13882 Biochemistry1998,37, 13882-13892

Vibrational Spectrum Associated with the Reduction of Tyrosyl RadicahD
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ABSTRACT. Photosystem II (PSII) contains a redox-active tyrosine, D. Difference FT-IR spectroscopy
can be used to obtain structural information about this species, which is a neutral radidal,ttiz
photooxidized form. Previously, we have used isotopic labeling, site-directed mutagenesis, and kinetics
to assign a vibrational line at 1477 cito Dr; these studies were performed on highly resolved PSII
preparations at pH 7 £Kim et al. (1998)Biochim. Biophys. Acta 136837—360; publisher’s correction,
Biochim. Biophys. Acta 136830-354. Here, we use kinetics to assign vibrational features to tyrosyl
radical, D, in PSIl membranes. EPR and fluorescence controls identify a time regime in whigcBy

occurs independently of redox changes involving the PSII quinone acceptors. Difference FT-IR spectra,
acquired over this time regime, exhibit decreases in the amplitude of a 1477 lic®; quantitative
comparison with EPR transients supports the assignment t€Bnditions, requiring the use of phosphate/
formate, have been described for observation of a dissimilar FT-IR spectrum, which has been assigned to
tyrosyl radical D; this spectrum lacks a 1477 cline {Hienerwadel et al. (1997Biochemistry 36
14712-14723. Under these conditions, we have observed (1) an acceleration in the ratedet&y

and a decrease in*Dyield attributable to the presence of formate, (2) a proportional decrease in the
amplitude of FT-IR spectra acquired over the time regime in whitbdaays, (3) frequency shifts in the

D* — D FT-IR spectrum, (4) large-scale structural changes, as assessed by the amide | line shape, and (5)
contributions to the FT-IR spectrum from the phosphate/formate buffer in the absence of PSIl. We conclude
that changes in the FT-IR spectrum, observed in the presence of phosphate/formate, are caused by alterations
in the environment of Dand by direct phosphate/formate contributions to the spectrum.

Photosystem Il (PSIB,which is a multisubunit protein  to the number of oxidizing equivalents stored (reviewed in
complex within the thylakoid membrane, performs both refs1 and?2).
charge separation and water oxidation upon photoexcitation In addition to tyrosine Z, there is another redox-active
in plants, algae, and cyanobacteria. The majority of the tyrosine, D, on the donor side of PSIB)( tyrosine D is
cofactors involved in charge separation are bound to two residue 160 in the D2 polypeptidé, 6). Tyrosyl D is stable
polypeptides, termed D1 and D2; the known prosthetic in the dark for hours; the rate of tyrosyr Becay increases
groups involved in electron transfer are the specialized at higher pH 6). Tyrosine D is oxidized by & (7).
chlorophyll Rgo pheophytin, and the quinoness@nd G. Difference (light-minus-dark) Fourier transform infrared
Upon light excitation, an electron is transferred in successive (FT-IR) spectroscopy can be used to obtain information about
steps from By to the quinone moieties. The photooxidized structural changes that accompany light-induced processes
Psso™ is reduced by a redox-active tyrosine Z, which is in proteins 8). Difference FT-IR spectroscopy is still a
tyrosine 161 in the D1 polypeptide. Tyrosylgubsequently  relatively new technique in its application to PSII (see, for
oxidizes the catalytic site, which contains four manganese example, refs9—13). The use of difference techniques
atoms. The release of oxygen from water requires four facilitates a detailed examination of the structure and/or
sequential oxidation steps. The catalytic site cycles through dynamics of a protein. Another advantage of FT-IR spec-
five intermediate states, called thg Sates, whera refers troscopy is that time-resolved techniques can be used to track

important structural changes, which occur along the enzy-

T Supported by NIH GM 43273 (B.A.B.). matic reactlo_n pat_hway.
* Corresponding author: University of Minnesota, Department of ~ AS @ case in point, FT-IR spectroscopy has been used to

Biochemistry, 1479 Gortner Avenue, St. Paul, MN 55108. Phone: 612- obtain information about the redox-active tyrosines in PSII
624-6732. Fax: 612-625-5780. E-mail: barry@biosci.cbs.umn.edu. - and apout the interaction of each tyrosine with its environ-

1 Abbreviations: chl, chlorophyll; D, tyrosine 160 in the D2 . . . .
polypeptide of photosystem II: DCBQ, 2,6-dichlopsenzoquinone; ~ Ment (L1, 14—18). The vibrational spectrum associated with

DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; EPR, electron para- tyrosine D oxidation in highly resolved cyanobacterial and
magnetic resonance spectroscopy; FT-IR, Fourier transform infrared plant PSIl preparations has been obtained; site-directed

spectroscopy; HEPESN-(2-hydroxylethyl)piperzineN'-(2-ethane- PR ; ; ihati ;
sulfonic acid); MES, 24{-morpholino)ethanesulfonic acid; PSII, pho- mutagenesis, isotopic laheling, and kinetic studies were used

tosystem II; Tris, tris(hydroxylmethyl)aminomethane; Z, tyrosine 161 O as.sign the spe_ctrurrll, 15-18). The prot_on-aggept_ing
in the D1 polypeptide of photosystem II. species for tyrosine D was observed and identified in the

S0006-2960(98)01318-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/05/1998




Difference FT-IR Spectrum of D Biochemistry, Vol. 37, No. 39, 19983883

difference FT-IR spectrum,D- D; the identification of the spinach PSII preparations, 10Q. of sample, which was
proton acceptor was performed through the use of chemicalidentical to the sample used for fluorescence and FT-IR
complementation1(l). The D — D spectrum, obtained in  measurements, was partially dehydrated on Mylar stfigs (
these highly resolved cyanobacterial and plant preparations, 16, 17). Immediately prior to drying, 3 mM potassium
exhibits an intense spectral feature at 1477 tmThis ferricyanide/3 mM potassium ferrocyanide or 48 mM potas-
vibrational feature has been assigned to theQCvibration sium ferricyanide 10, 19) was added to the manganese-
of tyrosyl radical, D(17). On the other hand, under alternate depleted PSII samples in HEPES or phosphate/formate
conditions, a dissimilar spectrum has been assigned tobuffers, respectively. The volumes of exogenous acceptors
tyrosine D (0, 19). Observation of this spectrum is added were approximately equivalent. Spectra were cor-
dependent on the presence of high concentrations of phos+ected for differences in protein concentration and gain. Spin
phate and formatel@), and this spectrum does not exhibit quantitation was performed by double integration of the
intensity at 1477 cmt. Here, we obtain difference FT-IR  spectrum as previously describezB).

spectra under the conditions previously descrided). (Our Difference FT-IR Measurementdnfrared spectra were
experiments provide an explanation for the spectral changesobtained at-9 °C, using a Magna 550 Il spectrometer with
observed in the presence of phosphate and formate. KBr beam splitter and a MCT/A detector (Nicolet, Madison,
WI) (17). Temperature maintenance at9 °C and the
MATERIALS AND METHODS automated illumination system, which was red- and heat-

. . filtered, were previously describetl{). Spectral conditions
Sample PreparationPhotosystem Il membranes, contain- i, these experiments were similar to those previously
ing 274 chl/reaction centeR(), were purified from market described 17, 18).

spinach 21). The chlorophyll determination was performed
in 80% acetone 22). Oxygen rates of isolated PSII
membranes before manganese-depletion were between 100
and 1_1(_)Qumol of O; (mg of chiy™ h™? in an assay buffer resolution, 8 cm?; zero filling, one level; velocity, 2.5 cm/
containing 0.4 M sucrose, 50 mM ME3NaOH (pH 6.0), s; apodization function, HappGenzel; and temperature9

10 mM NaCl, 1 mM recrystallized DCBQ, and 1 mM  o¢ “\anganese-depleted, spinach PSII preparations, which
potassium ferricyanide. PSII samples were manganeseyere jgentical to the samples utilized for fluorescence and
depleted using 0.8 M Tris-HCI (pH 8.0) and 2 mM EDTA - Epp measurements, were partially dehydrated using a dry

(19. The sample was sp_lit into two fractions. One fraction nitrogen stream; 3L of sample was placed between a GaF
was washed in successive rounds afdégassed 50 MM ;.44 Ge window 14, 17, 23). Immediately prior to

NaH2P04/|NaQI:j|PO4 (pH 6.0), 100 ml\él _SOdit‘)Jm f(;):gaae_, 10 gehydration, 3 mM potassium ferricyanide/3 mM potassium
mM NaCl, and 15 mM MgGl (19) and incubated fol hiin ferrocyanide or 48 mM potassium ferricyanide was added
the dark. The final pellet was resuspended in 50 mM NaH .o manganese-depleted PSII samples in HEPES and
PQ/N&HPQ, (pH 6.0), 50 mM sodium formate, 10 mM 5 osphate/formate buffers, respectively; the volumes of

NaCl, and 15 mM MgGl (phosphate/formate bufr). The  exogenous acceptors added to the samples were approxi-
second fraction was resuspended in 5 MM HEPREOH, mately equivalent. In the generation of difference FT-IR

pH 7.5 (HETES buffer), after an identical number of wash g0 ctra data were directly ratioed, on a noninteractive basis.
steps. Final concentrations were 342 and 3.25.1 mg For example, the “D3/D2” derived difference infrared

chl/mL for the HEPES and phosphate/formate PSII Samples’spectrum corresponds Aoz = Aoz — Aoy, Difference

respectively. Samples were frozen in liquid nitrogen and spectra, obtained on PSII samples, were normalized to a 0.35
were stored at-80 °C until use. amide Il absorbance and were an average ef@Dspectra

To examine the effect of individual components of the optained on three different PSII preparations.
phosphate/formate buffer, manganese-depleted PSIl mem- |n the data collection for non-PSlI-containing controls, an
branes were also washed and resuspended in buffers contairequivalent volume of the identical buffer (3Q) was treated
ing 5 mM or 50 MM MES-NaOH, pH 6.0. The incubation  in the exact manner as the PSIl samples above. Spectral
for 1 h was omitted for these samples. When present, theconditions were as described above. Difference spectra,
phosphate concentration was 50 mM NBBY/NaHPO, and obtained on non-PSll-containing controls, were an average
the formate concentration was 50 mM sodium formate. of 20-40 spectra.
Fluorescence, EPR, and difference FT-IR measurements were Tq obtain amide | and Il line shapes in some experiments
performed on identical PSIl samples. The above three (Figure 9), 2000 scans were coadded for each double-sided
spectroscopies were employed on multiple samples fromnterferogram. Spectral conditions were as follows: resolu-
different preparations of PSIl membranes, to account for any tion, 2 cnt?; zero filling, one level; velocity, 2.5 cm/s;
variation in PSII samples. apodization function, HappGenzel; and temperature;9

EPR MeasurementsEPR spectra, acquired at9 °C, °C. Both manganese-depleted PSII and non-PSlI controls
were obtained using a Bruker EMX 6/1 spectrometer were partially dehydrated, as above, before data acquisition.
equipped with a Bruker ST-TE cavity and a Wilmad variable The FT-IR spectra of PSIl samples were normalized to a
temperature Dewarl{). The desired—9 °C cavity tem- 0.35 amide Il absorbance.
perature was maintained using a stream of cold nitrogen Fluorescence Measurementdleasurements were per-
through a dry ice ethanol bath. Samples were illuminated formed on partially dehydrated, manganese-depleted PSII
in the cavity using red- and heat-filtered light from a fiber- samples, using an Opti-Sciences OS-500 modulated fluo-
optic illuminator (Dolan Jenner, Woburn, MA). For exami- rometer (Haverhill, MA). Samples were partially dehydrated
nation of tyrosyl radicals in the above manganese-depletedonto a glass window. Immediately prior to drying, 3 mM

In the data collection for difference FT-IR measurements,
48 scans, collected in 20 s, were coadded for each double-
Oided interferogram. Spectral conditions were as follows:
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potassium ferricyanide/3 mM potassium ferrocyanide or 48
mM potassium ferricyanide was added to the manganese-
depleted spinach PSII samples in HEPES and phosphate/
formate buffers, respectively. Samples, which were identical
to those used in EPR and FT-IR measurements, were
illuminated via a red-filtered light source in the fluorometer.
Spectral conditions for fluorescence yield measurements were
as follows: modulation intensity, 180; saturation intensity,
180; time constant, 25 ms; scan time, 20 s; and illumination
time, 20 s. Spectral conditions for the fluorescence decay
measurements were as follows: modulation intensity, 180;
saturation intensity, 180; time constant, 25 ms; and maximum
allowable light pulse, 3 s. There was a 30 s interval between
the pulses. Data shown were corrected for differences in
protein concentration.

20 min
OR
1.5hr
DARK

RESULTS Ficure 1: Data acquisition scheme for EPR and difference FT-IR
experiments. The rectangular blocks correspond to 20 s of data
The tyrosyl D radical in PSII is generated upon illumina-  acquisition. Within the schematic, “L" denotes illumination and

tion and has a slow decay rate. These characteristics shouldP” denotes dark.
permit facile observation of tyrosyl*and its decay kinetics

by infrared spectroscopy. Two different sets of biochemical
conditions have been described for the observation of the
infrared spectrum associated with tyrosine D oxidatibd, (

11, 14—19). Under the first biochemical method, manganese-
depleted photosystem Il is maintained in 5 mM HEPES
NaOH (pH 7.5), which enhances the decay rate of tyrosyl
D* (6), and 3 mM potassium ferricyanide/ferrocyanide is
employed to reset the system between illumination events
(11, 17, 18). Under the second biochemical method,
manganese-depleted photosystem Il is maintained in phosphate/ B I f !
formate buffer, containing 50 mM phosphate (pH 6.0) and
50 mM formate, and 48 mM potassium ferricyanide is
employed as an electron acceptif,(19).

Data Acquisition Schemeln our previous vibrational
studies on D and Z, we have employed two different data
acquisition schemes. The first scheme utilized 4 min of
continuous illumination and 4 min scan times and allowed
us to acquire Z— Z and D — D spectra on the same sample
(11, 15—18). The second scheme utilized laser flashes to
photoexcite PSII; the decay of the B D spectrum after
the saturating flash was monitoret7f. Control experiments

TIME (s)
showed that the acceptor side did not contribute to the spectraFIGURE 2: Fluorescence yield (A) and fluorescence decay measure-

i _ i inati ments (B) on manganese-depleted, spinach PSII preparations. Data
obtained {1, 15-18). Here, we have used 20 s illumination were obtained either on a HEPES PSII sample containing 5 mM

and monitored the decay of tyrosyl radicalditer illumina- HEPES-NaOH (pH 7.5), 3 mM potassium ferricyanide, and 3 mM
tion. potassium ferrocyanide (A and B, trace 1, solid lines) or on a
In Figure 1, we present the data acquisition scheme usedPhosphate/formate PSII sample containing 50 mM phosphate (pH

. _ _ .0), 50 mM formate, 10 mM NacCl, 15 mM Mggland 48 mM
to acquire FT-IR and EPR spectra on manganese deF)letecferricyanide (A and B, trace 2, solid lines). Data were also obtained

PSII membranes under both biochemical conditions. Sampleson the HEPES and phosphate/formate PSIl samples containing 100
were illuminated for 20 s with red-filtered light (Figure 1, M DCMU (A and B, traces 1 and 2, dashed lines).

L1). Following illumination, there wsia 2 spause before

the initiation of data acquisition. Interferograms were with the acquisition of two interferograms, each acquired in
acquired in 20 s intervals (Figure 1, D3-D5); aftel min 20 s (Figure 1, D1 and D2). The data acquisition cycle was
pause, another 20 s interferogram was recorded (D6). Afteriterated in order to average spectra. Additionally, samples
collection of D6, there was a pause in data acquisition to were pre-illuminated before the beginning of data acquisition
allow the further decay of the charge-separated state.so that the first data acquisition cycle was identical to
Samples containing 5 mM HEPESIaOH, pH 7.5 (HEPES  successive cycles.

PSIl samples) were dark adapted for 90 min, whereas Fluorescence Control Experimentsin Figure 2, we
samples containing 50 mM phosphate and 50 mM formate, present fluorescence data used to monitor the yield and time
pH 6.0 (phosphate/formate PSII samples) were dark adapteddependence of fluorescence decay in the two PSII prepara-
for only 20 min, because Ddecayed more rapidly under tions during the data acquisition scheme. In the absence of
these conditions1(7, 19). Data acquisition then resumed fluorescence quenchers, such agR the variable fluores-
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cence serves as a indirect measure of the yield and decay of
Qa~ (24). Data were acquired on HEPES PSIlI samples
containing 3 mM potassium ferricyanide and 3 mM potas-
sium ferrocyanide (Figure 2, A and B, line 1) or on
phosphate/formate PSIlI samples containing 48 mM potas-
sium ferricyanide (Figure 2, A and B, line 2). Samples were
partially dehydrated on a solid substrate and were illuminated
with red-filtered light. These are the conditions that will be
employed for FT-IR spectroscopy.

The data in Figure 2A show the accumulation of variable
fluorescence and thus,Q, under continuous illumination
for 20 s in both PSII samples. The data support the
conclusion that the yield of £, produced under continuous
illumination, was similar in the HEPES and phosphate/
formate PSIl samples (Figure 2A, solid lines 1 and 2). In
Figure 2B, we present the time dependence of the variable
fluorescence decay and, thus, the time dependenceof Q
decay. In both samples Qdecayed completely in the first
second following the cessation of illumination (Figure 2B,
solid lines 1 and 2). Both the yield of Q and the decay
were not altered in the presence of DCMU, an inhibitor of
electron transfer between,and @ (Figure 2, A and B,
dotted lines 1 and 2). This last observation indicates that
the @ is not acting as an electron acceptor under these
conditions (for example, see r2b).

Reexamination of the data acquisition scheme shown in T T T
Figure 1 leads to the following conclusions. Firsty, Qs 3260 3280 3300
formed under illumination in PSII membranes (Figure 1, L1), FIELD (G)
but the semiquinone anion radical will decay ieths pause  Ficure 3: (A) Decay of tyrosyl radical E) as assessed by EPR
before data acquisition begins both in HEPES and in spectroscopy, in HEPES PSII (circles) or phosphate/formate PSII

phosphate/formate samples (Figure 1-0%). Therefore (triangles). Each set of data was normalized independently to the
- - N ’ . ; number of D spins in the D3 spectrum (see Figure 1). The best

_the Q Qa infrared spectrum will not contribute to biexponential fit to the average of the data points is shown. (B, C)

infrared data used to construct the D3/D2, D4/D2, D5/D2, pifference EPR spectra obtained on manganese-depleted spinach

or D6/D2 difference infrared spectrum (Figure 1). Second, PSII preparations. Data shown in (B) and (C) were obtained on

in either HEPES or phosphate/formate samples, redox HEPES PSII or phosphate/formate PSII samples, respectively. Data

changes involving @will also not be observed were corrected for any differences in gain and chlorophyll
EPR C | E . In Ei 3 ) EPR concentration between the two types of samples, and then the
ontrol Experimentsin Figure 3, we present spectra shown in (C) were multiplied by a factor of 2, to facilitate

data acquired as a function of time after illumination. Data comparison. In each panel, field-swept EPR spectra were acquired
were obtained either on HEPES PSII samples containing 3by the data acquisition scheme shown in Figure 1. For (B), spectra
mM potassium ferricyanide/ferrocyanide or on phosphate/ Were obtaind 2 s (D3), 22 s (D4), 44 s (D5), and 90.3 min (D2)

P : _ after a 20 s illumination, whereas for (C), spectra were obtained 2
formate PSII samples containing 48 mM potassium ferro s (D3), 22 s (D4), 44 s (D5). and 20.3 min (D2) after a 20 s

cyanide. Each sample was partially dehydrated on a solidjjymination. In (B) and (C), difference EPR spectra were derived
substrate, and the illumination source was red- and heat-by subtraction and correspond to D3/D2 (B3D2, solid line),

filtered. These are the same conditions as will be employed D4/D2 (D4— D2, dotted line), and D5/D2 (D& D2, dashed line).
for FT-IR spectroscopy. Samples were illuminated for 20 s %ﬁ’;ggvggga'g?%s glore as ngt'iC(’)Vr‘]’zmglﬁgé':“;% G?-Szclan%';g
and, fO”OW'rg. a 2 Spause, spectra were obtained in 20 s 20 s; time conste{nt, 0.7 s and temperatuféfC.' ’ ’
sweeps, duplicating the infrared collection scheme shown
in Figure 1. The repetition rate for HEPES samples was data set was normalized independently to theyi2ld,
one cycle every 90 min, and for phosphate/formate samplesobtainel 2 s after illumination (D3, Figure 1). A quantitative
it was one cycle every 20 min. As expected, under comparison of EPR spectra, obtained on phosphate/formate
illumination, an increase in amplitude of the EPR signals of and HEPES PSII, showed that the yield of Dbtained in
tyrosyl radicals Dand 2 was observed. Also, as expected phosphate/formate PSII, was only 255% of the yield of
(see, for example, ret?), tyrosine Z decayed in the 2 s  D°in HEPES PSII (as assesk2 s after illumination). We
pause before the beginning of data acquisition (data notconclude that the phosphate/formate buffer decreases the
shown). yield and accelerates the decay rate of tyrosyl radical, D
In Figure 3A, we present data showing the decay of tyrosyl  In Figure 3, B and C, we present difference EPR spectra
radical D as a function of time after illumination, as assessed constructed from the 20 s field-swept data obtained on
by EPR spectroscopy. As shown, the decay oivBs slower HEPES PSII and phosphate/formate PSII samples, respec-
in HEPES PSII samples (Figure 3A, circles), when compared tively. These data were obtained by subtraction of the
to the decay of Bin phosphate/formate PSIl samples (Figure appropriate EPR spectra (Figure 1). For example, to
3A, triangles). Biexponential decay kinetics were observed construct the “D3/D2” difference spectrum (Figure 3, B and
in both preparations (Figure 3A). In Figure 3A, each EPR C, solid line), data obtained during the interval, D2, were

—
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HEPES pH 7.5 phosphate/formate pH 6.0

I
1700 1500 1300 1700 1500 1300
WAVENUMBER (cm™) WAVENUMBER (cm’")
Ficure 4: Difference FT-IR spectra obtained on manganese-depleted spinach PSII, reflectin.Mata shown in (A C) and (D-F)
were obtained on HEPES PSII or phosphate/formate PSIlI samples, respectively. Spectra were acquired by the data acquisition scheme
shown in Figure 1. Spectra shown in solid lines in (A) and (D), in (B) and (E), and in (C) and (F) correspond to the D3/BD@)3
D4/D2 (D4 — D2), and D5/D2 (D5— D2) difference FT-IR spectra, respectively. The spectra shown in (A) and (D) are superimposed as
dashed lines in (B) and (C) and (E) and (F), respectively. Data shown-iCjAare an average of 57 spectra, and data shown #HD
are an average of 60 spectra. Tick marks onytlagis are 2x 104 AU; notice that the left and right panels are not on the sgreeale.

subtracted from data obtained during the interval, D3 (Figure decayed over the time used to acquire FT-IR data. Thus,
1). The data shown in Figure 3, B and C, correspond to data acquisition using the protocol in Figure 1 would be
difference spectra, called D3/D2 (B3 D2, solid line), D4/ expected to reflect tyrosyl Ddecay in both phosphate/
D2 (D4 — D2, dotted line), and D5/D2 (D5 D2, dashed formate PSIl and HEPES PSII samples.
line). In both samples, the spectra represent the rate of As expected from our previous studies of more highly
tyrosyl radical D decay over the 60 s following illumination  resolved spinach and cyanobacterial PSII core preparations
(Figure 3, B and C). In phosphate/formate samples (Figure (17), the FT-IR spectra, obtained on HEPES PSIl samples,
3C), the yield of D, as assessed by difference EPR exhibited an intense positive line at 1477 dmwhich
spectroscop?2 s after illumination, was 16% of the* ield decayed as a function of time after illumination (Figure 4,
in HEPES samples (compare Figure 3, B and C, solid line). A—C). In agreement with our previous body of work, the
Double integration of these difference EPR spectra will 1477 cnt! line is assigned to tyrosyl radical," {17, 18).
predict the amount of Ddecay in the corresponding FT-IR  Assignment of the 1477 cm line to Dr was supported by
experiments (see below). the quantitative comparison of infrared and EPR decay
On the basis of these fluorescence and EPR controlkinetics in Figure 5A. The data superimposed within the
experiments, we conclude that D3/D2, D4/D2, and D5/D2 signal-to-noise of the two measurements (Figure 5A) and
difference FT-IR spectra (Figure 1) will reflect a contribution also coincided with the decay of the positive 2113 &tvand
from D — D and that these spectra will be free of of potassium ferricyanide26). Note that a negative band
contributions from reduction of Qand . Moreover, D at 1701 cm? also decayed with the same kinetics (Figure
— D contributions will be obtained in both types of PSIl 5A); tyrosine labeling experiments have provided evidence
samples. Infrared spectroscopy can be employed to elucidatdor a tyrosyl radical/tyrosine contribution in this spectral
the origin of the lower Dyield and faster Bdecay in region (L8). These results support the assignment of the 1477
phosphate/formate PSII, as the technique can probe altercm™! spectral feature to tyrosyl ‘Dradical in spinach
ations in protein structure. photosystem Il membranes, as expected from our studies of
FT-IR Measurementsln Figure 4, we present difference more highly resolved preparation7.
FT-IR data acquired as a function of time after illumination. ~ Figure 4, D-F, shows the difference FT-IR spectra
Data were obtained from HEPES PSIl samples (Figure 4, acquired, as a function of time after illumination, on
A—C) and from phosphate/formate PSIl samples (Figure 4, phosphate/formate PSIl samples. As predicted by EPR
D—F). Fluorescence measurements on phosphate/formateontrol experiments on phosphate/formate PSII (Figure 3C),
samples showed that,Q decayed before the beginning of the spectra were reduced markedly in amplitude, compared
data acquisition and thatsQvas not functional as an electron to spectra obtained on HEPES PSIl (Figure 4, @).
acceptor, whereas EPR measurements demonstrated that D-requency shifts and changes in intensity were also observed.
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60
A A EPR B A EPR
O IR2113cm’ O IR213em”
- o R170lem? { | o IR1701 cm®
o IR1477cm’
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FiGurRe 5: (A) Decay of tyrosyl D signals, as assessed by EPR and FT-IR spectroscopy, in HEPES PSIl samples. Data plotted are derived
by double integration of the difference EPR spectra shown in Figurea3Bafd from the amplitudes of the positive 2113¢nJ), the

negative 1701 cm (<), and the positive 1477 cm (O) vibrational lines in the difference infrared spectra shown in Figure-4CA(B)

Decay of tyrosyl D signals, as assessed by EPR and FT-IR spectroscopy, in phosphate/formate PSIl samples. Data plotted are derived by
double integration of the difference EPR spectra shown in FigureAdGuid from the amplitudes of the positive 2113¢nfd) and the

negative 1701 crrt (<) signals in the difference infrared spectra shown in Figure-4i-CEach set of EPR and FT-IR data was independently
normalized to the total amount of decay obtained, to facilitate comparison. The scale yaxiseis the same in (A) and (B). The best
monoexponential fit to the average of the data points is shown as the dotted line.

In particular, these data exhibited no observable 1477:cm spectrum or because phosphate/formate exerts a direct effect
line in any difference spectrum that was obtained during this on the environment of tyrosine D.

60 s time regime (Figure 4, BF). These spectra bear To evaluate the possibility that the altered vibrational lines
resemblance to the FT-IR data previously reported under yise from tyrosine Bin phosphate/formate PSII samples, a
these condmonfl(o, 19); the frequencies agree, on average, g antitative comparison of the EPR and FT-IR derived
within 14 cmi. - For example, there is a 1500 chline kinetics was performed. In Figure 5B, we plot the decay of
in the difference infrared data reported here, obtained on 5 positive band at 2113 crh which arises from potassium
phosphate/formate PSII, which may be equivalent to the 1504ferricyanide 26), versus the decay of tyrosyl[as assessed

IR . X
?nTr rI:jne n tr(lg)ﬁ Lhe %reta}fsrtmd'fpsgﬁ/‘ bne]tvlveep thret y EPR spectroscopy on phosphate/formate samples. The
herz ?Fi SLE)reeC4)aa?1d Fi)n ?;’fg iasien '?he :nside | r:aiorﬁ) ?156860p0 €4wo measurements coincided, given the signal-to-noise of

gl ’ gron { the two measurements (Figure 5B). This result supports the
1630 cnl). Note that the data of ref9 were obtained at :

" . ; o . overall conclusion that some of the FT-IR spectral changes
4°C, while our experiments were conducted-@°C. This observed arise from redox changes involving tyrosyl radical
temperature difference may explain the minor spectral D' The aareement was not ag obViOUS fgri)an?j/s i the
differences observed. The 4C experiments of refl9 16'00_14009 1 w h bVI u f th ' I
involved the disadvantage of much longer incubation times litud fCtT rgglon, dper apls el'c?uset Oth E srr;a
in phosphate/formate buffer, which has the potential to give amplitude of the observed signals refative 1o the baseline,

which exhibited interference fringes that also changed as a

rise to alterations in the spectra over the course of data . ) .
acquisition. This difference in data acquisition protocol may function of time. Interference fringes are a consequence of
explain the spectral differences obtained. performing m_fra_red spectroscopy in transm|_SS|on mode and
, . cannot be eliminated. However, the amplitude of a more
Evaluation of the Alternate_ FT-IR Sp_ectrum In Pho_sphate/ intense, negative line at 1701 chwas plotted in Figure
Formate PSll SamplesAs discussed in ret7, the failure 5B, and this more intense band decayed with kinetics, which

to observe the 1477 cm line of D* and other spectral . d he d f the ferri ide band and th
alterations observed in phosphate/formate-containing pgj SUPENMPOSE ont € decay o the ferricyanide andan the
decay of the EPR signal (Figure 5B). The negative 1701

samples could be caused by several possible effects. First_ "~ . : .
use of a time regime where*Bpectral contributions cancel em*line, observed in spectra thalned on HEPES samples,
showed the same behavior (Figure 5A).

in the difference spectrum could have been the origin of this
observation 19). However, this possibility cannot explain ~ As an additional control, we performed a quantitative
the results presented here, because we have monitored theomparison of EPR and FT-IR amplitudes. The overall
time-dependent decay of the difference infrared spectrum andintensity of spectral features observed, for example, at 1485
have not observed a 1477 chiine. Second, the decrease Ccm™, was approximately 10% of the spectral amplitudes
in the amount of charge separation and/or increased ag-observed in HEPES samples (Figure 6A, solid and dashed
gregation under these conditions could make the vibrationallines). Given the small amplitude of both EPR and FT-IR
modes of D undetectable. Third, phosphate/formate may signals, this decrease in amplitude was similar to the decrease
have the effect of shifting or canceling the vibrational lines observed in Dyield, which we have measured via EPR
of D+, either because phosphate/formate contributes to thespectroscopy (Figure 3).
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Ficure 7: Difference FT-IR spectra obtained on buffer controls.
In (A), spectra were obtained on the HEPES-containing buffer plus
3 mM potassium ferricyanide/3 mM potassium ferrocyanide, lacking
PSII (D3/D2, repeated from Figure 6B). In (B), spectra were
obtained on the phosphate/formate-containing buffer containing 48
mM potassium ferricyanide, lacking PSIl (D3/D2, repeated from
Figure 6C). Tick marks on thg axis are 2.0x 10 AU.

A ABSORBANCE

Ua)
_ g 3 )
= = « in this solution, to slow rearrangements in the coordination
3 shell of Fe(lll) in potassium ferricyanide when formate and
9 phosphate are preser7j. Ferricyanide is labile to such
" ligand rearrangement reactions; phosphates and carboxylates
- SN are known to coordinate Fe(llIR{). The changes in the
N \\/\ ~ o CN stretching region (22662000 cm't) support this inter-
VN N\ . .
pNEd Ve \ pretation (Figure 7B).
. i , . , 1\"“ Notice that in the region from 1550 to 1380 cina band
1500 1400 at 1500 cm* was observed in phosphate/formate/ferricyanide
WAVENUMBER (cm’) solutions lacking PSII (Figure 6C, dashed line). Ferricyanide

o . has no fundamental vibrations in the 18a200 cnt! region
Ficure 6: Difference FT-IR spectra obtained on manganese- . . . -
depleted spinach PSI, reflecting B D, and on buffer controls. (26), so the;e vibrational lines are attributed to phosphate/
In (A), difference spectra were obtained on HEPES PSII (dashed formate. This buffer band at 1500 cfwas also observed,
line, D3/D2, which is repeated from Figure 4A) and on phosphate/ with similar intensity, in spectra obtained on phosphate/
formate PSII (solid line, D3/D2, which is repeated from Figure formate PSIl samples (Figure 6C, solid line).

4D). These data are shown superimposed and on the same scale to ; _
facilitate comparison of relative amplitudes. In (B), difference However, there were spectral features, observed in phos

spectra were obtained on HEPES PSII (solid line, D3/D2, which is Phate/formate PSII samples, which were not observed in the
repeated from Figure 4A) and on the HEPES-containing buffer plus difference spectra of the buffer (Figure 6C, compare solid
3 mM potassium ferricyanide/3 mM potassium ferrocyanide, lacking and dashed lines). The 1485 chiine is an example of
PSII (dashed line, D3/D2). In (C), difference spectra were obtained g,ch a spectral feature. We conclude that some spectral

on phosphate/formate PSII (solid line, D3/D2, which is repeated . :
from Figure 4D) and on the phosphate/formate-containing buffer features, observed in phosphate/formate PSII samples, arise

plus 48 mM potassium ferricyanide, lacking PSII (dashed line, D3/ from buffer components, but that some arise from redox
D2). Tick marks on the axis are 1x 1074 (A), 1.0 x 1074 (B), changes involving tyrosine D. Therefore, the most likely
and 0.2x 1074 (C) AU. explanation of the altered FT-IR spectrum, observed in
Next, we evaluated the possibility that phosphate and phosphate/formate PSII samples, is that phosphate/formate
formate contribute directly to the difference spectrum. This contributes directly to the spectrum and that phosphate/
was performed using control experiments in which PSIl was formate alters the vibrational spectrum associated with the
omitted from the sample. The results are shown in Figures reduction of tyrosine D
6 and 7. Solutions, containing 5 mM HEPENaOH (pH Origin of Phosphate/Formate Effect3.o understand the
7.5), 3 mM potassium ferricyanide, and 3 mM potassium origin of the spectral alterations observed in the presence of
ferrocyanide but lacking PSII, gave the expected result, i.e., the phosphate/formate buffer, the amide I line shapes of the
no defined spectral features in any spectral region in the light- FT-IR derived absorption spectra were examined in HEPES
minus-dark difference spectrum (Figure 6B, dashed line, andand phosphate/formate PSIlI samples. The amide | vibration
Figure 7A). On the other hand, solutions containing arises from the €O stretching mode of the peptide bond
phosphate/formate buffer and 48 mM potassium ferricyanide, (28). Changes in secondary structure result in alterations in
but lacking PSII, gave well-defined spectral changes (Figure the infrared amide | line shape (reviewed in ré%—31).
6C, dashed line, and Figure 7B). We attribute these spectral In Figure 8, we present the 1850420 cm region of
changes, which occur over the time course of data acquisitionFT-IR absorption spectra; these data were used in construct-
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FiGUre 8: Infrared absorption spectra obtained on (A) HEPES PSII F R pH 6.0
samples, (B) phosphate/formate PSIl samples, and (C) the phosphate/ - TTemee
formate buffer, containing 50 mM phosphate (pH 6.0), 50 mM
formate, 10 mM NaCl, 15 mM MgG] and 48 mM ferricyanide.
The spectrum shown in (D) was obtained as the result of subtraction 50 mM PO, +
of (C) from (B) and represents the amide | line shape of PSII, after 50 mM formate
treatment with phosphate and formate. Tick marks onytlais pH 6.0
are 0.5 AU. These data were used in constructing the difference
FT-IR spectra shown in Figure 4, and are an average of two to six T T T T
spectra, obtained in the dark. 1700 1500
WAVENUMBER (cm™)

ing the difference spectra shown in Figure 4. In Figure 8A, F 9: Infrared absorption spectra obtained on PSIlI samples
. . . . IGURE 9.

we show the a”f“de | line shape Of,PS” obtained ',n HEPES and buffer controls. The solid lines correspond to data obtained on

buffer. The amide | band was relatively narrow, with a peak psji in (A) 5 mM HEPES-NaOH (pH 7.5), (B) 5 mM MES

at 1657 cmt. This frequency is characteristic afhelical NaOH (pH 6.0), (C) 5 mM MESNaOH (pH 6.0) and 50 mM

proteins (reviewed in ref29—31). Minor amide | compo-  formate, (D) 50 mM MES-NaOH (pH 6.0), (E) 50 mM MES

. NaOH (pH 6.0) and 50 mM phosphate, (F) 50 mM MBS$aOH
nents at higher and lower frequency were also observed pH 6.0) and 50 mM formate, and (F) phosphate/formate buffer

(Figure 8A). These results were in reasonable agreementcontaining 50 mM phosphate (pH 6.0), 50 mM formate, 10 mM
with earlier studies of the secondary structure of PSIl (for NaCl, and 15 mM MgGl The dashed lines in (AF) correspond
example, see ref32). to data obtained on the buffer alone, as defined above feff)A
. . ~ These spectra were obtained at a spectral resolution of 2 (@®e
However, the amide | line shape of PSIl membranes in Materials and Methods). The tick marks on thexis are 1.0 AU.

phosphate/formate buffer was perturbed (Figure 8B). Be-

cause the concentration of phosphate and formate was Biochemical Dissection of the Phosphate/Formate Effect.
relatively high in these samples (50 mM), spectra were The results in Figure 8 demonstrated that the amide | line
obtained of the phosphate/formate buffer alone, in the shape of phosphate/formate PSIl samples was dramatically
absence of PSII (Figure 8C), as a control. This spectrum, altered, when compared to the line shape observed in HEPES
representing the buffer components, was subtracted from thesamples. These data suggested a gross structural rearrange-
spectrum of the phosphate/formate PSIl sample. The ment of PSIl. To identify the origin of the amide | change,
subtraction result (Figure 8D) showed an altered amide | line buffer conditions were varied independently. Figure 9 shows
shape for PSIl and confirmed that the altered amide | line the results of this experiment. The amide | line shapes of
shape was not the result of phosphate and formate contribu-PSlI, suspended in either 5 mM HEPERaOH, pH 7.5, or
tions to the 1650 crt spectral region. As support for the 5 mM MES—NaOH, pH 6.0, were indistinguishable (Figure
conclusion that the amide | line shape is altered in phosphate/9, A and B). From these data, we conclude that a change in
formate buffer, notice that accompanying alterations in the pH from pH = 7.5 to pH = 6.0 does not perturb the
amide 1l region (approximately 1550 cW) were also secondary structure of PSIl. These are the usual conditions
observed (Figure 8, A and D). that we employ for difference FT-IR spectroscopy on PSII
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Table 1: Effects of Phosphate and Formate on the Yield and Decay formate can decrease the yield of&nd can accelerate the

of Tyrosyl Radical, D¢ rate of D decay in PSII.
PSilI sample conditioris D spin® % decay DISCUSSION
A MES, ferricyanide 1.00 42
B MES, phosphate, ferricyanide 1.06 45 In this report, time-resolved difference FT-IR spectra,
€ MES, formate, ferricyanide 064 65 associated with the reduction of tyrosine, ave been
#When present, the MES concentration was 50 mM ME&OH obtained from spinach photosystem Il membranes, as isolated

(pH 6.0), the potassium ferricyanide concentration was 48 mM, the by the method of ree1. Conditions were employed (5 mM

phosphate concentration was 50 mM, and the formate concentration ~ . . .
was 50 mM.P The EPR spectrum was acquired following a 20 s HEPES-NaOH, pH 7.5; 3 mM potassium ferricyanide/

illumination ard a 2 sdark adaptation. This spectrum corresponds to ferrocyanide) in which @~ was shown to decay in the 2 s
spectrum D3 in Figure 1. The data were normalized to the number of before data acquisition began, but tyrosine decayed
spins obtained in sample AThe EPR spectrum was obtained after a significantly over the 60 s time scale of the FT-IR measure-

90 min dark adaptation, which followed the 20 s illumination. The data - :
were normalized to the number of spins obtdin2 s following ments. Our experiments support the conclusion that tyrosyl

iilumination. The percent decay was then computed by subtraction from fadical, D, gives rise to an intense spectral feature at 1477
100%.9 Spin quantitations of tyrosyl DEPR spectra obtained on ~ cm 1. Superposition of kinetic transients, derived from
manganese-depleted, spinach PSII preparations. Quantitations werénfrared and EPR analysis, provides the foundation for this
performed by double integration of the EPR spectra and by correction assignment. These results are in agreement with our previous
{greﬂgggt';%e;n;&'?&?ggpelg,rol%rg}f_l concentration. The standard error . i which isotopic labeling, site-directed mutagenesis,

and superposition of kinetic transients were used to assign
the positive 1477 cmi line to tyrosyl radical D in more

(for example, see refgl, 17, 18). An increase in ionic ; .
strength at pH 6.0, frm a 5 mM MES(Figure 9B) to a 50 highly resolveg PSII preparations at pH ,75’(18)'

mM MES concentration (Figure 9D), led to amide | line [N our previous work 17, 18), comparison of spgctra
shape alterations in PSIl. Addition of 50 mM formate ©OPtained on preparations in which tyrosine W& or *H
(Figure 9, C and F) but not 50 mM phosphate (Figure 9E) labeled led to the assignment of the 1477 ¢iine to the

gave additional, small spectral changes. The amide | andC—© Vvibration of tyrosyl radical, B The 1477 cm!
amide Il line shapes obtained on PSII samples in 50 mM frequency of this vibrational feature is downshifted by-20

MES—NaOH, pH 6.0, and 50 mM formate (Figure 9F) 30 cnt! from the typical C-O frequencies observed for

closely resembled data obtained on phosphate/formate PSIfY"0Sy! and phenoxyl radicals in vitr@4, 35). Upshifts of
samples (Figure 9G). the fr_equences of negative lines, which were sensitive to
We conclude that at pH 6.0, a protein conformational Y"0sine labeling, were also observed8). As a first
change occurs when PSII is incubated in high ionic strength SPeculative explanation for the observed downshift of the
buffers. We attribute the majority of this change to a possible C—O Vibration of D, we proposed that nonbonding interac-
electrostatic effect on the structure of PSII, resulting from tOnS involving peptide formation and perhaps details of
differences in ionic strength between the HEPHS, (L7, peptide conformation at tyrosine D may shift the-O
18) and phosphate/formatéd) buffers employed. Note that ~requency. As a second possible explanation, we proposed
these samples were partially dehydrated, which would also that the generation of charged species in a hydrophobic
increase the effective ionic strength. Smaller effects on the €NVironment may generate electric fields, which shift vibra-
structure of PSII may arise from the presence of formate. tional frequenciesi(, 18).
The above observation of an electrostatic effect on PSII An alternative assignment of the spectral feature at 1477
structure is consistent with crystallographic studies of the cm *to Qa~ has been made; this assignment was not based
multisubunit immunoglobulin light chair8@). In this work, on isotopic labeling, howeverlg, 36). Many published
three quaternary structures for the immunoglobin light chain €xperimental observations are inconsistent with this assign-
were obtained; the quaternary structure depended on thement (reviewed in refl7 and see also refl, 12, 14-16,
identity of the crystallization solvenBg). 18, 37, 38), including the observations described here. Note
We also examined the impact of various buffer compo- that preliminary data, obtained as a result of isotopic labeling
nents on PSII EPR spectra. To identify the origin of the Of plastoquinone, also do not support the conclusion that Q
decrease in yield and of the acceleration in the decay rate ofcontributes significantly to the 1477 ciline (Razeghifard,
D, as assessed by EPR spectroscopy, buffer conditions weréSteenhuis, Kim, and Barry, unpublished results).
varied independently. Table 1 gives the relative yield of  We have obtained an alternate difference FT-IR spectrum
D, as assessed by double integration of the EPR spectrumin phosphate/formate-containing PSIl samples, which is
obtainel 2 s after illumination (corresponding to D3 in Figure similar to previous reports of an alternate B D spectrum
1). Table 1 also presents data concerning the decay rate 0{10). We have confirmed that tyrosyl radical Becay is
D, as assessed by double integration of the spectrumoccurring over the time scale where FT-IR data are acquired,
obtained 90 min after illumination. The addition of 50 MM however, the yield of Dis reduced dramatically in phosphate/
formate was shown to decrease the yield of @btained 2 formate PSII samples, relative to the HEPES PSII samples.
s after illumination, and increase the rate of decay of the Difference infrared spectra, obtained in this time regime,
radical over the 90 min following illumination (Table 1). show alterations in both amplitude and frequency and do
The decay rate was dependent on the potassium ferricyanidenot exhibit a 1477 cmt line. The decrease in amplitude of
concentration, suggesting that formate was not acting as athe vibrational spectrum is approximately proportional to the
donor but was facilitating the reduction of tyrosyl radical decrease in DEPR yield. Superposition of EPR-derived
D* by another donor (data not shown). We conclude that transients and FT-IR amplitudes supports the conclusion that
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some of the observed spectral features arise from redoxployed was low in those experiments (1 mM). On the other
changes involving tyrosine D. When difference FT-IR hand, another possible explanation for the failure to observe
spectra, obtained on HEPES and phosphate/formate PSII, ar¢he 1477 cm?® line in phosphate/formate is that strong
compared, alterations in frequency are observed throughouthydrogen bonding takes place between buffer components
the vibrational spectrum. While some of these altered and D. Strong hydrogen bonding could broaden the@
vibrational lines arise because of phosphate/formate contri-vibrational mode %7, of the radical and could make this
butions to the spectrum, this observation cannot explain all line undetectable4l). Note that in addition to perturbations
of the spectral changes observed. Therefore, we concludeof positive lines in the radical's vibrational spectrum,
that phosphate/formate conditions alter the structure and/orperturbations to negative lines, possibly derived from the
environment of tyrosine D and, thus, alter the vibrational tyrosine, are observed as well. For example, the negative
spectrum associated with* Beduction. 1284 cm? line, observed in spectra of phosphate/formate
We attribute the altered vibrational spectrum, associated PSlI, is not observed in spectra of HEPES P3B)( This
with D* reduction, in part to a large-scale structural rear- perturbation may be an indicator of a change in the hydrogen-
rangement in PSIl. These effects may explain, in part, the bonding status or the protonation state of tyrosine D.
decrease in yield of the tyrosyl radical. Other infrared studies Taken together, the FT-IR results are consistent with an
have shown a correlation of amide | line shape changes withenvironmental alteration, which affects the structure and
inhibitory effects 82, 39, 40). The new frequencies at 1674 function of tyrosyl radical, B and tyrosine D. Our results
and 1616 cm?, observed in the FT-IR absorption spectrum also suggest that environmental factors can have a relatively
of phosphate/formate PSII, are in the spectral ranges mostlarge effect on the vibrational spectrum of &nd, yet, have
often assigned t@ sheet 29—31). Two high- and low- only a small or negligible effect on the EPR line shape of
frequency components are expected as the result of transitiorthe radical. This is possible because theEPR line shape
dipole coupling 28). Alow 1616 cn1! component has been is broadened by anisotropic interactions and is relatively
observed as a result of intermolecular hydrogen bonding in insensitive to small changes in hydrogen-bonding and other
protein samples4(). A conversion ofa helical toj sheet types of nonbonding effectgl§).
structure is a large-scale conformational rearrangement, and The alternate D— D spectrum {0) has been observed in
such changes can be caused by the binding of anions tocyanobacterial PSIl preparations, which have also been
proteins @2, 43). This conformational rearrangement may treated with phosphate and formate buffers. These spectra
be due primarily to an ionic strength effect on PSII structure. resemble spectra obtained from spinach PSII membranes,
Our experiments have also shown that 50 mM formate which have been treated with phosphate/forma@.( In
lowers the yield and accelerates the rate of decay of tyrosylthe D — D spectrum obtained on a phosphate/formate
radical, D. Our previous work, employing chemical com- cyanobacterial sample, spectral changes observedigon
plementation, provides an explanation of a possible mech-labeling of tyrosine at €of the phenol ring were used to
anism by which formate influences the properties of tyrosine argue that the 1503 crh arises from D (10) (but see
D (11). Inthose experiments, imidazole was shown to have discussion of these results in r&f). The data, which we
access to tyrosine D in wild-type PSIlI and in a histidine to have presented here, show that the phosphate/formate buffer
leucine mutant, generated in the environment of tyrosine D. also makes a contribution at 1500 chihis will complicate
To explain the access of imidazole to tyrosine D, we modeled the interpretation of isotope-shifted spectra. Indeed, as
the three-dimensional structure surrounding redox-active previously discussed, the lack of observed isotope shift at
tyrosine D. This modeling was based on similarities to the 1503 cnt! upon 3Cs labeling of the tyrosine ring was
bacterial reaction center. This work provided evidence for problematic in the interpretation of the isotope shift§), (
a surface-accessible pocket near the redox-active tyrosinel?).
(11). Ifimidazole has access to tyrosine D in wild-type PSIl,  Assignment of the Z— Z spectrum is also of interest.
then other buffer components may have access as well. TheMacDonald et al. recorded the vibrational spectrum of Z
accelerating effect of formate ort Beduction is opposite to  and suggested the assignment of a positive 1478 ¢ime
the retarding effect of imidazole on this electron-transfer step to the C-O vibration, based on isotopic labeling5j. Our
in wild-type (11). These effects on the electron-transfer rate more recent work on Zhas tested and confirmed this
may be associated with the generation of charged speciesassignmenti6—18). Recently, an alternate spectrum has
and electric fields in the hydrophobic environment of D. The been assigned to*Z Z; this spectrum lacks a 1478 cf
magnitude and direction of the electric field may play a role line (47). Spectra were obtained on PSIl in a buffer
in controlling the direction and rate of electron transfer (for containing 50 mM MES (pH 6.0), 10 mM NaCl, 5 mM
example, see re44). MgCl,, approximately 10 mM sorbitol, and approximately
Our work has also shown that in phosphate/formate 100 mM potassium ferricyanide. Data were obtained in 3.6
buffers, shifts are observed in the frequencies of lines s intervals before ahl s following illumination; samples
associated with reduction of tyrosyl radicat, O-or example, were partially dehydrated. In the spectrum obtained, a
the 1477 cm? line may be upshifting to 1485 cny isotopic spectral feature at 1512 cthwas altered in intensity upon
labeling is required to test this hypothesis. Frequency shifts 13C; tyrosine labeling but not upokCs tyrosine labeling
in the presence of a high concentration of anionic compounds(47). There are several possible explanations for the failure
may be consistent with the hypothesis that electric field to observe the 1478 crhline of Z* under these alternate
effects are responsible for the perturbations of the-[D conditions. First, because* zhormally decays on the
vibrational spectrumi(7, 18). Such large spectral shifts were millisecond time scale in the PSII preparation employed (for
not observed when imidazole was present in wild-type PSII example, see refs§7 and48), data were acquired in a time
(11). However, the total concentration of imidazole em- regime where the vibrational contributions ofifday not be
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detectable. Second, the high ionic strength buffer employed 17.

would be expected, from the results reported here, to change

PSII structure and may lead to frequency shifts in the-Z
Z spectrum. Third, the buffer itself may be contributing to

the spectrum. These three explanations are not mutually

exclusive. Negative control experiments would be helpful
in distinguishing among these possibilitiels?).

Difference infrared spectroscopy has the potential to give
new insight into structure/function relationships in photo-

system |II.

clarification of vibrational assignments. Our work shows
that the failure to observe the 1477 chiine of D¢, under

an unusual set of sample conditions, is due to the biochemical
conditions employed. These data support our previous
assignments of spectral features to redox-active tyrosines in

photosystem Il 11, 14—18).
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