R* with the protein at the PsaA  absorption of the 10a-ester and 9-kete=@ vibrations of
sites. On the other hand, the changes observed for severaChl (7—9, 11, 12) that any interpretation of the P70®700
IR modes sensitive to the conformation of the Chl macro- FTIR differential signals in terms of detailed bonding
cycle, notably the coupled CC, CN, and CH vibrations of interactions should be valid for both species.

the Chl ring around 13661280 cnt* (see Figures 3SI, 4S, In the scheme of Hastings et a@){ the 10a-ester €0
and 5SI in Supporting Information) and the=C marker groups of R and B as well as the 9-keto €0 of P; all
mode of 5-coordinated Chl around 1600 ¢hpoint toward  ypshift in frequency upon P70Gormation and receive the
a modification of the conformation of th% ﬁﬁ’]acrocycle in same assignment as in our previous W(ﬂ;l& On the other
the Y(B718)T mutant. However, the observed changes arenand, the 9-keto €0 of P, is proposed to absorb around
not as pronounced as those occurring upon perturbation of1695 cnt! and to downshift to 1686 cm in Pa*. No
the strong hydrogen bond between Thr A739 and the 9-keto explanation was provided for the physical process underlying
C=0 group of R (15). this downshift of a Chl 9-keto €0 vibration upon P700

It is instructive to compare the effect of introducing the formation, a behavior that has never been reported when
double mutation L(B581)Y/G(B585)S either in wild-type or  cations of Chl or bacteriochlorophyll are generated either in
in the single Y(B718)T mutant on the P70B700 FTIR  vijyo or in vitro. In their scheme, the large negative band at
difference spectra. Figure 5¢ shows the double-difference ground 1698 cmt of wild-type P700 is assigned to the
spectrum calculated by subtracting the spectrum of the triple gyerlap of the 9-keto €0 of both R at around 1695 crit
mutant from that of the single Y(B718)T mutant. This and R at around 1703 cnt (9, 13, 14). Although the precise
spectrum bears no resemblance to that calculated from theyalue of the splitting between the peak positions of the 9-keto
spectra of wild-type and of the L(B581)Y/G(B585)S double c=0 of P, and R has somewhat varied (between 3 and 9
mutant (Figure 5d, same as Figure 2d), and therefore it cancm-2) depending on the details of the curve fitting analysis
be concluded that in the triple mutant the effect of the single or on the species investigatef, (11, 13, 14), one of the
mutation Y(B718)T and of the double mutation L(B581)Y/ essential characteristics of the model propounded by Hastings

G(BSSS)S is not additive. This observation SuggeStS SOMeet al. @) is that the 9-keto &0 group of R in W||d-type
specific rearrangements of at least the three side chainsapsorbs at lower frequency than that ef P

introduced upon mutation, and possibly of water molecules,
in the triple mutant. For example, one may speculate that ay
bound water molecule in hydrogen-bonding interactions with
the 9-keto G=O group of B and the side chain OH group
of Thr B718 would rearrange in the triple mutant to interact
also with the side chain of Ser B585.

The Effect of the Mutation Y(B718)T Is Inconsistent with
the Assignment Scheme of Hastings and Colleagiies
comparison of théP700/P700 and P70(P700 FTIR dif-
ference spectrag], together with the high-resolution X-ray
structure of PS 13), led to the assignment of the 9-keto and
10a-ester &0 groups of R, Pa™, Ps, and B* (7). From
these FTIR experiments, it was further concluded that the
triplet state is fully localized on Pand that the positive
charge in P700 is approximately equally shared between
P and R (7, 8). Both of these conclusions were in sharp
disagreement with the conclusions from magnetic resonance
spectroscopy experiments which were interpreted to provide *Note that the earlier conclusions on the localization of the charge

evidence that both the triplet state 38700 and the excess in P700" and of the triplet character #?700 from magnetic resonance
spectroscopy20) are evolving recently in favor of modeldZ, 14,

spin density in P700were essentially localized ons Rfor 21) that are more compatible with the conclusions derived from the
a review, see reR0). This large discrepancy between the FTIR experiments§).

At first glance, it may seem that the FTIR data on the
(B718)T mutant (Figure 3) are compatible with the
assignment scheme of Hastings et &) insofar as the
amplitude of both the 1698 crh negative band and the
associated 1718 crhpositive band is appreciably decreased
in the mutant as would be roughly expected from a downshift
upon mutation of the bands assigned goalRd B in wild-
type ). A closer inspection of the spectra, however, reveals
that the frequency of the bands observed in the spectra
(Figure 3) is incompatible with the assignment propounded
by Hastings et al.9). Within the frame of their assignment
scheme, one would expect the Y(B718)T mutation to induce
a downshift of B, i.e., of the high-frequency component of
the 1698 cm! negative band of wild-type, therefore leaving
a band at lower frequency in the mutant spectrum. This is
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just the opposite of what is experimentally observed (Figure

3) where the 1698 cmt band of wild-type (Figure 3a) is
replaced by a band at 1700 chin the Y(B718)T mutant

(Figure 3b) while the band affected by the mutation is found
at 1695 cm? (Figure 3c). The same trend for the shifts of
the 9-keto G=O frequencies is also observed in the case of
the triple mutant, although the magnitude of the shifts is
somewhat smaller. Therefore, our observations on the effect

of the Y(B718)T mutation on the P700P700 FTIR differ-

ence spectra cannot be reconciled with the assignment

scheme of Hastings and colleagu8s i1, 13, 14).
CONCLUSIONS

The present FTIR study shows that the Y(B718)T mutation

leads to hydrogen bonding of the 9-kete=O group of B

and R* in a significant fraction of the centers. On the other
hand, the mutations L(B581)Y and G(B585)S have only a
small impact on the P700P700 FTIR difference spectra.
None of these three mutations perturb the hydrogen-bonding
interactions assumed by the 9-keto and 10a-ester carbonyl
groups of R and R* with the protein. These mutations have
only a limited effect on the relative charge distribution
between R™ and R*. While the data are consistent with
the notion of some plasticity for the interactions of the
carbonyls of B with the surrounding protein, they also
demonstrate that the strong hydrogen-bonding interactions
that exist between the 9-keto and 10a-ester carbonyl groups
of Px and three key residues of PsaA cannot be duplicated 13.
on the PsaB side by simply replacing the corresponding
amino acid residues by their PsaA homologues. A larger set

of mutants, notably those involving a swap between the 14
residues at the three sites of the PsaA and PsaB polypeptides
investigated in the present study, would help to map out the
plasticity of the molecular interactions of the carbonyl groups
of P700 with the protein and to study their possible influence

on the directionality of electron transfer in PS 1.
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Light-induced P706/P700 FTIR difference spectra (Fig-

ures 2S+58lI) in the spectral range 1880200 cnt. This

material is available free of charge via the Internet at http://

pubs.acs.org.
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