Biochemistry2001,40, 12943-12949 12943

Primary Donor Photo-Oxidation in Photosystem |: A Re-Evaluation of (P700
P700) Fourier Transform Infrared Difference Spettra

Gary Hastings,* V. M. RamesH Ruilli Wang, Velautham Sivakumairand Andrew Webbér

Department of Physics and Astronomy, Georgia Statevéisity, Atlanta, Georgia 30303, and Department of Plant Biology and
Center for the Study of Earlyents in Photosynthesis, Arizona State ddmsity, P.O. Box 871601, Tempe, Arizona 85287-1601

Receied July 11, 2001; Reésed Manuscript Receed September 7, 2001

ABSTRACT. Light-induced Fourier transform infrared (FTIR) difference spectroscopy has been used to
study the photo-oxidation of the primary electron donor (P700) in PS | particles @alaamydomonas
reinhardtii and Synechocystisp. PCC 6803. To aid in the interpretation of the spectra, PS | particles
from a site-directed mutant @&. reinhardtii, in which the axial histidine ligand (HisA676) was changed

to serine, were also studied. A high-frequency (332600 cnt?) electronic transition is observed for all

PS | particles, demonstrating that P700 is dimeric. The electronic band is, however, species-dependent,
indicating some differences in the electronic structure of P700 and/or*PifOC. reinhardtii and
Synechocystisp. 6803. For PS | particles frof. reinhardtii, substitution of HisA676 with serine has

little effect on the ester carbonyl modes of the chlorophylls of P700. However, the keto carbonyl modes
are considerably altered. Comparison of (P760P700) FTIR difference spectra obtained using PS |
particles from the wild type (WT) and the HS(A676) mutanifreinhardtiiindicates that the mutation
primarily exerts its influence on the P700 ground state. Thek&®o carbonyls of the chlorophylls of
P700 of the wild type absorb at similar frequencies, which has previously made these transitions difficult
to resolve. However, for the HS(A676) mutatite 13 keto carbonyl of chlorophyla or chlorophylla’

of P700 on PsaB or PsaA absorbs at 1703.4 or 1694:2,amspectively, allowing their unambiguous
resolution. Upon P700formation, in both PS | particles frof. reinhardtii the higher-frequency carbonyl
band upshifts by~14 cnt! while the lower frequency carbonyl downshifts 810 cntl. The similarity

in the spectra for WT PS | particles fro@ reinhardtiiandSynechocystisp. 6803 indicates that a similar
interpretation is probably valid for PS | particles from both specidse mutant results allow for an
interpretation of the behavior of the 18eto carbonyls of P700 that is different from previous work
[Breton, J., Nabedryk, E., and Leibl, W. (19%jipchemistry 3811585-11592], in which it was suggested

that 13 keto carbonyls of P700 absorb at 1697 and 1639'crand upshift by 21 cm' upon cation
formation. The interpretation of the spectra reported here is more in line with recent results from ENDOR
spectroscopy and high-resolution crystallography.

Photosystem | (PS4)s a membrane-bound photosynthetic In PS I, two sets of ET cofactors are bound to the membrane-
enzyme that utilizes light to transfer electrons across a spanning protein subunits PsaA and PsaB, and are arranged
membrane from plastocyanin to ferredoxin. In PS |, light pseudosymmetrically around a C2 symmetry ad@s At
absorption ultimately results in the excitation of a specialized present, it is unclear if one or both branches are involved in
chlorophyll (Chl) donor species called P700, @). The ET (2, 5).

excited state of P700 (P700%) is highly reducing, and an | ps |, P700 is a key component in solar conversion as
electron is transferred rapidly to a Chl-like acceptor called it couples energy transfer processes in the antenna to electron
Ao (1, 2). The photogenerated radical pair is stabilized by transfer processes in the reaction center. The molecular
secondary electron transfer (ET) processes; frognthre structural details of P700, the primary donor in PS I, have
electron is transferred to a phylloguinone acceptor called A yecently been obtained from X-ray crystallographic studies
(1, 2) and then onto the ironsulfur cluster k, Fa and . of PS | particles fromSynechococcus elongatas 2.5 A
resolution B8). P700 appears to be a dimer of Gh(PsaB
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grant, a team grant, and a research initiation grant to G.H. A.W. provided by histidine residues from the PsaA and PsaB
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a is H-bonded to TyrA731. In addition, it has been suggested
that the 18 carbomethoxy ester<€0 is H-bonded to water,
and that three amino acids (TyrA600, SerA604, and ThrA739)
could act as H-bond partners with this water molecule.
Interestingly, there are no H-bonds to @n PsaB of P700.
This H-bonding pattern likely has important implications for
the electronic structure of P700, and the directionality of ET
in PS I.

Fourier transform infrared (FTIR) difference spectroscopy

is sensitive to small structural changes of pigments embedded

within proteins. For example, small changes in H-bond

strengths or structural alterations of bound water molecules

can be detected using this techniq@8-<25). In addition,
FTIR difference spectroscopy provides molecular specific
information about both the resting state and the light-
activated state of enzyme®3d). This type of molecular
specific information cannot be gleaned from static crystal-

Hastings et al.

C. reinhardtii

4x10™
| | | | | |
4000 3800

3200 2800 2400 2000 1600

Wavenumber (cm'1)

Ficure 1: (P700 — P700) FTIR DS in the 42001200 cnr?!
spectral region, obtained using PS | particles fr@mreinhardtii
(top curve) and monomeric PS | particles frén6803 (bottom
curve) A broad, intense water absorbance band is observed near
3400 cnt?l, and typical sample absorbance exceeds 1.2 between

lographic data. So FTIR difference spectroscopy can strongly 3200 and 3570 ct. For this reason, we do not present or discuss
complement crystallographic studies, as well as provide adata in this spectral region. TH&. reinhardtii spectrum (and the

means of experimentally testing crystallographic predictions.
(P700" — P700) FTIR difference spectra (DS) have been
obtained by several authoré<12). For C. reinhardtii, two
(P700" — P700) FTIR DS have been reported using either
PS | membranes9j or particles 12). The (P700 — P700)
FTIR DS for WT in either of these reports are very different,
and in both reports, little insight into the spectra was

furnished. It has recently been found that replacement of

HisB656 or HisA676 with several different amino acids
results in altered optical and physical properties of PZ@ (
The effects were always more pronounced when HisB656
was replaced, compared to HisA676. In addition, the electron
spin density distribution of P700 determined by ENDOR

dark — dark spectrum) was scaled by a factor of 3.5 to produce
similar bleaching of the 16971700 cnm! bands (see Figure 2).
The spectra are shifted for ease of comparison and clarity. The
thin “flat” lines shown superimposed with each spectrum are
dark — dark difference spectra that give a measure of the noise
level in each experiment. These spectra have been shifted and do
not represent zero absorption. Tke reinhardtii spectra were
obtained at 2 cm' resolution, while theS. 6803 spectra were
obtained at 4 cmt resolution.

from the HS(A676) mutant were prepared as described
previously (3).

For FTIR experiments, PS | particles frof16803 orC.
reinhardtii were pelleted, and placed between a pair of
rectangular Caf windows. For some samples, 1 mM

spectroscopy, was only altered upon replacement of Hi35656ferricyanide and 1 mM ferrocyanide (in,D) were added

(13). It was further concluded that the P700 triplet state
(®P700) resides on the Chlof P700 on PsaB, the same Chl
athat carries the bulk of the electron spin density of P700
This later result is the opposite of conclusions drawn from
FTIR studies of P7007). In addition, FTIR studies of P700
also indicated that the spin distribution over the Chls of
P700 is ~1:1 to 1:2 {). This also strongly disagrees with
ENDOR spectroscopic data, where the spin distribution over
the Chls of P700 is estimated to be-1:6 to 1:9 (3, 14).

to the pellet. Otherwise, no redox mediators were added. No
observable effects of mediator addition were observed in the
difference spectra. All experiments described here were
performed at room temperature (RT). The absorbance of the
sample in the cell was-0.7 at the peak of the amide |
absorption band. Light minus dark and dark minus dark
(P700" — P700) FTIR difference spectra were recorded as
described previously5j. The spectral resolution was set at
4 0r2cm?t

The origin of the discrepancies in the conclusions drawn from 5, spectral curve fitting was performed using the software

the different spectroscopies has never been considered. It i
possible that bands in (P706- P700) FTIR DS could have
been misassigned, which could then result in incorrect
conclusions being drawn from the data.

To investigate this possibility, we have used FTIR differ-
ence spectroscopy, in combination with site-directed mu-
tagenesis, to study PS | particles frd reinhardtii and
Synechocystisp. 6803. We provide evidence that suggests
that some of the difference bands in (P760 P700) FTIR

?)ackage OPUS, supplied by Bruker Instruments. Spectra

were resolved into combined Lorentzian and Gaussian
components by means of a curve-fitting algorithm that
utilizes a LevenbergMarquardt iteration procedure. The
“goodness of fit" is quantified by an rms noise parameter.
The smaller the rms noise parameter, the better the fit or,
more accurately, the closer the fitted curve matches the data.
This is important since it is not possible to visually inspect
and judge how well the fitted curves match the data.

DS could have been misassigned, and we propose alternative

band assignments.

MATERIALS AND METHODS

Detergent-isolated PS | particles froBynechocystisp.
6803 S.6803) were prepared as described previously (
16). The HS(A676) mutant fronC. reinhardtii was con-

RESULTS

Figure 1 shows the (P700- P700) FTIR DS obtained
using PS | particles isolated fro@ reinhardtiiandS.6803,
in the 4200-1200 cm! spectral region. The difference
spectra obtained well after (minutes) light excitation are also
shown in Figure 1. These spectra give a measure of the noise

structed as described previously using a strain that lacks PSevel in the experiments. F&.6803, a broad band centered

I (13, 17). Membrane fragments and purified PS | particles

near 3300 cm' is observed. The intensity of the band is
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FiGure 2: (P700° — P700) FTIR DS from Figure 1, expanded to  Ficure 3: (P700" — P700) FTIR DS from Figure 1, expanded to
show the 17761600 cnt! spectral region:C. reinhardtii (top show the 16081220 cnt?! spectral region:C. reinhardtii (top
curve) andS. 6803 (bottom curve)The dark— dark difference curve) andS. 6803 (bottom curve)The dark— dark difference
spectra (noise level) are also taken from Figure 1. spectra (noise level) are also taken from Figure 1.

mutant spectrum has been scaled arbitrarily by a factor of
more than twice the intensity of the positive 1754 ¢and 2. When the spectra are normalized to total protein concen-
(see Figure 2). Fo€. reinhardtii a narrower band centered  tration (by considering the area under the amide | absorption
near 2700 cm?, with a distinct shoulder near 2000 chis band), it is found that the WT spectrum displays bands that
observed. The peak intensity of the2700 cnt* band is  are approximately a factor of 2 more intense than those in
similar to that of the positive 1753 crhband (see Figure  the mutant spectrum.

2). At >1728 cm?, the spectra for both the WT and the
Figure 2 shows the same spectra as in Figure 1, but in themutant are very similar. However, the negative 1700 &m
1770-1600 cn! spectral region. Th€. reinhardtii spec- band, observed in the WT spectrum, appears to be split in
trum was collected at 2 cmhresolution, as the two difference  the HS(A676) mutant spectrum, and two negative peaks at

bands in the 17661730 cnt! region were poorly resolved 1703 and 1694 crt are observed. This splitting is similar
at 4 cnt? resolution (see Figure 4A). This is not the case to that observed previously for a PsaA-HQ676 mutant from
for the S. 6803 spectrum. In the 176600 cn1? region, C. reinhardtii (9). Furthermore, the 1637)/1655() cm™*
several difference bands are observed, and overall, thedifference band in the WT spectrum appears to be modified
difference spectra are very similar. FOr reinhardtii or S. in the HS(A676) mutant spectrum, resulting in a 163)/(
6803, an intense negative band is observed at 1698 or 17001661¢) cm™ difference band. Finally, the positive 1686
cm %, respectively. Fo6.6803, positive bands are observed cm™ band in the WT spectrum appears to downshift by 2
at 1686, 1718, 1741, and 1754 A distinct shoulder is ~ cm™ in the HS(A676) mutant spectrum, and its intensity is
also observed at 1710 cth In addition, a clear difference  somewhat decreased.

band is observed at 1639)/1655() cm™. For C. rein-

hardtii, positive bands are observed at 1686, 1716, 1742, DISCUSSION

and 1753 cm’. A difference band is also observed at | ow-Frequency Electronic Transition&oth spectra in
1637(-)/1652¢+) cm™ and displays a shoulder at 1644 Figure 1 exhibit broad positive absorption features 2000

cm cm™L. For theC. reinhardtii spectrum in Figure 1, a clear
Figure 3 shows the same spectra as Figure 1, but in theshoulder is also observed near 1950 émA broad near-IR

1600-1220 cm* spectral region. For th€. reinhardtii band is also observed for the HS(A676) mutant, and its

spectrum, two intense bands at 1592@nd 1478¢) cm™t spectrum is identical to the spectrum shown for WT (data

are observed that appear to lack counterparts irstis803 not shown). Broad near-IR bands have been observed
spectrum. Other than these two bands, the difference spectrareviously for PS | fromS. 6803 6, 7) and C. reinhardtii
in Figure 3 share many similarities, except that many of the (12). In addition, similar broad bands have been observed
band intensities appear to be greater for @eeinhardtii using PS | fromAcarychloris marina(18), and reaction
PS | particles, in particular, the 1533 and 1347¢) cm* centers from heliobacteri®,(19), green sulfur bacterieg(
bands and the broad, structured positive bands centered nea20), and purple bacterieB( 21, 27). Broad FTIR difference
1305 and 1266 cmt. The scaling procedure applied to the bands at>2000 cnt! are therefore quite characteristic of
C. reinhardtii spectrum in Figure 3 could lead to a slight primary electron donors in photosynthetic organisms and are
overestimation of the amplitude of the bands, but it could thought to be due to low-frequency electronic transitions
not explain such large intensity differences between the associated with the dimeric nature of the primary electron
spectra. Thus, the band intensities do appear to reflect a reatlonor @1). Consistent with this is the observation of broad,
species variation in (P700- P700) FTIR difference spectra.  low-frequency transitions in cation porphyrin dimers, but not
Figure 4 shows (P700— P700) FTIR DS for PS | in porphyrin monomers22), monomeric Chi in solution
particles from WT and the HS(A676) mutant fro. (6), or heterodimer mutants of purple bacteria in which the
reinhardtii in the 17606-1620 cn! spectral region. The  oxidized donor is essentially monomeric in characgf).(
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FiGure 4: (A) (P700" — P700) FTIR DS in the 17601620 cnt?! spectral region, obtained using WT PS | particles fréoreinhardtii

(bottom) and PS | particles of the HS(A676) mutant fr@nreinhardtii (middle). The difference between the two spectra is also shown

(top). Both spectra were obtained at 4 dmesolution. (B) Results obtained from nonlinear least-squares curve fitting procedures applied

to the two spectra in panel A, in the 1730670 cnt! spectral region. The original spectra are shown as solid lines. The spectra were fitted

to five components and a baseline. One of the components was used to simulate absorption changes below. T8#%0foor components

of interest are shown as dotted lines. The fitted parameters are presented in Table 1. The actual fitted curve is not shown as it is not visibly
different from the data.

The broad, positive absorption band(s) observedSor  (WT) is similar to that reported by Leibl et all?) but is
6803 andC. reinhardtiihave very different structures, which  very different from the spectrum reported by Redding et al.
could indicate that the delocalized charge distribution over (10). PS | particles or membranes from different strains of
the Chls of P700is different inS.6803 andC. reinhardtii C. reinhardtii were used in the two studies; however, it is
For C. reinhardtii the broad, positive absorption band unlikely that this would account for the differences in the
displays similarities to the corresponding bands observed inspectra, given the overall similarity that we observe for
spectra obtained usirnghodobacter sphaeroidefiromato- spectra from different species in Figure 2.
phores 21, 27) and membranes from the PS | bacterial  For the spectra in Figure 2, the intensity of thd 700
analoguéeChlorobium limicola(8). This may be an indication  cm band is approximately the same. For ereinhardtii
that the spin distribution is more delocalized in P7®®m spectrum in Figure 3, a scaling identical to that in Figure 2
C. reinhardtii than in P700 from S.6803. was used. Both spectra in Figure 3 display a similar band

A variety of magnetic spectroscopies have been used topattern; however, many of the bands in @ereinhardtii
estimate the degree of delocalization of the charge over thespectrum appear to be significantly increased in intensity,
chls of P700 (see refl4 for a review), and ratios of 3:1 up  compared to that in th&. 6803 spectrum. The 1564/
to 9:1 have been obtainedl4). Given the large variation of ~ 1554(-) cm! difference band is thought to be associated
the ratios, it has not been possible to distinguish differenceswith amide Il absorption and appears to be similar in intensity
in P700" from algal or cyanobacterial preparations using for both speciesq). The 1533-1537 cnT! negative band is
magnetic spectroscopic techniques. significantly increased in intensity in th€. reinhardtii

Dimer “Marker Modes”. In FTIR DS associated with  spectrum. This band is thought to be associated with the
donor oxidation irRb. sphaeroidepositive FTIR difference  coupled C-C, C—H, and C-N modes of the Chl macrocycle
bands with high intensity are observeda550, 1480, and (7, 26), as are the 12831285 and 13471349 cm* bands
1295 cn1? (8). These bands have been related to the dimeric in both spectra in Figure 37(26). Consistent with this is
nature of the primary donor and are good marker bands for the fact that similar negative bands at the same frequencies
multimeric pigment species(21). Similar, high-intensity, are also observed in electrochemically generated €hChl
IR bands are observed for heliobacteri@l 19) and green FTIR DS (). At present, we do not have a satisfying
sulfur bacterial 8, 20) reaction centers. FdC. reinhardtii, explanation for the observation of higher-intensity bands in
it has been suggested that the relatively intense, broad,the 1606-1200 cm region, in (P700 — P700) FTIR DS
structured bands near 1305 and 1270 tim Figure 3 could obtained using PS | particles fror@. reinhardtii One
correspond to similar dimeric marker band®)( It could possibility is that the charge on P70% more delocalized
also be possible that the broad, structured positive peakover the Chls of P700 i€. reinhardtiithan inS.6803 This
centered near 1320 crhin the S. 6803 spectrum has the hypothesis would indicate increased contributions from Chl
same origin as the 1305 and 1270 dnibands in theC. macrocycle modes to the difference spectr&doreinhardtii,
reinhardtii spectrum. compared to those fdB. 6803. This hypothesis could also

WT FTIR Difference Spectr@verall, the (P700— P700) explain why the near-IR electronic transition observed for
FTIR DS forC. reinhardtii (WT) andS.6803 are very similar ~ C. reinhardtii (Figure 1) is significantly different from that
in the 1766-1600 cnt* spectral region (Figure 2). This observed foiS. 6803.
indicates that it is likely that any interpretation of the The 13 Ester G=0 Stretch RegioriThe G=0 groups of
difference bands in terms of detailed bonding interactions the Chls of P700 absorb in the 1760630 cnm* spectral
is probably valid for the spectra from both species. The region. For P700, there are six~© groups. Some of the
(P700" — P700) FTIR difference spectrum f@. reinhardtii C=0 modes have been assigned upon comparison to FTIR
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spectra of monomeric Claland its cation in organic solvent
(6). ForS.6803, the 1748¢)/1754() and 1735¢)/1741¢)

Biochemistry, Vol. 40, No. 43, 200112947

1639 cmtin (3P700— P700) FTIR DS necessarily implies
that the triplet state must be localized on @hbf P700 on

cm ! difference bands were assigned to an upshift of the PsaA. This conclusion is the opposite of conclusions drawn

13 ester G=O groups of the Chls of P700 upon cation
formation @, 7, 10). The higher-frequency ester<€D mode

is most likely to be free of H-bonding. So, when recent
crystallographic data are taken into accow)t this would
indicate that the 1748()/1754(-) cm* difference band is
due to the 13ester G=0 group of Chla on PsaB, while the
1735()/1741¢) cm™* band is due to the £3ster G=O
group of Chla’ on PsaA, which is H-bonded, via a water
molecule, to TyrA600, SerA604, or/and ThrA739. The
1741¢)/1735F) cm™! band was observed to downshift by
~6 cnt! upon uniform?H labeling ¢). It was suggested
that this shift could be due to deuteration of the methyl
hydrogens at the #3osition of ring V of Chla’. However,

it was later found that the 1735§/1741(+) cm™* band
downshifts by 2 cm! upon 13 methyl deuterationl(0). The

from magnetic spectroscopies, which provided clear evidence
that the triplet state of P700 is localized on the PsaB&Chl
of P700 (3, 14).

Given the interpretation of FTIR DS postulated by Breton
et al. (/) and the fact that both keto=80 modes upshift by
the same amount upon cation formation, it was further
suggested that the charge on P7@Xhibited appreciable
delocalization over both Chls of P700. The ratio of charge
delocalization was estimated to bel:1 to 2:1. This ratio
also strongly disagrees with conclusions drawn from ENDOR
spectroscopy, where a ratio of 6:1 to 9:1 was calculated,
indicating appreciable charge localization on PsaB &b
P700 (3, 14).

Hamacher et al.1(1) outlined an alternative interpretation
for the (P700 — P700) FTIR DS that was, admittedly, not

differences are almost certainly related to the complex based on experimental data. They suggested that bdth 13

H-bonding of the 18ester G=O group of Chla'. Upon 13

keto C=0O groups of both Chls of P700 contributed to the

methyl deuteration of the Chls of P700, several further bands 1697-1700 cnt! band and that one=€0 group upshifts to

throughout the 17661660 cm'* region were also observed

1718 cm! while the other downshifts to 1686 crhupon

to shift (10). From this observation, it was suggested that cation formation. This hypothesis provides an explanation

the ester &0 groups of the Chis of P700 are heteroge-
neously distributed in frequency, which results from local
heterogeneity in the protein environmertO{. A more

for the positive 1686 cit band. In addition, this hypothesis
could help resolve the discrepancies between FTIR and EPR
data, as it suggests quite an asymmetry in the charge

plausible explanation for multiple band shifts observed upon distribution over the Chlis of P700.

13* methyl deuteration of the Chls of P700 is that the multiple

When the above hypothesis is considered and the PS |

bands reflect perturbations of protein and water modes thatcrystallographic data are taken into acco)t as well as

are coupled to the £3ster G=0 group of Chla'.

the fact that the 18keto G=0 mode of Chla in solution

In Figure 4A, it appears that many of the features in the upshifts upon cation formation, the 1697700 cnm* mode

(P700° — P700) FTIR DS are shared between WT PS |
particles and the HS(A676) mutant Gf reinhardtii This
would indicate that the effect of substituting His with Ser at

that upshifts to 1718 cni is likely due to the 18keto C=
O mode of Chla on PsaB. The 16971700 cnt! mode that
downshifts is then due to the 1Beto G=0 mode of Chla’

A676 is quite localized and does not cause significant on PsaA, which is H-bonded to ThrA739. This hypothesis

alteration of the protein backbone. The ester@ modes

could indicate that much of the charge on P7@located

appear to be unaffected by substituting HisA676 for serine on PsaB (as this mode upshifts upon cation formation), in

(Figure 4A), although the keto=8€0 modes do appear to be
modified. Below we will discuss the nature of the keterC
O modes of P700, concentrating @h reinhardtii. Given
the similarity in the spectra in Figure 2, it is likely that the
keto C=0O modes of P700 ir5. 6803 can be described
similarly.

The 13 Keto G=0 Stretch RegiorThe negative band at
1697-1700 cn?! in both spectra in Figure 2 is thought to
be due to the 18keto G=0 group of one {) or both (L1)
of the Chl molecules of P700. Breton et &) 6uggest that
the 1697 cm® band is due to a single Chl13! keto CG=0
mode that upshifts to 1718 crhupon cation formation, as
it does in Chla (6). The 13 keto C=0 group of the other
Chl of P700 was suggested to absorb at 1639'¢cmvhich
upshifts to 1658 cmt upon cation formation®, see Figure
2). Such a low-frequency keto=€0 mode could indicate
that the G=0 group is strongly H-bonded. In view of recent
crystallographic data3j}, this would indicate that the 1639
cm ! band is due to the keto=€0 mode of Chla’, which
is H-bonded to ThrA739. The assignment of the 1639(
1658@) cm! difference band to a keto=€0 mode of one

agreement with magnetic spectroscopic data. Furthermore,
given the above hypothesis, the similarity in the frequency
of the G=0 modes in the ground state indicates that ThrA739
provides a relatively weak H-bond.

Substituting HisA676 results in a splitting of the 1700
cm~? band without other gross alterations in the spectra
(Figure 4A). This fact alone indicates that more than one
species contributes to the 1700 ¢hband in WT PS |
particles fromC. reinhardtii The splitting of the 1700 cni
band makes the 1730670 cn?! region of the spectrum
amenable to accurate and unambiguous curve fitting analysis
(Figure 4B and Table 1).

For the HS(A676) mutant, the split negative band is best
described by two negative bands at 1694.2 and 17034 cm
with widths of 8 and 8.5 cimt, respectively. It is likely that
the higher-frequency band is due to the kets@ mode of
Chl a on PsaB, because it is free from H-bonding. From
Table 1, the 1703.4 cm band upshifts to 1717.0 crhwhile
the 1694.2 band downshifts t©1684.5 cm* upon cation
formation. Notice that the curve fit parameters outlined in
Table 1 for the HS(A676) mutant are close to unique. Only

of the Chls of P700 was based upon the observation of avery small but negligible variations in the parameters yield

single intense negative band at 1639t ((P700— P700)

optimal fits, as judged by a minimized parameter. Notice

FTIR DS, and the fact that the triplet state is thought to reside that the 1684.5 cnt band, for the HS(A676) mutant, is

on a single Chl of P7007§. The observation of a band at

reduced in intensity relative to the 1687.3 ¢nband in the
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Table 1: Results Obtained from Nonlinear Least-Squares Curve _ Given the appropriateness of our interpretation, th%ﬁues-
Fitting Procedures Applied to the Two Spectra in Figure 4A, in the  tion of the origin of the 16371639(-)/1652-1655(¢+) cm
1730-1670 cm* Spectral Regich difference band arises (see Figures 2 and 4A, WT spectra).

C. reinhardtii band center bandwidth assignment  For theC. reinhardtiispectrum in Figure 2, the shape of the
WT 1687.3 () 56 C—On" ~1637 cnt! band indicates that it contains contributions
1697.4 () 7.8 C=0O, from at least two overlapping bands. This is less obvious
1701.7 ) 9.2 C=0g for the S.6803 spectrum in Figure 2. Thel637 cn! band
1715.6 () 135 C=0s" observed for WTC. reinhardtii in Figure 4A is reduced in
HS(A676) 1684.5) 10.3 C=0Oa* intensity and shifted upon substitution of HisA676 with
iggg-i ((:g gg gng serine. This is a further indication that the negative 1636
17170 ) 10.8 c=02+ cm ! band in the WT spectrum in Figure 4A consists of at

least two contributions. The HS676 WT double difference
spectrum in Figure 4A displays a differential signal at
~1634@) or 1654() cmt, which indicates the complete
loss of a~1634() or 1654) cm™* difference band in the
WT spectrum, respectively, upon substitution of His(A676)
with serine. The most obvious interpretation of these

a All results are in inverse centimeters. The assignments refer to the
13! keto G=0 groups of the Chls of P700 on PsaA or PsaB (subscripts)
in either the ground or excited state.

WT spectrum. This is probably due to complex overlap with

1
bands at=1680 cm*. observations is that the 1634()/1654() cm™* band in

Using the curve fitting parameters ]‘or the HS(AG76) 6 gouble difference spectrum is associated with a vibra-
mutant as starting parameters, we also fitted the WT SPectrainnal mode of HisAG76. Singly protonated histidine in vitro

The optimized parameters that resulted are presented in Tabl enerally displavs bands below 1600 ¢ni28). However
1. When the parameters in Table 1 are compared, it appear;(‘]r y dispay Cni2e). ’

) . om FTIR studies 28—29) and density functional theor
that the negative 1700 crhband in the WT spectrum can z ) y y

. calculations 29), it was found that the imidazolium cation
be deconvolved into two bands that absorb at 1697.4 and s :
e ) . - doubly protonated 4-methylimidazole) displays a very stron
1701.7 cm*. Upon substitution of HisA676 with serine, the ( y P y ) display v 9

! 1 hich i ; |
1697.4 cm? band downshifts to 1694.2 crhwhile the ﬁ)bfhog‘gi%bgagtsainﬁs\ﬁb?;’ﬁ‘g’n o tr'lse?rﬁ‘fdg;%?g m”agg'ty
1701.7 cm® band upshifts to 1703.4 crh Thus, the It may be tshat a singl rotonated histidine, with ?ts .free
mutation has a much larger effect on the=Q mode of Chl y gy p j

\ PsaA : ed. | antl bstitut] ¢ nitrogen involved in axial ligation, is a reasonable ap-
a. %676361 't’h as 1S expetc T) .thmpc;r ar: Y, S:f PS7IOL(J) I'Ontl’? proximation (in terms of its &=Cs stretching vibration) to
ngcSJund stV;Le S:I'er:ilgein%?cr:alljt;ssthaet Sa:ll;c:r:gl;sis of mlztan? an imidazolium cation. Calculations based on the three-
> L T . " dimensional crystal structure will be required to determine
induced modifications of the P700/P70idpoint potential y d

. . if a protonated histidine residue that is ligated to €Hdould
zzgull_gggns'der changes in the energy levels of both P700give rise to imidazole vibrational modes at frequencies as

. . . high as 1637 cmt. If the 1637 cm! band in Figure 4A (WT
For WT PS | particles fron€. reinhardtii the 1697.4 and spectrum) is due to an imidazole mode, then &0 cnt?
1701.7 cm* bands downshift and upshift by 10.1 and 13.9 \hqhift ohserved upon cation formation could indicate a

cm 1, respectively, upon cation formation. Almost identical decrease in the length of the imidazola=Cs bond of
shifts are observed for PS I particles from the HS(A676) g o002 A 9). Furthermore, the above interpretation could

mutant, where the 1694.2 and 1703.4 ¢ands downshift
and upshift by 10.3 and 13.6 ¢ respectively, upon cation

formation. This observation suggests that substitution of .+ <hifted upon substitution of HiSA676, so the 1638(

HisA676 with serine does not alter the charge distribution

over the Chls of P70Q

indicate that a vibrational mode of HisB656 also contributes
to the 1637 cm! band in the WT spectrum. This mode is

1662¢+) cm™! difference band in the HS(A676) spectrum
in Figure 4A would be due to HisB656. We will use

Krabben et al. I3) observed that the ENDOR properties  jsotopically labeled HS(A676) and HS(B656) site-directed
of P700 in the HS(A676) mutant were identical to that of utants to test this idea.

WT. So, at least in this case, FTIR DS offer a more suit-
able molecular specific probe than ENDOR spectroscopy. 1
ENDOR spectroscopy specifically probes structural changes
associated with P700 Since the FTIR data suggest that
HisA676 substitution predominantly affects the ground state
of P700, it may not be surprising that ENDOR spectroscopy
could not detect alterations induced by mutation of HisA676.
If the 1694-1697 cm! band (Table 1) is assigned to the
13! keto G=0 mode of Chla’ on PsaA, which is H-bonded
to ThrA739, then the fact that the 1694697 cm* band
downshifts would indicate a strengthening of the H-bond
upon cation formation. The strengthening of the H-bond is
probably more pronounced than would be indicated by a 10
cm~* downshift, since positive charge on Ghiwould cause
an upshift of the keto €0 mode 6). A strengthening of
the H-bond could arise from structural modifications that
decrease the length of the H-bond.

Conclusion.Our data indicate that the negative 1697
700 cnt band, observed in spectra from both species, is
due to 13 keto G=0O modes of both Chls of P700. This
conclusion is based upon the observation of a splitting of
the 1700 cm? band into two components upon substitution
of HisA676 with serine, and the fact that no other clear
alterations to the spectra were observed. Our interpretation
of (P700° — P700) FTIR DS is more consistent with recent
results from ENDOR spectroscopyl3, 14) and high-
resolution crystallography 3], both of which indicate
pronounced asymmetry in the primary donor.
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