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ABSTRACT A phylloquinone molecule (2-methyl, 3-phytyl, 1, 4-naphthoquinone) occupies the A1 binding site in photosystem
1 particles from Synechocystis sp. 6803. In menB mutant photosystem 1 particles from the same species, plastoquinone-9
occupies the A1 binding site. By incubation of menB mutant photosystem 1 particles in the presence of phylloquinone, it was
shown in another study that phylloquinone will displace plastoquinone-9 in the A1 binding site. We describe the reconstitution of
unlabeled (16O) and 18O-labeled phylloquinone back into the A1 binding site in menB photosystem 1 particles. We then produce
time-resolved A�

1 =A1 Fourier transform infrared (FTIR) difference spectra for these menB photosystem 1 particles that contain
unlabeled and 18O-labeled phylloquinone. By specifically labeling only the phylloquinone oxygen atoms we are able to identify
bands in A�

1 =A1 FTIR difference spectra that are due to the carbonyl (C¼O) modes of neutral and reduced phylloquinone. A
positive band at 1494 cm�1 in the A�

1 =A1 FTIR difference spectrum is found to downshift 14 cm�1 and decreases in intensity on
18O labeling. Vibrational mode frequency calculations predict that an antisymmetric vibration of both C¼O groups of the
phylloquinone anion should display exactly this behavior. In addition, phylloquinone that has asymmetrically hydrogen bonded
carbonyl groups is also predicted to display this behavior. The positive band at 1494 cm�1 in the A�

1 =A1 FTIR difference
spectrum is therefore due to the antisymmetric vibration of both C¼O groups of one electron reduced phylloquinone. Part of a
negative band at 1654 cm�1 in the A�

1 =A1 FTIR difference spectrum downshifts 28 cm�1 on 18O labeling. Again, vibrational
mode frequency calculations predict this behavior for a C¼O mode of neutral phylloquinone. The negative band at 1654 cm�1 in
the A�

1 =A1 FTIR difference spectrum is therefore due to a C¼O mode of neutral phylloquinone. More specifically, calculations on
a phylloquinone model molecule with the C4¼O group hydrogen bonded predict that the 1654 cm�1 band is due to the non
hydrogen bonded C1¼O mode of neutral phylloquinone.

INTRODUCTION

In photosynthetic oxygen evolving organisms, two photo-

systems called photosystem 1 (PS1) and photosystem 2 (PS2)

capture and convert solar energy independently (but coop-

eratively) (1,2). PS2 uses light to catalyze the oxidation of

water, with the subsequent liberation of molecular oxygen

(3). The solar conversion processes in PS2 are responsible for

the earth’s oxygen rich atmosphere. PS1 uses light to catalyze

the formation of reducing products (NADPH) that are ulti-

mately used to assimilate carbon dioxide into larger complex

organic molecules (glucose).

PS1 is an enzyme that uses light energy to catalyze the

transfer of electrons, via a series of acceptors, across a

membrane from plastocyanin to ferredoxin (4). In PS1, light

energy is captured and transferred rapidly to a centralized

pigment molecule called P700. P700 is a dimeric chloro-

phyll-a species. Excitation of P700 results in transfer of an

electron from P700 to a nearby acceptor called A0 (A0 is also

a chlorophyll-a species). In ,30 ps, the reduced acceptor,

A�
0 , transfers the electron to a secondary electron acceptor

called A1. In this way the photogenerated radical pair state is

stabilized.

A1 is a phylloquinone (PhQ) molecule (2-methyl, 3-phytyl,

1,4-naphthoquinone) (5). This PhQ molecule has a mid-

point close to �800 mV (6–8). This makes the A1 PhQ one

of the most reducing quinones in biology. This unprece-

dented redox potential is in part a result of interactions of

PhQ with the surrounding protein environment. The crystal

structure of PS1 at 2.5 Å provides a detailed view of the

amino acids surrounding the PhQ cofactor, and suggests

several possible pigment-protein interactions (9,10). Fig. 1

shows a view of the PhQ molecule bound to psaA (denoted

A1-A) and several of the surrounding amino acids. The B-side

is very similar. The indole ring of TrpA697 (Synechococcus
elongatus numbering scheme) isp-stacked with the PhQ ring

plane. The hydroxyl side chain of SerA692 could be hydro-

gen (H)-bonded to the backbone oxygen of MetA688,

whereas the indole NH group of TrpA697 could be H-bonded

to the hydroxyl oxygen of SerA692. The crystal structure

(Fig. 1) suggests that the C1¼O group of PhQ is probably not

H-bonded whereas the C4¼O of PhQ is H-bonded to the

backbone NH group of LeuA722. MetA688 also ligates the

central magnesium atom of the A0 chlorophyll-a (see Fig. 1 in

(11) for further details).

The 2.5 Å crystal structure provides a view of PS1 in the

ground state. It is likely that some of the molecular groups

detailed in Fig. 1 are modified on A�
1 formation. X-ray

crystallography provides no information on this excited
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radical state, however. A molecular specific probe of the

radical (anion) state is therefore required. Fourier transform

infrared (FTIR) difference spectroscopy (DS) is such a probe

(12–14), and, when undertaken in a time-resolved manner,

A�
1 =A1 FTIR DS can be obtained (11,15,16).

We have been using time-resolved step-scan FTIR DS re-

cently to produce A�
1 =A1 FTIR DS for unlabeled and isotope

labeled PS1 particles at 77 K (11). Experiments at 77 K were

necessary to slow the P7001A�
1 recombination reaction into

the hundreds of microseconds regime (17). Recent magnetic

spectroscopy experiments on PS1 particles from Chlamydo-
monas reinhardtii may indicate that under these conditions

(77 K) that we are only able to study the PhQ electron ac-

ceptor on the psaA side of the reaction center, because the

psaA is suggested to be the only active branch at 77 K (18).

We have also obtained time-resolved A�
1 =A1 FTIR DS for

PS1 particles that have a modified PhQ species occupying the

A1 binding site (19), or contain a completely different qui-

none species (plastoquinone 9 (PQ9)) in the binding site (20).

These later studies were undertaken using the so-calledmenB
mutant PS1 particles from Synechocystis sp. 6803 (21). Using
menB PS1 particles, it has been shown that it is possible to

replace PQ9 in the A1 site with PhQ, by incubating the iso-

lated particles in a large molar excess of PhQ (20,22). PhQ

clearly has a much higher affinity for the binding site than

PQ9. We have shown that A�
1 =A1 FTIR DS obtained using

PhQ reconstituted menB PS1 particles are very similar to that

obtained using wild-type PS1 particles, suggesting that the

introduced PhQ is incorporated into virtually all of the re-

action centers, completely displacing PQ9 (20). This con-

clusion was also reached in recent EPR experiments (20,22).

Based on the A�
1 =A1 FTIR DS we have obtained for PS1

particles under a variety of conditions, we have been able to

propose assignments for several of the bands in the spectra.

However, there are still lingering doubts and ambiguities

concerning the assignment of bands in the FTIR DS. This is

not uncommon in FTIR DS of photosynthetic systems (12).

To discriminate between bands that are associatedwith PhQ

in the A1 binding site, or bands that are associated with other

pigments or protein amino acids, it is desirable to compare

FTIRDS obtained on PS1 particles that contain unlabeled and

specifically labeled PhQ. Such an approach has been used to

gain a detailed understanding ofQ�
A=QA andQ

�
B=QB FTIRDS

obtained using purple bacterial reaction centers, in which the

native quinone is swapped for one that has specifically labeled

oxygen or carbon atoms (23–26). Using menB PS1 particles

allows us to incorporate labeled PhQ into the A1 binding site

and therefore provides us with a means to distinguish protein

bands from pigment bands in A�
1 =A1 FTIR DS.

To help understand spin polarized transient EPR data as-

sociated with A�
1 formation, Pushkar et al. (22) have also used

menBPS1 particles in which specifically 13C labeled 2-methyl

naphthoquinones were incorporated into the A1 binding site.

The studies of Pushkar et al. (22) showed that the incorporated

2-methyl naphthoquinone is asymmetrically hydrogen bonded.

This result is considered explicitly in our density functional

theory (DFT) calculations outlined below, where we calcu-

late the vibrational properties of a PhQ model that has only

one of the carbonyl oxygen atoms hydrogen bonded.

In this study, we describe the preparation of 18O-labeled

PhQ and its incorporation into menB PS1. We then present

A�
1 =A1 FTIR DS obtained using these PS1 particles con-

taining 18O-labeled PhQ. Difference bands that are impacted

by the labeling are most likely associated with modes of PhQ/

PhQ�, or amino acid groups that can hydrogen (H) bond to

the quinone oxygen. In this way we can unambiguously

distinguish bands associated with these modes from all

others. A priori, it is not at all obvious how bands will shift,

and how their intensity will change, on 18O labeling of PhQ.

With this in mind we have used DFT to calculate the

harmonic vibrational mode frequencies of unlabeled and
18O-labeled PhQ and PhQ�model systems.We show that the

calculated isotope induced band shifts and intensity changes

match the experimentally observed changes very well.

MATERIALS AND METHODS

Preparation of 18O-labeled PhQ

18O-labeled PhQ was prepared as described previously (25). Briefly, 20 mg

of vitamin K1 was mixed with 500 mL of a solution containing 70%

FIGURE 1 A view of A1-A and its environment. Possible H-bonds are

shown as dashed lines. The B-side binding site is very similar. The carbonyl

oxygen atoms of A1-A are labeled 1 and 4. The various oxygen and nitrogen

atoms of the protein backbone and amino acid side chains are also labeled.

Figure generated using Swiss PDBViewer (35) from the crystallographic

coordinates of PS1 at 2.5 Å resolution (9) (PDB file accession number

1JB0).
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tetrahydrofuran (THF) (HPLC grade), 12% trifluoroacetic acid, and 18%

H18
2 O ðv=vÞ: Vitamin K1, tetrahydrofuran, and trifluoroacetic acid were from

Sigma-Aldrich (St. Louis, MO) and were used as received. H18
2 O with an

isotopic purity .98% was obtained from Cambridge Isotope Laboratories

(Andover, MA). The mixture was incubated under argon at 4�C for 14 days.

After this incubation period, samples were dried under a flow of nitrogen gas

at room temperature. Dried samples were resuspended in THF and used

immediately or stored in ethanol at �83�C until further use. 18O-isotopic

incorporation into PhQ was estimated from FTIR absorption spectra of la-

beled and unlabeled PhQ in THF (see below). Such FTIRmeasurements have

been directly correlated with mass spectroscopic analysis in the past (25).

Preparation of PS I particles and incorporation of
PhQ into PS I

MenBmutant trimeric PS1 particles were prepared using standard procedures

(27). To incorporate PhQ back into the A1 binding site, menB mutant PS1

particles were incubated in the presence of a large molar excess of unlabeled

or labeled PhQ (dissolved in ethanol) as described previously (20).

FTIR absorption spectra of labeled and
unlabeled PhQ

For FTIR absorption measurements of PhQ in THF, PhQ was first dried

under nitrogen and resuspended in THF. This sample was then partially

dried to decrease the intensity of THF bands in the acquired spectrum. The

thickness of the sample was also adjusted so that the band at 1662/1634 cm�1

in the unlabeled/labeled spectrum has an optical density of;0.7. A spectrum

of pure THF was used to interactively subtract the well known THF bands

present in the PhQ spectrum. In this was a spectrum of pure PhQ was

obtained.

Static (light-induced) FTIR procedures

Before time-resolved measurements were undertaken, light-induced P7001/

P700 FTIR DS were recorded. For these measurements, a 20 mW, helium-

neon laser was used for light excitation. Sixty-four interferograms were

collected before, during, and after light excitation. The spectra collected

before illumination were ratioed directly against the spectra collected during

illumination, as described by Wang and colleagues (28). There was usually

a delay of;60 min between static and time-resolved measurements at 77 K,

in which the helium-neon laser is removed and a YAG laser is incorporated,

and the system is realigned.

Time-resolved FTIR procedures

Time-resolved step-scan FTIR experiments with 5 ms time resolution, at

77 K, were undertaken as described previously (11). Briefly, A�
1 =A1 FTIR DS

were constructed by subtracting photo-accumulated P7001/P700 FTIR DS

(at 77 K) from time-resolved P7001A�
1 =P700A1 FTIRDS collected between

0–45ms after a laser flash at 77 K (11) (see SupplementaryMaterial, Data S1,

for more details).

Density functional theory based vibrational
frequency calculations

Molecular geometry optimizations and harmonic vibrational mode frequency

calculations were carried out using hybrid DFT methods, using the B3LYP

functional and the 6–311G(d) method within Gaussian 03 (Gaussian,

Wallingford, CT) (29). Such methods have been shown to accurately model

the vibrational properties (and other physical properties) of neutral and re-

duced quinones (30).

Assignment of calculated vibrational frequencies to molecular groups is

somewhat subjective, as modes are assigned by visual identification of the

molecular groups that most prominently contribute to the vibration. This

visual identification is carried out using the software GaussView 3 (Gaus-

sian), in which the atomic motions associated with each of the vibrational

modes can be displayed (30).

Calculated normal mode frequencies presented here have been scaled by

0.965. Such a scaling is appropriate for calculations at this level (31). Such a

scaling is used purely for convenience so that the calculated and experi-

mentally derived frequencies are similar. However, we are primarily inter-

ested in vibrational frequency changes that occur on isotope labeling, or on

radical anion formation. We have shown previously that these frequency

differences are accurately calculated without scaling (30,32), presumably

because the same errors are inherent in both calculations, and cancel when

the difference is taken. The scaling of calculated frequencies is of no con-

sequence as far as the work presented here is concerned, and is used purely

for convenient comparison of experimental and calculated frequencies.

Normal mode frequencies and intensities are calculated. With both the

frequency and intensity information infrared ‘‘stick’’ spectra can be con-

structed. By convolving these stick spectra with a Gaussian function of

4 cm�1 bandwidth, more realistic-looking spectra are obtained, which we

will call absorption spectra.

RESULTS AND DISCUSSION

Experimental and calculated IR absorption
spectra for unlabeled and 18O-labeled PhQ

Fig. 2 A shows experimental FTIR absorption spectra ob-

tained for unlabeled (marked as 16O) and 18O-labeled PhQ in

THF. The bands at 1462 and 1377 cm�1 are due to dCH2 and

dCH3 modes of the phytyl chain. The 16O and 18O spectra

support this assignment as they show that the 1462 and 1377

cm�1 bands are not impacted by 18O labeling. Therefore, the

two bands at 1462 and 1377 cm�1 were used for normali-

zation of the labeled and unlabeled spectra. For unlabeled

PhQ the three bands at 1662, 1619, and 1597 cm�1 are due to

the antisymmetric C¼O stretching of both C¼O groups, the

C2¼C3 stretching (see inset in Fig. 2 for numbering), and

C¼C stretching of the aromatic part of the naphthoquinone

ring, respectively (30). In Fig. 2 A it can be seen that a band is

still found at 1661 cm�1 after 18O labeling. This band is re-

duced in intensity by ;70% compared to the 1662 cm�1

band in the unlabeled spectrum. Virtually identical IR ab-

sorption spectra were also reported previously for unlabeled

and 18O-labeled PhQ (25). By subtracting ;30% of the un-

labeled spectrum from the labeled spectrum, we derive a pure

spectrum for 18O-labeled PhQ. This spectrum is shown in

Fig. 2 B (solid line). The unlabeled PhQ absorption spectrum

is shown overlaid (dotted line) for comparison. The 1662,

1619, and 1597 cm�1 bands in the unlabeled PhQ absorption

spectrum downshift 28, 8, and 4 cm�1 on 18O labeling, re-

spectively (Fig. 2, A and B).
A small derivative feature is still observed at ;1666(�)/

1656(1) cm�1 in the ‘‘corrected’’ 18O-labeled spectrum

(Fig. 2 B). Such a feature has been observed previously in IR
spectra derived from unlabeled and 18O-labeled dimethyl

naphthoquinone (DMNQ) (33). DMNQ is the same as PhQ

except that the phytyl chain is replaced with a methyl group.

18O-Labeled Phylloquinone in PS1 4385
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The same behavior was also observed for PhQ (33). This

1666/1656 cm�1 derivative feature in the corrected 18O-labeled

spectrum in Fig. 2 B arises from a portion of PhQ mol-

ecules that bear an 18O label on only one of the two carbonyl

groups (33). From mass spectroscopic analysis of DMNQ it

is found that the 18O labeling procedure used here results in

54% of the quinones bearing an 18O label on both carbonyls,

38% bearing an 18O label on only one carbonyl, and 8% of

the molecules have both carbonyls unlabeled (33). In sum-

mary, our labeling procedure results in;72% of the carbonyl

groups being 18O labeled. The 1662 cm�1 band in the

spectrum for unlabeled PhQ is due to the asymmetric vibra-

tion of both C¼O groups (30). The 1661 cm�1 band left after
18O labeling is due in part to the C¼O mode of PhQ mole-

cules that carry no label (8%), and partly to the unlabeled

C¼O in PhQmolecules bearing a single label. The 1634 cm�1

band in the 18O-labeled spectrum is therefore due to PhQ

molecules that have both carbonyls 18O labeled, and to the
18O-labeled C¼Omode in molecules that bear a label on only

one of the carbonyl groups.

Calculated spectra for an unlabeled (16O) and 18O-labeled

PhQ model molecule (Fig. 2, inset) are shown in Fig. 2 C. As
described in Materials and Methods, these spectra were

constructed from calculated stick spectra that were convolved

with a Gaussian function of 4 cm�1 bandwidth, as described

previously (30). The calculated spectra in Fig. 2 C are very

similar to the experimental spectra in Fig. 2 B. Calculated 18O

labeling induced downshifts of the three most intense bands

are 28, 7, and 3 cm�1 (Table 1 and Fig. 2 C). These calcu-

lations agree extremely well with experimental observations

(Fig. 2 B) (notice that in the simple harmonic oscillator ap-

proximation, a C¼O mode at 1662 cm�1 is predicted to

downshift 40 cm�1 on 18O labeling, rather than 28 cm�1). For

better comparison of the calculated and experimental spectra,

the frequency axis of the calculated spectra in Fig. 2 C was

scaled by a factor of 0.965. As pointed out above, however,

the actual scaling factor is unimportant. We are specifically

interested in isotope induced frequency shifts and anion

minus neutral frequency shifts, and these shifts are accurately

calculated without scaling. For the unlabeled PhQ spectrum

in Fig. 2 C the 1661 cm�1 band is due to the combined an-

tisymmetric vibration of the C1¼O and C4¼O groups. The

calculated 1661 cm�1 mode has an intensity of 369 km/mol

(stick intensity) (30). On 18O labeling the C¼O vibrations

uncouple. Both have about the same frequency (1632 cm�1)

with the C1¼O/C4¼O mode having an intensity of 183/119

km/mol, respectively. The combined intensity is 302 km/

mol, which is an 18% intensity decrease for the original

combined antisymmetric C¼O vibration (Table 1).

The calculations outlined in Fig. 2 C predict that the anti-

symmetric C¼O mode of PhQ will decrease in intensity (by

;18%), whereas the quinonic and aromatic C¼C modes of

PhQ will increase in intensity by 17% and 70% on 18O la-

beling, respectively (Table 1). From the spectra in Fig. 2 Bwe

see that the antisymmetric C¼O mode intensity decreases by

;24%while the quinonic and aromatic C¼Cmodes increase

in intensity by ;18% and ;58%. Clearly, our gas phase

calculations reproduce well the experimentally observed

isotope induced band intensity changes for PhQ in THF

(Table 1, this is also obvious from comparison of the spectra

in Fig. 2, B and C). In particular, our calculations predict

opposite isotope-induced intensity changes for the C¼O and

C¼C modes of neutral PhQ. This prediction could be of high

diagnostic value. Why there are opposite changes in inten-

sity of different modes is not a trivial question. It should be

pointed out, however, that we are considering complex vibra-

tions of several atoms (all atoms in the molecule contribute to

each mode to some degree), and assigning this complex vi-

bration to a single molecular group that contributes most (30).

In addition, the actual mode composition for any mode in the

unlabeled and labeled calculations is not identical. Clearly,

normal mode analysis of complex molecules is considerably

more sophisticated than the consideration of a set of isolated

group frequencies, which is how we try to summarize the

data.

The calculated spectra in Fig. 2 C describe the experi-

mental data for PhQ in solution very well. However, Fig.

1 suggests asymmetry in the H-bonding environment of the

C¼O groups of PhQ in the A1 binding site in PS1. Such an

FIGURE 2 (A) FTIR absorption spectra for unlabeled (16O) (dotted) and
18O-labeled PhQ (solid) in THF. The spectra are scaled so that the intensity

of the broad bands below 1500 cm�1 are similar. The ratio of the intensity of

the 1662 cm�1 band in the two spectra is 0.30. Based on this assay we

conclude that;70% of the PhQ carbonyl oxygen atoms are 18O-labeled. (B)
18O spectrum from A with 30% of the 16O spectrum subtracted from it. The

resulting spectrum was then divided by 0.7 so that the bands below 1500

cm�1 were again of the same intensity. The ratio of the intensities of the two

bands at 1662 and 1634 cm�1 indicate that 18O labeling leads to an ;24%

decrease in intensity of the C¼O band of PhQ. (C) Calculated IR spectra

obtained from DFT calculations using PhQ model shown in the inset. The

absorbance scale does not apply to the calculated spectra in C. The cal-

culated intensities are in km/mol and the 1661 cm�1 mode has an intensity of

369 km/mol (30). The frequency axis for the spectra in (C) have been scaled

by 0.965, which is normal for calculations using the B3LYP functional and

the 6-31G1(d) basis (31).

4386 Hastings et al.

Biophysical Journal 94(11) 4383–4392



asymmetry has also been suggested frommagnetic resonance

experiments (22). In an attempt to model this asymmetric

environment we have calculated the vibrational properties of

the quinone-amino acid model system shown in the inset in
Fig. 3. In this model the peptide backbone NH group of a

truncated leucine residue is H-bonded to the C4¼O group of

PhQ. The H-atom is 2.15 Å from the carbonyl oxygen atom.

The calculated unlabeled spectrum in Fig. 3 shows that the

neutral state C¼O vibrations are no longer asymmetrically

coupled, but are separated with the non H-bonded C1¼O

vibration being 20 cm�1 higher in frequency (Table 2). On
18O labeling the C1¼O mode downshifts 29 cm�1 and de-

creases in intensity by 41%. On 18O labeling the C4¼O

mode downshifts 22 cm�1 and increases in intensity by 11%

(Table 2).

Calculated IR spectra for labeled and
unlabeled PhQ�

IR absorption spectra for one electron reduced PhQ (PhQ�)
in solution have not been reported. Calculation of such

spectra is straightforward, however, and Fig. 4 A shows

calculated IR spectra obtained for PhQ� that is unlabeled and
18O labeled (insets show the model molecule). The highest

intensity band at 1480 cm�1 in the unlabeled spectrum is due

to the antisymmetric stretching of both semiquinone carbonyl

(C� � �O) groups of PhQ�. On 18O labeling the C� � �O mode of

PhQ� downshifts 14 cm�1 (Fig. 4 A and Table 1). This is half

that calculated for the neutral state (28 cm�1). Experimental

data are not available to test this prediction concerning the
18O-induced downshift of the C� � �O mode of PhQ�. How-
ever, for neutral ubiquinone-10, the antisymmetric C¼O

mode was found to downshift 30 cm�1 On 18O labeling,

whereas for the ubiquinone-10 anion, the same mode was

found to downshift only 15 cm�1 on 18O labeling (34) (Table

1). Our calculated results therefore agree well with these

experimental data for ubiquinone-10. What was not reported

in these (electrochemical) experiments (34) was how the

C� � �O band of the ubiquinone-10 anion changed in intensity

on 18O labeling. Vibrational mode frequencies and intensi-

ties, their assignments, and how the frequencies and inten-

sities are modified on 18O labeling for PhQ� are outlined in

Table 1 (bottom). Table 1 shows that the C� � �Omode of PhQ�

decreases in intensity (by 33%) on 18O labeling.

The other bands in the spectra in Fig. 4 A correspond to

very complicated vibrations, involving many molecular

TABLE 1 Mode frequencies and intensities and their assignments for unlabeled (16O) and 18O-labeled PhQ and PhQ�

PhQ

16O 18O Dn (cm�1) DI (%)

Mode Observed n (cm�1)* Observed* Calculatedy Observed* (%) Calculatedy (%)

n(C¼O) 1662 1634 �28 �29 �24 �18

n(C¼C)q 1619 1611 �8 �7 118 117

n(C¼C)a 1597 1593 �4 �3 158 170

PhQ�

16O 18O Dn (cm�1) DI (%)

Mode Calculated n (intensity) Observedz Calculated Observed Calculated

n(C� � �C)q 1502 (31) 1500 (31) �2 0

n(C� � �O) 1480 (395) 1466 (265) �15 �14 �33

n(C� � �C)a 1431 (46) 1428 (48) �3 14

Mode frequencies have been scaled by 0.965. The subscripts a and q refer to the aromatic and quinonic part of the naphthoquinone ring. Some of the mode

intensities (from stick spectra) are shown in parenthesis in units of km/mol.

*Estimated from the data in Fig. 2 B.
ySee Fig. 2 C and text.
zFrom Bauscher and Mantele (34), the actual data is for ubiquinone-10.

FIGURE 3 Calculated IR spectra obtained from DFT calculations using

PhQ model shown in the inset, with the C4¼O H-bonded to the NH group of

the peptide backbone of a truncated leucine residue. As in Fig. 2, frequencies

have been scaled by 0.965 cm�1. Part of the IUPAC numbering scheme of

PhQ is also shown in the inset. Intensity scale is km/mol.
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groups. The band near 1430 cm�1 in both the 16O and 18O

spectrum of PhQ� is due to C� � �C stretching modes of both

rings of PhQ, coupled to C-H bending modes of the aromatic

part of the PhQ ring. This 1430 cm�1 mode involves very

little C� � �O stretching. As would then be expected, the 1430

cm�1 band shifts little on 18O labeling. The band near 1419

cm�1 in the 16O spectrum of PhQ� downshifts 5 cm�1, and

increases in intensity by ;45% on 18O labeling. The band

near 1419 cm�1 in the 16O spectrum of PhQ� is due to C� � �C
stretching modes of both rings of PhQ, coupled to C-H

bending and CH2 wagging modes. In addition a significant

contribution to the 1419 cm�1 band comes from the anti-

symmetric vibration of both C� � �O groups of PhQ.

Fig. 4 B shows calculated IR spectra obtained for PhQ�

that is unlabeled and 18O labeled, in the presence of leucine

residue that can H-bond via the peptide backbone. The band

at 1482 cm�1 in the unlabeled spectrum is due to the anti-

symmetric stretching of both C¼O groups of PhQ�. On 18O

labeling the C� � �Omode of PhQ� downshifts 15 cm�1 (Fig. 4

B and Table 2, bottom), and decreases in intensity by;34%.

This is virtually the same as the 18O-induced changes that

occur for the same mode in the PhQ model that is not

H-bonded. Unlike the situation found for the neutral state,

asymmetric H-bonding does not uncouple the two C¼O

modes in the anion state, and only a single high intensity

antisymmetric vibration of both C¼O groups is found for the

anion state.

In the unlabeled spectrum in Fig. 4 B an intense band is

found near 1417 cm�1 (there are actually two bands close in

frequency that are both due to quite similar modes) that

downshifts;6 cm�1 on 18O labeling. This band corresponds

roughly to the band at 1419 cm�1 found in Fig. 4 A.

A�
1 =A1 FTIR difference spectra for PS1 particles

containing labeled and unlabeled PhQ

Fig. 5 shows A�
1 =A1 FTIR DS obtained using menB mutant

PS1 particles that have been reconstituted with unlabeled (A,

TABLE 2 Calculated harmonic vibrational mode frequencies (scaled by 0.965) and intensities with their assignments for the

unlabeled (16O) and 18O-labeled PhQ and PhQ� (in the presence of a peptide group that can H-bond to the C4¼O group)

PhQ 1 Leu

16O 18O Frequency shift Dn (cm�1) DI (%)

Mode Calculated frequency (intensity) Observed* Calculated Observed* Calculatedy

n(C1¼O) 1660 (259) 1631 (153) �28 �29 �24 �41

n(C4¼O) 1640 (176) 1618 (195) �28 �22 �24 111

n(C¼C)q 1602 (47) 1595 (60) �8 �7 118 127

n(C¼C)a 1576 (103) 1572 (171) �4 �4 158 166

PhQ� 1 Leu

16O 18O Dn (cm�1) DI (%)

Mode Calculated n (I) Observedz Calculated§ Observed Calculated§

n(C� � �C)q 1505 (19) 1500 (21) �5 110

n(C� � �O) 1482 (408) 1467 (268) �15 �15 �34

Calculated 18O-induced frequency and intensity changes are listed for both the neutral and reduced species.

*Estimated from the data in Fig. 2 B, which is for PhQ in THF.
ySee Fig. 3 and text.
zFrom Bauscher and Mantele (34), the actual data is for ubiquinone-10 solution.
§See Fig. 4 and text.

FIGURE 4 (A) Calculated IR spectra for unlabeled (16O) (dotted) and
18O-labeled (solid) PhQ�. (B) Calculated IR spectra for unlabeled (16O)

(dotted) and 18O-labeled PhQ� (solid) in the presence of a truncated leucine

residue. The one electron reduced form of the molecular models shown in

the insets were used. Calculated frequencies have been scaled by a factor of

0.965. The calculated (18O–16O) double difference spectra for both molec-

ular models (with or without H-bond) are also shown (middle). The central

idea is that the band at 1480–1482 cm�1 in the unlabeled spectra corre-

sponds to the band at ;1495 cm�1 in the unlabeled experimental spectrum

in Fig. 5 below. In addition, the band at 1466–1467 cm�1 in the calculated
18O-labeled spectra corresponds to the band at ;1480 cm�1 in the 18O-

labeled experimental spectrum in Fig. 5 (or Fig. 6).
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solid line) and 18O-labeled (B, dotted line) PhQ. The spec-

trum for PS1 particles containing unlabeled PhQ is very

similar to that obtained using regular wild-type PS1 particles

(20), indicating that PhQ is reconstituted into nearly all of the

PS1 reaction centers. Using unreconstituted menB PS1 par-

ticles, we showed previously that when the A1 binding site is

empty a time-resolved 3P700 FTIR DS is obtained (20). This
3P700 spectrum is very different from the time-resolved

spectrum obtained when PhQ has been reconstituted. For

example, the triplet spectrum displays an intense difference

band that is negative at 1635 cm�1 and positive at 1595

cm�1. For PhQ reconstituted particles no such difference

band is observed in the time-resolved spectrum. Rather, it

was shown that the regular A�
1 =A1 FTIR DS was recovered,

with bands of similar intensity to that found using wild-type

PS1 particles, when PhQ was added to menB PS1 particles

(20). From these observations we concluded that PhQ is re-

incorporated back into menB PS1 at a very high level.

Furthermore, in unreconstituted menB PS1 particles,

plastoquinone-9 (PQ9) occupies the A1 binding site in a

portion of the particles (20). We showed that on PQ�
9 for-

mation a band is observed at 1487 cm�1. On PhQ� formation

a similar band is observed at 1495 cm�1 (20). When PhQ is

reconstituted into PS1 we observe no band at 1487 cm�1,

indicating that PhQ has displaced PQ9.

It is difficult to quantitate precisely the level of re-

incorporation of PhQ back into menB PS1 from the 3P700

triplet bands or the PhQ and PQ9 anion bands. However, from

magnetic spectroscopy experiments on PhQ reconstituted

menB PS1 particles, it was shown that PhQ was re-

incorporated into at least 95% of the particles, this limit being

set by the noise level in the experiment (22). Our FTIR data

do not seem to disagree with this result, as we cannot detect

any light induced 3P700 state or PQ�
9 states in PhQ recon-

stituted PS1 particles.

The (18O–16O) FTIR double difference spectrum (DDS) is

shown in Fig. 5 C, and was obtained by subtracting the

spectrum in Fig. 5 B from the spectrum in Fig. 5 A. The
(18O–16O) FTIR DDS below ;1500 cm�1 should be com-

pared to the calculated DDS in Fig. 4. Both spectra in Fig. 5,

A and B have had a static (P7001–P700) FTIR DS subtracted

(the procedures for production of A�
1 =A1 FTIR DS here are

identical to that described previously (11)). However, by

directly subtracting the time-resolved spectra obtained using
18O- and 16O-labeled particles, an (18O–16O) FTIR DDS can

also be obtained. Such a DDS is virtually identical to that

shown in Fig. 5 C (a comparison of the FTIR DDS obtained

using both approaches is shown in Data S1). This indicates

that (P7001–P700) FTIR DS obtained using PS1 with la-

beled and unlabeled PhQ incorporated are essentially the

same. This comparison also removes any doubt concerning

the validity of subtracting a static spectrum (relaxed species)

from a time-resolved spectrum (unrelaxed species).

Fig. 5 D shows a time-resolved spectrum collected before

the laser flash for samples containing 18O-labeled PhQ. The

spectrum in Fig. 5 D is the average of 9 spectra collected in

5-ms increments before the laser flash. This spectrum gives

one measure of the noise level in the experiment. A better

measure of spectral variability is to consider the standard de-

viation (SD) spectrum, which can be calculated from the

spectra obtained in independent measurements. We have

reconstituted PhQ into three different batches of menB PS1

particles. Fig. 5 A shows the average of three spectra obtained

from experiments on each PS1 sample. The SD of the three

spectra is shown in Fig. 5 E. Similarly, we have reconstituted
18O-labeled PhQ into two different batches of menB PS1

particles, and spectrum B in Fig. 5 is the average of two

spectra. The SD of the two spectra is shown in Fig. 5 F.
Above;1660 cm�1 the two spectra in Fig. 5, A and B are

virtually identical, with no significant frequency shifts or

intensity changes. This indicates that none of the difference

bands above 1660 cm�1 are likely to be associated with

modes of PhQ.

There are two prominent differences between the spectra in

Fig. 5, A and B. First, on 18O labeling, a negative band near

1654 cm�1 decreases in intensity whereas a negative band

near 1626 cm�1 increases in intensity. This gives rise to the

1654(1)/1626(�) cm�1 feature in the (18O–16O) FTIR DDS.

Second, a positive band at 1494 cm�1 decreases in intensity

on 18O labeling, whereas a new positive band appears at 1480

cm�1. This gives rise to the 1494(�)/1480(1) cm�1 feature

in the (18O–16O) FTIR DDS.

A negative band near 1552 cm�1 seems to increase in in-

tensity on 18O labeling. However, the considerable noise in

FIGURE 5 A�
1 =A1 FTIR DS obtained using menB mutant PS1 particles

reconstituted with (A) unlabeled (16O) (solid) and (B) 18O-labeled (dotted)
PhQ. (C) (18O–16O) FTIR double difference spectrum. (D) Time-resolved

spectrum collected before the laser flash (for the sample containing 18O-

labeled PhQ). Spectrum D is the average of 9 spectra collected in 5 ms

increments before the laser flash. It was collected in a manner identical to

that described previously (11), and gives a measure of the noise level in the

experiment. The spectra in A/B are the average of three/two measurements

on different samples, respectively. Spectrum E/F shows the SD of the three/

two spectra used to obtain spectra A/B, respectively. These SD spectra give a

true measure of the noise in the FTIR DS.
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Fig. 5 F in the 1550 cm�1 region indicates that this latter

feature is probably artifactual. Based on this, we will not

discuss this feature further.

Importantly, for the two sets of 18O-induced features dis-

cussed above, in either the FTIR DS or DDS, the magnitude

of the isotope induced changes in the spectra, as shown in

Fig. 5, A–C, are all larger than the features found in the noise
level spectra in Fig. 5, D–F. To emphasize this point further,

an expanded view of the spectra in Fig. 5, in the 1505–1470

cm�1 region, is shown in Fig. 6. The estimated experimental

error in the experiment in the 1505–1470 cm�1 region is ;
61.5 3 10�5, which is considerably below the amplitude of

the lowest intensity band discussed. Clearly, the difference

bands are well resolved in our experiments.

Origin of the 1494 cm�1 band in A�
1 =A1 FTIR DS

We have suggested previously that the positive band at 1494

cm�1 in A�
1 =A1 FTIR DS is due to a C� � �O mode of PhQ�

(19). On 18O labeling we find that a large part of the 1494

cm�1 band is lost, leaving a residual band at;1493 cm�1. In

addition, a new band appears at ;1480 cm�1. The residual

band at 1493 cm�1 could be due to unlabeled PhQ�. Re-
member that in our experiments only ;70% of the PhQ

oxygen atoms are 18O labeled. The band that appears at 1480

cm�1 is lower in intensity than the intensity that is lost at

1494 cm�1 (Fig. 6). From the calculations outlined in Fig. 4

and Tables 1 and 2, a C� � �O mode of PhQ� is predicted to

downshift ;14 cm�1, with a ;33% decrease in intensity of

the mode. This is independent of whether the C4¼O mode is

H-bonded. Within the noise level, our experiments support

the hypothesis that the band appearing at 1480 cm�1 is

;33% less intense than the band intensity lost at 1494 cm�1.

Thus our calculations and specific isotope labeling data to-

gether both support the hypothesis that the 1494 cm�1 band is

due to a C� � �O mode of PhQ�. More specifically, the 1494

cm�1 band is due to the antisymmetric vibration of both C¼O

groups. Most of the other bands in the 1520–1400 cm�1 re-

gion in Fig. 5, A and B are near the noise level (as quanti-

fied by the spectra in Fig. 5 F), and should therefore not be

interpreted.

Bands due to C¼O modes of PhQ in A�
1 =A1

FTIR DS?

We have suggested previously that the negative band near

1654 cm�1 in A�
1 =A1 FTIR DS contains contributions from a

C¼Omode of PhQ (11). On 18O labeling we find that part of

the 1654 cm�1 band disappears. In addition, there seems to be

an increase in intensity of a band near 1626 cm�1. We pro-

pose that the negative feature at 1654 cm�1 is due to a C¼O

mode of neutral PhQ occupying the A1 binding site in menB
reconstituted PS1 particles. On 18O labeling the band that is

left at 1654 cm�1 could be due to the portion of PhQ mole-

cules that are unlabeled (as only 70% of the PhQ oxygen

atoms are labeled), as well as other species. Because a new

negative feature appears near 1626 cm�1 in the spectrum for

the 18O-labeled samples we suggest that this band is due to a

C¼O mode of 18O-labeled PhQ. The C¼O mode therefore

downshifts ;28 cm�1 on 18O labeling. Such a downshift is

exactly as our calculations predict for the antisymmetric

C¼O vibration of a PhQ molecule that is free from

H-bonding (Fig. 2C and Table 1). In the (18O–16O) FTIRDDS

in Fig. 5 C it seems that the positive 1654 cm�1 band is

slightly more intense than the negative 1626 cm�1 band. This

suggests a small isotope induced intensity decrease in bands

associated with C¼O modes. Such an observation is in

agreement with the calculated data, although it is difficult to

quantify the experimental spectra directly. The calculated

spectra for non H-bonded PhQ in Fig. 2 C suggest an in-

tensity decrease of ;18% (Table 1). The calculated spectra

for H-bonded PhQ in Fig. 3 also suggest an overall isotope

induced intensity decrease of bands associated with the C¼O

modes. However, in this latter case, the decrease is more

difficult to specify because there are two C¼O modes at

different frequencies (Table 2); one increases in intensity by

11% whereas the other decreases in intensity by 41% (Table

2). In Fig. 3, the overall trend is clearly an overall isotope

induced loss in intensity of bands associated with the C¼O

modes. Such a calculated result is at least compatible with the

isotope induced intensity decrease recognized in Fig. 5 C.
For a PhQ molecule that is asymmetrically H-bonded our

calculations predict that the non H-bonded C1¼O mode will

downshift 29 cm�1 on anion formation (Fig. 3 and Table 2),

and decrease in intensity. In this case, we suggest that the

1654 cm�1 feature in the unlabeled spectrum in Fig. 2 A is

FIGURE 6 Same spectra as in Fig. 5 but on an expanded scale in the

1505–1470 cm�1 region. (Top) Unlabeled (solid line) and 18O-labeled

(dotted line) A�
1 =A1 FTIR DS. (Middle) The three measures of the noise

level (D–F). (Bottom) (18O–16O) FTIR double difference spectrum. The

length of the four thick vertical bars represents absorption difference

amplitudes. Clearly, the amplitude of the bands at 1494 and 1480 cm�1 in

the 16O and 18O-labeled spectra, respectively, are at least a factor of two

above all three measures of the noise level, and the derivative feature in the

double difference spectrum is three to four times above the noise level.
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due to the C1¼Omode of PhQ, which downshifts;28 cm�1

on 18O labeling. Furthermore, our calculations suggest that

the C4¼Omode should absorb;20 cm�1 lower in frequency

(near 1634 cm�1), and downshift ;22 cm�1 (to near 1612

cm�1) on anion formation. Although a small negative feature

is observed near 1612 cm�1 in Fig. 5 C we do not have

sufficient sensitivity or spectral resolution to quantify this

hypothesis further at this time. However, we have provided

strong evidence supporting the hypothesis that a band at 1654

cm�1 in the unlabeled spectrum is due to a PhQ C¼O mode,

and that this mode is probably the higher intensity C1¼O

mode of an asymmetrically H-bonded PhQ molecule.

CONCLUSIONS

We have incorporated unlabeled and 18O-labeled PhQ back

into the A1 binding site in menB mutant PS1 particles. Using

these PS1 particles we have identified bands in A�
1 =A1 FTIR

DS that are specifically impacted by the 18O label. Coupling

this experimental work with density functional based vibra-

tional mode frequency calculations of unlabeled and labeled

PhQ model molecules allowed the unambiguous identifica-

tion of bands in the difference spectra that are associated with

the C¼Omodes of neutral and reduced PhQ that occupies the

A1 binding site in PS1. Specifically, a C1¼Omode of neutral

PhQ occurs at 1654 cm�1. The C4¼O mode is not well re-

solved. On anion formation the C¼O modes of PhQ are no

longer separate, and a distinct mode due to the antisymmetric

vibration of both C¼O groups is found at 1494 cm�1.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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