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Reduction of A in Photosystem I: Are Both Phylloquinones Involved in Electron
Transfer?
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ABSTRACT. Photoaccumulated Fourier transform infrared difference spectra associated with &wD0
P700°A;~ formation have been obtained using purified photosystem | particles &ymechocystisp.

PCC 6803. From these spectra, a difference spectrum associated with phylloquinone reductien (A

Aj) has been calculated. Infrared absorption changes associated with both the loss of the ground state and
formation of the anion radical are observed in the difference spectrum. Fourier transform infrared difference
spectra obtained in various spectral regions indicate that two, structurally distinct phylloquinones are
photoaccumulated. This could indicate that phylloquinones on botlP#a& and PsaB branches are
involved in electron transfer, and that electron transfer is bi-directional in photosystem |I. It could also
indicate an intrinsic structural heterogeneity in the Anding site of the active branch. Several FTIR
difference features taken together indicate that a glutamic acid residue (at position 699 or F§2Aon
and/or 679 or 682 oiPsaB is perturbed upon Aanion formation. It is suggested that the protonation
state of the perturbed glutamic acid residue is influenced by hydrogen bonding to a nearby tyrosine residue
at position 696/676 osaAPsaB

In photosystem | (PS 1)of oxygen-evolving organisms, selectively removed from the PS | complex (P700-F
light absorption ultimately results in the excitation of a particles) 8—11). In urea-treated PS | particles, the light-
specialized chlorophyll (chl) donor species called P700 (  induced terminal radical pair state, P78Q~, recombines
4). The excited state is highly reducing, and an electron is in ~0.75-1.2 ms 8, 10. The lifetime for ET from A~ to
transferred rapidly to a chl-like acceptor called &, 6). F is identical to that found for the more intact systedj. (
The photogenerated radical pair is stabilized by a secondFurther treatment of PS Izfparticles with ferricyanide and
electron transfer (ET) step from Ao a phylloquinone urea can selectively remove ffom the PS | complexi(2,
acceptor called A(1—4). For purified, intact PS | particles  13). In these PS | particles, stripped of,fs, and K (P700-
(P700-R particles), the phylloguinone anion is reduced by A; particles), the light-induced terminal radical pair state,
an iron—sulfur cluster, called § in ~200 ns at room P700°'A;~, decays biexponentially with time constants of
temperature (RT)1—4). From K the electron is transferred  ~10—15 and 15Qus, without formation of the P700 triplet
to the terminal iror-sulfur centers termedaFand F. state,3P700 (3, 19.

In isolated PS | particles, at RT, the electrons on the The electron acceptor(syAn PS | is (are) now generally
terminal acceptors (fs ) recombine with the oxidized donor  accepted to be a phylloquinone species (see e for
(P700) in tens of milliseconds1—4). reviews). The native PS | core contains two phylloquinone

By treatment of P700+4w particles with choatropic agents  molecules, and it is unclear if one or both are involved in
such as urea, the terminal acceptors, @d Fs, can be  ET. A recent set of studies suggested a uni-directionality to
the ET processi1b). However, on the basis of sensitive
" This work was supported by Georgia State University startup funds pump—probe data, Joliot and Joliat§) have suggested that

to G.H. and by Georgia State University RIG and QIF grants to G.H. 4; ; i ; ;
* To whom correspondence should be addressed. Email: phyggh@ either both phylloquinones are involved in ET, or there is

panther.gsu.edu. Internet:  http://www.phy-astr.gsu.edu/hastings/ an intrinsic heterogeneity in the rate of ET frlonTAO Fx.
index.html. A PS | crystal structure has been published at 4 A

! Abbreviations: A, primary electron acceptor in photosystem I, rasolution However. the phvlloguinone molecules are
A1, secondary electron acceptor in photosystem I; (B)Chl-a, (bacterio)- L. ' phytloq

chlorophyll a; 3-DM, f-dodecyl maltoside; €0, carbonyl; G-O, not well resolved, and the molecular details of phylloquinone
semiquinone carbonyl; DS, difference spectra or spectrum; ET, electronbinding in PS | are still vaguel{, 1§ (a 2.5 A structure is
transfer; ESEEM, electron spirecho envelope modulation; PS I, expected soon where the phylloquinones are resolved).

hotosystem |; P700, primary electron donor in PS I; ps, picsecond; . . . . .
ﬂsl na?{oseconws‘ mifmsecgnd; ms. millisecond: PM% p%enazme Light-induced Fourier transform infrared (FTIR) difference

methosulfate; PQ, plastoquinone; P70pghrticle, PS | particle that ~ Spectroscopy has been utilized with much success to study
has been stripped of all the iresulfur clusters; P700-Fparticle, PS quinone binding in PS Il and purple bacteria (see references

| particle that has been stripped of the iresulfur clusters k and Fg; 19—22for reviews), and much detailed structural information
RC, reaction center; RT, room temperature; vit-Witamin K; !

(2-methyl-3-phytyl-1,4-naphthoquinone or phylloguinorie;, Rhodo- has been derived. Such methods rely on the photoaccumu-
bacter, Rp, Rhodopseudomonas lation of a substantial static population of excited radical
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states. The shorter the lifetime of the induced radical, the only a single spectrum was collected after excitation. The
smaller the excited-state population. In intact PS | particles, DS collected after light excitation were subtracted from the
the radical pair state, P70B,g~, decays in tens of mil- DS collected during excitation to cancel any residual effects
liseconds, and the photoaccumulation of a large excited-stateof water vapor. This procedure was not necessary for a well-
population is straightforward. In P70Qysk and P700-F purged instrument. The above procedures were computer-
particles, the radical pair state, P7@Q~, decays in 200 ns  controlled using software written in-house to run under the
and is impossible to photoaccumulate. In P700pArticles, Bruker program OPUS 3.0. Typically, the datight—dark
however, the terminal radical pair state, P7A9", decays cycle was repeated 260100 times, but thousands of cycles
in 15-150us, and it is possible to photoaccumulate a small are possible, depending on the signal-to-noise ratio required.
excited-state population. Extremely sensitive difference For all experiments described here, spectral resolution was
measurements are required to probe this population, however4 cm . Data were collected between 1000 and 5000m
These reasons are why the phylloguinone anion radical inunless otherwise noted. A 5000 chlong-pass filter was
PS | has never been studied in detail using FTIR difference inserted before the sample to block actinic effects of the
spectroscopy. spectrometer heliumneon laser. The mirror velocity was
Here we describe a series of sensitive FTIR difference 80 kHz (20 cm/s), and double-sided interferograms were
measurements performed on detergent-isolated PS | particle§ollected. A BlackmannHarris 3-term apodization function
and PS | particles that have been treated with chaotropicand a zero-fill factor of 2 were used. IR radiation was
agents. From these experiments, we have derived IR differ-detected using a preamplified Graseby D313, MCT detector.
ence spectra (DS) associated with P7@mation, and with ~ Phylloguinone (vitamin K) was obtained from Sigma and
P700°A;~ formation. Upon comparison of these spectra, we Used without further purification.
resolve several IR difference bands that are associated with
A; reduction in PS I. The most likely interpretation of the RESULTS

spectra is that two distinct phylloquinones are photoaccu- Figure 1A shows the (P700— P700) FTIR DS in the

mulated. 5000-800 cnt! spectral region, obtained using trimeric
P700-A PS | particles. Data could not be obtained in the
3100-3600 cn1? spectral region, and the points are shown
Membrane fragments from the mutant psbDI/C/DII of Joined by a straight line. The negative/positive bands at 2112/
Synechocystisp. PCC 6803, which contain only the PS | 2036 cn* are due to the €N stretching modes of ferri/
reaction center (RC), were prepared as described previoushferrocyanide, respectively. The negative/positive bands con-
(23). Purified PS | trimers and monomers were prepared from firm that electrons are transferred to ferricyanide. Ferri/
the membrane24), and P700-Fand P700-Aparticles were ~ ferrocyanide vibrational modes do not contribute to absorption
prepared as described, (9-13). The removal of g and  changes in the 18661200 cnm* spectral region. The fact
F, was monitored using microsecond time-resolved visible that we observe identical spectra in the absence of ferri/
spectroscopy. In P700xFRand P700-A particles, radical pair ~ ferrocyanide confirms this (see below). Below 10007¢m
recombination is dominated by components with lifetimes the noise level is higher but two bands close to 900 and 795
of ~1 ms and 16-150 us, respectively (data not shown). cm™* can still be observed (Figure 1, inset). We are currently
This indicates the effectiveness of the sample preparationimplementing methods to study these bands in greater detail.
procedures. Figure 1B shows the same spectrum as in Figure 1A but

All FTIR spectra were recorded using a Bruker IFS/66 On an expanded scale. Also shown are the corresponding
FTIR spectrometer equipped with accessories allowing SPectra obtained using monomeric P7Q04nd trimeric
measurements from 30 000 c#(333 nm) to 700 cmt. PS P700-R; PS | particles. The spectra obtained using intact
| Samp|es were concentrated and Suspendedzm Dris trimeric P700-k& partiCleS were treated with PMS and
buffer, pH (not pD)~8.3. Approximately 20 mM ascorbate ascorbate instead of ferri/ferrocyanide. Identical spectra were
and lO/LM PMS (|n DZO) were added. Another approach7 also obtained USing PS | membrane fragments (data not
yielding identical results, was to incubate the sample in 1 shown). All three spectra in Figure 1B display bands at
mM ferricyanide and 1 mM ferrocyanide (in,D). The PS  Virtually identical frequencies.
| samples were placed between a pair of Cafdows, Figure 2A-C show the (P700A;~ — P700A) and (P700
separated using Teflon spacers. All experiments described— P700) FTIR DS obtained using P70Q-particles, in three
here were performed at room temperature (RT). The absor-spectral regions. The (P708,~ — P700A) spectrum was
bance of the sample in the cell wa®.7—1.2 at the peak of  obtained using P700-/particles in the presence of ascorbate
the amide | absorption band (about 1653 émSixty-four and PMS. The (P700— P700) spectra in Figure 2 are taken
interferograms were collected before, during, and after light from Figure 1A. The (P700— P700) spectrum was scaled
excitation fran a 5 mWhelium—neon laser. Identical results  to the (P700A;~ — P700A) spectrum to produce a similar
were obtained using a white light source that had been bluebleaching at 1697 cm. The two spectra show distinct
(665 nm long-pass) and heat filtered (20 cm of water). The differences. These differences are a result of reduction of
spectra collected before illumination were ratioed directly A;. By direct subtraction of the (P700- P700) spectrum
against the spectra collected during and after illumination. from the (P700A;~ — P700A) spectrum, an IR difference
Thus, the absorption spectra collected represent true DS. Fospectrum (DS) associated with only Peduction is obtained.

PS I samples incubated in ferri/ferrocyanide, several spectraThe (A~ — Aj) light-induced FTIR DS is also displayed
were collected after excitation, since P70@as a lifetime in Figure 2A—-C. When the (P700A;~ — P700A) DS is
of minutes. For PS | samples incubated in PMS/ascorbate,scaled to the 1697 cm band in the (P700 — P700)

MATERIALS AND METHODS
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FiGure 1: (A) (P700" — P700) FTIR DS in the 5006700 cnt1? c

spectral region, obtained using trimeric P700RS | particles

treated with equimolar ratios of ferri- and ferrocyanide. Inset:

Expansion of the 1168700 cnt?! spectral region. (B) (P700—

P700) FTIR DS in the 17501550 cn1? spectral region, obtained o

using three types of PS | particles. The DS for the monomeric P700- 2 I
1x10°

1379.5
- 1344.9
1298.0

Fx PS | particles was obtained using equimolar ratios of ferri/ferro-
cyanide. The spectrum for the trimeric P70QgFPS | particles
was obtained using PMS and ascorbate. The spectra have been

scaled to produce similar bleachings at 1697 &rtach spectrum (P700°A - P700A )

1242.4

is obtained from a single sample and is the averaget#800  ----- (P700" - P700) @3
interferograms. T aa | 82 |

1400 1350 1300 1250 1200 1150 1100
spectrum, direct subtraction yields a flat baseline in the wavenumber (m')
2000-5000 cn1* spectral region (not shown). Importantly,  Fgure 2: (A) FTIR DS in the 1756-1500 cnt spectral region.
the (A~ — Aj) spectra in Figure 2B,C are virtually (P700" — P700) DS from Figure 1A«(+). (P700°A;~ — P7004)

unaffected by the precise scaling and subtraction procedure spectrum obtained using trimeric P70Q-RS | particles £ - —).
since the (P700— P700) spectrum is relatively featureless (P700°A:~ = P700A) minus (P700 — P700) double DS, labeled

; . (A1~ — A1) (—). The same three spectra are shown in the (B)
in these spectral regions. ~ 1550-1400 cm® and (C) 1406-1100 cn? spectral regions. The
Negative bands are related to the ground state, while spectra were scaled to the (P78Q~ — P700A) spectrum to

positive bands are related to changes associated with theproduce a similar bleaching at 1697 thnThe (P700A,~ —
light-induced radical pair state. In the {A — A;) FTIR DS P700A) spectrum is averaged over five different samples. Each
in Figure 2, negative bands are observed, at 1680, 1662, ancgfgr%t;um’ from each sample, is the average 62 100 interfero-
1643 cnt. The 1643 cm? band displays a distinct shoulder '
near 1650 cm'. Between 1550 and 1400 ci(Figure 2B),
positive bands are observed at 1546, 1538, 1521, 1515, 1501C quinone ring), and 1597 ¢€C aromatic ring) cm*. The
1487, 1483, 1473, 1455, and 1445 dmNegative bands 1597 cn* band displays a distinct shoulder. Further bands
are observed at 1529, 1493, 1478, 1466, 1450, and 1415are observed at 1462 (Gkhodes), 1378 (Ckimodes), and
cmL. Below 1400 cm?, a strong negative band is observed 1329, 1296 cm! (C—C and G=C coupling from the double
at 1225 cm? (Figure 2C). ring). Also shown in Figure 3 are the time-resolved FTIR
Figure 3 shows the FTIR absorption spectrum of phyllo- DS obtained following UV-laser irradiation. Different spectra
quinone [vitamin K (vit-K4)] in THF, in the 1756-1250 are observed at different times after excitation (Figure 3
cmt spectral region. The spectrum is similar to that observed inset), indicating a rather complex photochemistry for vit-
in reference®5 and 26. In the CG=0 and G=C stretching Ky at room temperature. This complexity is discussed in
region, three bands are observed-a662 (C=0), 1620 (G= reference26 and will be discussed in a future article.
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features in the spectral regions considered here. If active
P700-k particles do “contaminate” the P700-Areparation,
only a contribution from P700would be expected. Since
P700 contributions are subtracted from the (P79~ —
P700A) FTIR DS to produce the (A — Aj) spectrum, it

is unlikely that any P700+Fparticles will affect the (A~

— A;) FTIR DS.

To obtain an (A~ — A;) FTIR DS, ascorbate and PMS
were used to donate electrons to P70Q is unlikely,
however, that contributions from these donors contribute to
: L 2 e the (A.~ — A1) FTIR DS presented in Figure 2: PMS in
0.5 min T ' Yy~ Q D,0 displays distinct absorption bands at 1627, 1606, 1554,

' 1398, 1370, and 1274 crh(G. Hastings, unpublished data),
as was also found from electrochemically generated AMS
L D B R T PMS FTIR DS 60). Such a pattern of negative bands is not

1700 1600 1500 1400 1300 observed in the spectra presented here. Ascorbatei D
absorbs strongly at 1590 cy with weaker bands at 1717,
Ficure 3: Absorbance spectrum of vitamim Kk THF (top) and 1464, 1415, and 1236 CTﬁ(G-' Hastings, unpyblished data).
time-resolved FTIR DS, obtained following a series of 20, 355 nm Again, such a band pattern is not observed |n_ Figure 2. FTIR
laser flashes at 10 Hz (bottom). The inset shows the time-resolvedSPectra for ascorbat&1) or the ascorbate anioi$%) have

Vitamin K_in THF

1720 1700 1680 1660 1640 1620 1600 1580
wavenumber (cm")

wavenumber (cm™)

FTIR DS at two time delays. been published but disagree with the pattern of bands found
by us.
DISCUSSION The (P700 — P700) FTIR DS has been obtained by

) several author2(/—32). There is agreement that the negative
(P700" — P700 FTIR DS.The bands in FTIR DS are  pangs at 1748 and 1735 cin(Figure 1B) are due to the
due to molecular group vibrations, and thus contain informa- ggter carbonyls (€0’s) of the chl-a molecules that constitute
tion with a high degree of molecular level specificity. The p7qq 07, 32. These bands upshift to 1754 and 1741 &m
fact that we observe identical (P706- P700) FTIR DS (ggpectively, upon cation formation (Figure 1B). The fact
using PS | membranes (not shown), detergent-isolatedynat there are two bands could indicate a dimeric nature for
monomeric or trimeric PS | particles, urea-treated P700-F p700. The fact that they absorb at different frequencies
particles, and urea/ferricyanide-treated P700particles  jngjcates different environmental perturbations on each of
indicates that (1) the detergent isolation treatment does Notine cni's of P700. The broad IR transition centered near 3500
result in molecular level perturbations of P700 or its -1 alsoindicates that P700 is not a single chl spe@@s (
immediate environment, (2) the harsh conditions imposed 47) Nabedryk et al.Z8) did not observe such an electronic
during urea/ferricyanide treatment to strig,FFa, and ks ransition, and suggested that the P700 cation radical was
from the PS | core do not perturb P700 or its binding site, |ocalized on a single pigment. Later the same authors did
and (3) monomeric and trimeric PS | particles have identical opserve such an electronic transition, and accordingly

DS. suggested that the P700 cation radical is, to some degree,
Fy is a 4Fe-4S complex which is ligated by a set of four delocalized over two chl’s.
cysteine residued {-4). Removal of k results in a total loss In Figure 1B a negative band at 1697 chis observed,

of the iron, while the labile sulfides become cross-linked to in agreement with other7, 29. The negative band at 1697
the cysteines4) that held the iron atomsxFemoval should cm ! is due to the 1Bketo carbonyl of oneZ7) or both
therefore affect the cysteine residues. However, these changegs1) of the chl-a molecules that are postulated to make up
would be expected to show up in comparison of (P760  P700. Breton et al.27) suggest that the 1697 cthband is
P700) DS obtained using P700-particles and more intact  due to a single chl-a keto=€0, that upshifts to 1718 cm
particles. No such changes were observed (Figure 1) in theypon cation formation, as it does in chl-a. The keto carbonyl
spectral regions considered here. of the other chl-a of P700 absorbs at 1639 &rand upshifts
The P700-A preparation could contain some P700-F to 1658 cm?® upon cation formation. The origin of the
particles. It could also contain some particles in which the positive 1687 cm! band is unclear.
quinone binding site is damaged, with the result that only Hamacher et al.31) studied PS | particles fror8. 6803
the P700A," state can form. It is doubtful, however, that and found a band at 1694 ctn This band is shifted by 3
these possibilities will affect the (P708,~ — P700A) cm ! (as are most of the other bands observe@linfrom
FTIR DS in Figure 2: First, when ET tosAs blocked, the the corresponding band at 1697 chobserved here. Hama-
P700 Ay~ state decays in-30 ns @) to form the triplet state,  cher et al. indicate that the differences are due to the fact
3P700, which subsequently decays in several microsecondghat they do not observe contributions from reduced-iron
(1, 2, 13. Therefore, it may be possible to photoaccumulate sulfur clusters. Our data would suggest that this interpretation
3P700 in a portion of “damaged” reaction centers. Phe is inappropriate because the P700 bands observed here do
P700 FTIR DS is well characterized, displaying a prominent not shift in any of the PS | samples studied, including the
difference band at 163%)/1594¢) cm™® (27). No such PS | particles that do not contain iresulfur clusters. The
changes are identifiable in the (P7@0~ — P700A) FTIR most likely explanation is that some oxidized chl-a also
DS in Figure 2A. Therefore, this possibility is ruled out. contributes to the (P700— P700) FTIR DS that was
Second, kreduction does not lead to observable difference generated electrochemicall@1).



An (A, — A;) FTIR Difference Spectrum in PS |

Phylloquinone B Phylloquinene A

N 1680
I 1455
H

W677B

W698A

1445

1680 20
Pt

O—H 4
C (f'“% f}'-;i
% 7] 0

o 7]

Biochemistry, Vol. 40, No. 12, 20013685

A more likely explanation for the 1680 crhband is that
it is associated with the carbonyl groups of. An THF,
phylloquinone G=0O'’s display a single absorption band at
1662 cm! (Figure 3). This implies a frequency upshift of
18 cn1? for the G=0 band of A in PS I. For hydrogen-
bonded carbonyls, a downshift is expected. So tkeOC
groups giving rise to the 1680 cthband are probably not
hydrogen bonded. Chlorophyll carbonyl frequency upshifts
are common upon cation formation; for example, the ester
carbonyl bands at 1748 and 1735 ¢nin Figure 1B are
upshifted upon cation formation. Upshifting carbonyl fre-
guencies upon semiquinone anion formation are quite
unusual, but it is unclear how the=€© frequencies of A
will be affected by ther-type interaction with tryptophan.

Ficure 4. Schematic describing a possible structural model derived Notice that in PS Il (Q— — Qa) FTIR DS, one of the &0

from the FTIR data. Phylloquinones A and B have been drawn to
represent the quinones dPsaAand PsaB but they could also

represent two distinct quinones on a single branch, in which cas
the amino acid numbering scheme would be invalid. The band
frequencies (in cmt) associated with particular structural elements

modes of @ is upshifted by 8 cm! relative to the

eplastoquinone-9 €0 frequency observed in vitr&8).

Phylloquinone &O'’s in vitro display a single absorption
band at 1662 cmt (Figure 3). In contrast, other quinones,

are indicated in rectangular boxes. The amino acids are arbitrarily such as ubiquinonef%) and plastoquinone$8), display

positioned.

The (A, — A;) FTIR DS in Figure 2 are a result of

two C=0 bands in vitro. When ubiquinones are reconstituted
into the Q. site in Rhodobacter (Rb.) sphaeroidetsvo
C=0 bands are still observed in the{Q — Qn) FTIR DS

changes due to phylloquinone anion formation. Band shifts (25). Interestingly, when vit-Kis reconstituted into the Q

associated with both the quinone and the binding pocket will

site inRb. sphaeroidegyvo C=0 bands, at 1651 and 1640

be present. As discussed above, protein band shifts of thecm™, are now observed in (Q — Qa) FTIR DS 5),

cysteines that could result from removal of ffom the

indicating a breaking of the symmetry of the=O bonds in

binding pocket are not present in the spectral regions vit-K; upon reconstitution, which likely result from dif-

considered here.

In the following discussion, we will refer to both carbonyls
of two different phylloguinones. For simplicity, we will refer
to the ground-state carbonyls @&8=0,, ,C=04, 1C=0g,
and ,C=0g. The right subscript refers to two different
quinones (A or B) that do not necessarily refer to HsaA
or -B branch. The left subscript refers to the two carbonyls
of one of the phylloguinones. We do not distinguish which
carbonyl is proximal to the phytyl chain. In addition, we
will refer to the semiquinone carbonyls g8—0a, 2C—0Oa,
1C—0p, andZC—OB.

The (A~ — A)) FTIR DS in the 17561500 cm* Spectral
Region.In Figure 2A, the most intense negative bands are
at 1680 and 1643 cm. The 1643 cm! band displays a slight
shoulder at 1650 crt. In (Qa~ — Qa) FTIR studies of
purple bacteria, negative bands abovd670 cm? are
generally related to protein vibrationd9-21, 25. The
intense 1680 cmt band could therefore be a protein
vibration(s) of residues that are tightly coupled to the
phylloguinones in PS I. The intensity of the 1680 ¢rband
is close to that of the keto=€0 of P700 at 1697 cn [see
the (P700A;~ — P700A) FTIR DS in Figure 2A]. If the
intense 1680 cimt band is a protein band, then it is unusually
strongly perturbed upon anion formation.

Recently the phylloquinones and their binding site in PS

| have been resolved at 2.5 A. The two phylloquinones are

ferential hydrogen bonding of both=€D’s (25, 49. In recent

in vitro studies of plastoquinone PQ-83), two modes were
assigned to the €0's, at 1652 and 1633 cm, in good
agreement with parallel normal mode calculatiosi’)(For
(Qa~ — Qa) FTIR DS of PS Il (Q in PS 1l is PQ-9), the
corresponding €O bands were observed at 1659 and 1631
cm i These considerations led us to assign the band
observed at 1643 criin the (A, — Aj) FTIR DS in Figure

2A to another &0 mode of A. The frequency of the mode

is compatible with a hydrogen-bonded=O mode, and it is
likely that this mode corresponds to the hydrogen-bonded
carbonyl observed in the 2.5 A crystal structure.

The intensity of the 1680 cm band could result from a
single quinone carbonyl (in the state P78Q"), or it could
result from two carbonyls absorbing at the same frequency
(i.e.,1C=04 and;C=0g). The latter interpretation is favored
because it results in the most coherent model for all the data
(see below). The intensities of the phylloquinorre@ bands
at 1680 cm? are near that of the keto=€D of P700. In
FTIR spectroelectrochemistry studies, it has been found that
the extinction coefficients of quinone=€D bands are about
half that of bchl keto &0 bands in vitro 87). However,
from comparison of (FQa~ — PQy) and (Q~ — Qa) FTIR
DS from purple bacteria, it is found that the donor and
acceptor €O bands have similar intensit2(@).

If we assign the 1680 cm band to one carbonyl mode

arranged pseudosymmetrically, and have tryptophan residueof two distinct phylloquinones in PS 1§=0,, 1:C=0g),

mr-stacked on both branches. In addition, one carbonyl of eachthis would indicate a high degree of symmetry between the
phylloquinone is hydrogen bonded to a backbone NH (N. two phylloquinones, since the carbonyls absorb at identical
Krauss, personal communication; see Figure 4). The mostfrequency. It also indicates that two phyllosemiquinones are
likely residues to be strongly perturbed upon anion formation photoaccumulated in PS | under the conditions used here.
are therefore the tryptophan residues (W698/W67 P saA Continuing with this interpretation, the broad band at 1643
B). However, tryptophan and its associated indole ring do cm™ and the shoulder near 1650 chrould be due to the
not display IR absorption near 1680 ch{43). other C=0 groups of the two phylloquinonesG=0Oa,,
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2C=0g). The band at 1650 cni is reduced in intensity due
to overlap with the positive band at 1657 tin

Hastings and Sivakumar

reconstituted with vit-K in the Q. site. Upon anion forma-
tion, three very clear bands were observed at 1478, 1444

This 1650 cm* band (shoulder) is the only band discussed 1438, and 13921388 cn1! in (Qa~ — Qa) FTIR DS for
in this paper that is dependent on the subtraction procedureboth Rp. viridis and Rb. sphaeroidegvit-K ; reconstituted)

Changing the scaling factor of the (P706- P700) FTIR
DS in Figure 2A, the 1650 cm feature can vary from a

(25). The 1444-1438 cm! mode was assigned to a
predominantly G-O mode, with some €C character. The

weak shoulder to a relatively intense negative band. There-other two bands were assigned to modes with predominantly
fore, we believe there is a distinct negative band near 1650C—C characterZ5).

cmtinthe (A — Ay FTIR DS.
The different frequencies @€=0, (1643 cnT?, say),.C=
Og (1650 cn1?, say) indicate differing environments for each

It is difficult to explain the multiple bands observed in
the 1556-1400 cm! spectral region, based on anion
absorption from a single quinone. In{Q — Qa) FTIR DS

of the carbonyls. The frequencies are close to that found for from Rps. viridis, only three positive bands are observed

either carbonyl of @ in Rb. sphaeroideg25). In Rb.
sphaeroidedoth G=0’s of Q4 are hydrogen bonded9).
This could indicate that the carbony€=0, and ,C=0g
are hydrogen bonded to backbone NH groy@s=0O, and
,C=0g absorb at different frequencies (1650 or 1643 &m

upon anion formation (see above). If it is assumed that two
distinct phylloquinones in PS | are involved in ET, then at
least six positive bands would be required to describe the
(A1~ — Ay FTIR DS in Figure 2B.

In Rps.viridis (and inRb. sphaeroideseconstituted with

so there appears to be differences in the environments ofvit-K;) (Qa~ — Qa) FTIR DS a single C-O band is

the hydrogen-bonded=€0’s. This could represent a source
of structural heterogeneity in the;Ainding site. It could

observed, 14441438 cm* (25). Similarly, a single band
at 1469 cm* was attributed to the semiquinone-O stretch

also indicate two separate phylloquinones on different in PS Il (Qu~ — Qa) FTIR DS (3). We could assign the
branches. The origin of the positive absorption bands at 16691455 and 1445 cnt bands in Figure 2B to two €0 modes

and 1657 cm! is unclear. One possibility is that they are
related to protein backbone shifts.
The (A — A;) spectra in Figure 2A are considerably

of a single quinone;C—0, and,C—0,). However, inRb.
sphaeroidesRC'’s reconstituted with vit-Kin the Q site
the two carbonyls of Qare in different environments, and

more complex than electrochemically generated semiquinonegive rise to G=O modes at different frequencies. However,

FTIR DS @37), or UV laser-induced DS (Figure 3). This

indicates that the phylloquinone binding site contributes
significantly to the spectra, and/or more than a single

phylloguinone, in slightly different environments, are in-
volved in the (A~ — A;) spectra. IrRb. sphaeroidesoth
Qa~ and @~ FTIR DS have been obtained. Both @nd

Qg are ubiquinones; however, the anion radical FTIR DS

are very different, indicating that the quinone vibrational
bands can be significantly modified by the environment.
ESEEM studies of A in 1>N-labeled PS | particles from

S. 6803ndicated that a tryptophan residue (W698 or W707

on PsaAand W677 or W686 orPsaB interacts with A,
possibly through ar-stacking interaction33). In addition,

there is weak evidence that a histidine (or asparagine or

only a single, semiquinone carbonyl mode is observed
(25). Similar conclusions were also drawn from recent
(Qa™ — Qa) FTIR DS of PS II. Only a single band, at 1469
cmt, was attributed to the semiquinone—O stretch.
However, two modes were assigned to tire@s at 1659
and 1631 cm! (53). Based on these observations, we
tentatively assign the 1455 and 1445 dmbands to
predominantly semiquinone -0 modes of two different
phylloguinones {C—0O, and;C—0g). The slightly different
frequencies of the €0 modes from different phylloquinones
could indicate slightly different environments for the two
semiquinone carbonyls. It could also indicate slightly dif-
ferent coupling strengths to phylloquinone-C modes.

With the above assignment, and following the assignments

glutamine) is hydrogen bonded to one of the carbonyl in Rps.viridis, the 1487 and 1483 (or possibly the 1473)

oxygens of A (33) [see also van der Est et al34)].
Molecular modeling studies d8. elongatug35) indicated
that the tryptophan/tyrosine pair at 698/696 RsaAcould
be important for A binding. Changes due to phylloquinone

cm™? bands can be assigned to modes with mainlyCC
character 2Z5) on either phylloquinone. In addition, we can
assign the 1396 and 1381 cinbands (Figure 2C) to
predominantly C-C modes of two different phylloquinones

anion formation may therefore strongly affect these residues(25). The above assignments are based upon analogy with

in PS | (see below)

The (A~ — Ay) FTIR DS in the 15561400 cnm* Spectral
Region.In Figure 2B, the (P700 — P700) FTIR DS is
relatively flat and featureless. This indicates that virtually
all of the differences between the (P706- P700) and
(P700A;- — P700A) FTIR DS are due to changes
associated with & formation. The most intense positive
bands are at 1473, 1455, and 1445 énTwo peaks are
also observed at 1487 and 1483 dmand smaller bands
are observed at+1431 and 1421 cni.

Quinone anions are well-known to give rise to IR
absorptions in the 15601400 cn1? region 36—42, 53. In
Rhodopseudomonas (Rpididis, a menaquinone (similar to
vit-K ;) occupies the @site. (i~ — Qa) FTIR DS forRp.
viridis were found to be very similar to ( — Qa) FTIR
DS obtained usingRb. sphaeroidefRC’s that had been

purple bacterial systems, and we have not considered possible
contributions from amino acid residues, such as glutamic
acid, tyrosine, or tryptophan (see below). The main justifica-
tion for this is that only quinone modes are clearly observable
in the 1400-1500 cm? spectral region inRps. viridis

(Qa~ — Qa) FTIR DS.

With these assignments, the conclusion is that two
spectrally distinct phylloquinones are photoaccumulated, at
least in the P700-Aparticles used here. In addition, the
environments 0fC=0, and,C=0, (and;C=0g, ,C=0g)
are radically altered (they absorb at 1680 and 1643'cm
for phylloguinone A or at 1680 and 1650 cifor phyllo-
quinone B; see Figure 4). There is strong evidence from EPR
spectroscopy33—35) supporting the latter point. The former
point could indicate that both phylloquinones in PS | are
involved in ET. This is a radical conclusion but has some
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merit. Recently, Joliot and Joliol§) have suggested that underlying P700 and its binding pocket are unaffected by
ET in PS | involves two distinct phylloquinones. In these the treatment (see above), from transient EPR studies it was
experiments, the authors were unable to distinguish betweenfound that the spectrum of the P7Q0,~ state differed
a model involving bi-directional ET and a model involving somewhat when obtained using P700sFor P700-k
some heterogeneity in the Ainding site (with a single active  particles, compared to P700-particles 64). Based on this
branch). Recently, however, the kinetics of phylloquinone observation, it was suggested that removalo€éuld result
reoxidation have been studied in mutants where the tryp- in changes of the protein environment around Fhe fact
tophans at 693/673 dPsaAPsaB(C. reinhardtiinumbering) that A; is susceptible to dark reduction by dithionite in P700-
are replaced by phenylalanines. These results have provided\; particles (4), but not in more intact particles, also
stronger evidence that the ET process in PS | is bi-directional,indicates some modification to the;Ainding site upon
involving quinones on both branches (K. Redding, personal removal of K.
communication). Although some alteration to the;/Ainding site is likely
Protein Contributions to the (A — A;) FTIR DS.In the upon K removal, no specific modifications have been
(A1~ — Ay FTIR DS, two intense, asymmetrical, negative suggested. Here we have identified several protein contribu-
bands are observed at 1415 (Figure 2B) and 1225%'cm tions to the (A~ — A;) FTIR DS. At present, it is unclear
(Figure 2C). Bands at these frequencies are well-known to what extent these protein contributions could result purely
“marker bands” for protonated carboxylic acid grougéd)( from the isolation procedure. For example, we cannot rule
If these bands are due to COOH side-chain vibrations, thenout the possibility that the protonated glutamic acid residue
the band at 1415 cmis due to an in-plane ©H bend while discussed above is a consequence of greater solvent acces-
the 1225 cm' band is due to a €0 stretch 44). The small sibility, induced upon removal of # The protein modes
negative band at 1717 (or 1702) chin Figure 2A could observed in the DS are the ones that are related to molecular
be due to the carboxylic acid=€0 stretch 44, 45. These structures that are perturbed due to the presence of an electron
considerations suggest that residues such as Glu (E) or Aspn phylloquinone, and hence these molecular structures are
(D) are affected by A" formation. Conserved glutamic acid in close proximity to the phylloquinone(s). We cannot rule
residues close to the phylloquinones are found at E699 andout the possibility that some of these protein structural
E702 onPsaA and at E679 and E682 dnsaB (here we components have been moved into the vicinity of the
have used the numbering fradf elongatussee, for example,  phylloquinone(s) due to modifications resulting from F
Figure 1in35). The Kr of polyglutamic acid is~5.1 @1). removal. Likewise, we cannot rule out the possibility that
At physiological pH, therefore, glutamic acid is expected to the two spectrally distinct phylloquinones observed here
be ionized. Electrostatic interactions with residue side chainsresult from protein modifications induced upox fémoval.
could modify the Kgr, however. For example, a possible To test these possibilities, it is necessary to probe the
hydrogen bond from the conserved tyrosine residues at Y696P700°A;~ radical in particles containingx=Unfortunately,
on PsaAand Y676 onPsaBcould also contribute to partial it is impossible to photoaccumulate this state at room
protonation of the glutamic acid side group. Thi€rpof temperature in P700x or P700-kk PS | particles. It is
tyrosine is 10.46 48). The protonation of glutamate by possible to photoaccumulate Aat low temperature; how-
tyrosine is therefore energetically unfavorable, with a free ever, it will still be difficult to unambiguously clarify if the
energy of +60—80 kJ/mol. Electrostatic factors favor observed spectral features are a result of the procedure used
hydrogen bondingAG ~ —10—-40 kJ/mol), however. In  to produce the & radical rather than an intrinsic property
addition, other geometric and hydrophobicity factors could of the PS | particles. To circumnavigate this possible
also favor hydrogen bonding. Hydrogen bonding from the ambiguity, we are utilizing time-resolved FTIR spectroscopy
OH of tyrosine to one of the oxygens of the carboxylate will to produce P700A;~ FTIR DS in intact PS | particles.
lead to increased carboxylic acid character of the glutamic The complexity of the phylloquinone binding site could
acid side chain. This would then provide an explanation for help explain some of the unusual properties of RAirst, A
the bands at 1415 and 1225 cin Measurements as a is reduced in~21 ps 6). This is an order of magnitude more
function of pH are being undertaken to investigate this point. rapid than the corresponding process in any other photo-
The Y696/W698 pair orPsaA (or Y676/W677 onPsaB system. It is not clear if the amino acids involved in the A
has been suggested to be an important combination;in A binding site are located betweer &nd A, or between A
binding 35). Here we suggest that the Y696/W698/E699 and k. The precise locations of the amino acids could have
combination orPsaAand the Y676/W677/E679 combination  significant influence on the observed rate of ET fromté
on PsaBare important for Abinding and ET. Two lines of  A;.
evidence could indicate that the above Y/W/E amino acid Second, A has an unusual redox potential. The midpoint
combination is involved in phylloquinone binding on both potential of A is ~—800 mV, compared te-100 mV for
branches. First, all three amino acids are conserved betweermhylloquinone in vitro 46). This in itself indicates strong
PsaAandPsaB Second, the 1415 and 1225 chibands are interactions between the protein ang Rerhaps the amino
broad, with shoulders (at 1407 and 1221 épwhich could acids outlined above contribute to the generation of the
indicate two components underlying the bands. Thus, it is extreme A redox potential. FTIR spectroscopy, in combina-
tempting to speculate that the photoaccumulated spectration with site-directed mutagenesis, can be used to probe
presented here are a consequence of bi-directional ET in PS Ithe A binding site in PS | further. The amino acids described
The production of (A~ — A;) FTIR DS as described here  above represent the most likely candidates for initial site
relies on the use of harsh biochemical preparation proceduresnutations.
to produce PS | particles that have been stripped of the Summaryltis very difficult to explain all of the IR bands
terminal iron—sulfur clusters. Although the molecular details in all of the spectral regions based on only two carbonyls of
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one phylloquinone. The most likely explanation for all of
the FTIR DS, presented here, is that two structurally distinct
phylloquinones are photoaccumulated in PS I. These distinct
phylloquinones could be the phylloquinones onfsaAand
PsaBbranches. A partially protonated glutamic acid residue
is perturbed upon Aanion formation. The protonation state

is likely influenced by hydrogen bonding to a nearby tyrosine
residue. It is possible that signals from two glutamic acid

and tyrosine residues are observed. Both the tyrosine and
glutamic acid residues are conserved on both branches, and
this again could suggest that both phylloquinones in PS | 26.

are

photoreduced. This in turn could indicate that ET in PS

| involves both branches.
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