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In this report, difference FT-IR spectroscopy is used to show
that oxidation of a redox-active tyrosine in photosystem Il (PSII)

causes perturbations of the peptide bond. These perturbations are

attributed to spin delocalization, as previously proposed for
tryptophan cation radicalsind tyrosyl radicafsin vitro. Migration

of the electron hole may be consistent with peptide bond involve-
ment in tyrosyl radical-based electron-transfer reactions.

PSII catalyzes the light-driven oxidation of water and reduction
of plastoquinone. Redox-active tyrosines are involved in long-
distance electron-transfer reactions in several enzynesSilI,
tyrosine Z conducts electrons between the primary chl donor and
the tetranuclear manganese cludtkr the oxidized form, Z forms
a neutral radical, & with a 1, 3, 5 spin density distribution (Figure
1A) over the aromatic ring.

Previous work has provided evidence that a vibrational frequency
of the tyrosine Z radical, attributed to a stretching vibration of the

CO bond, is perturbed when compared to the frequencies observeg,

in vitro.6710 This band showed?3C isotope shifts when tyrosine
was isotopically labelef;1° and this band was observed to decay
with kinetics that matched the decay of the ZPR signaP. The
amplitude of this band was sensitive to the addition of hydroxy-
lamine, which blocks Z oxidatioh® Early discrepancies in the
literature were resolved by these approachsese refs 912 and
references therejn However, in our previous work, a complete
analysis of the #Z spectrum was not performed. Also, recent
studies have shown that oxidation of tyrosinatevitro (Figure
1A) perturbs the force constants of the terminal amino and, perhaps
carboxylate groupsTherefore, peptide bond formation (Figure 1B)
itself has the potential to influence the oxidation spectfufin
identify potential contributions from the peptide bond, we compare
the difference FT-IR spectrum associated with Z photooxidation
with model compound data, acquired from tyrosinateitro.

Model Compound Assignments.In Figure 2A and B, we
present difference FT-IR spectra associated with the UV photolysis
of natural abundance tyrosinate afid,-ring-labeled tyrosinate

solutions. Difference spectra were constructed from data acquired
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Figure 1. Structure of tyrosinate (A) and a tyrosine-containing tripeptide

(B).

that tyrosine oxidation perturbs ring stretching vibrations and
increases the force constant for the CO b&hd.

The assignments of bands between 1340 and 1260 emait
a complete normal coordinate analysis, but probable assignments
include aromatic and aliphatic CH bending and CC stretching
vibrational modes. Aliphatic modes may be coupled to ring
ibrations and may be isotope sensitive. Wedksensitive bands
are observed above 1610 chDFT calculations predict in-plane
bending vibrations of the amino group in this spectral re§iohjch
are also coupled to ring stretching vibrations (Range et al.,
unpublished results). In agreement with the calculatidfi;
labeling of tyrosinate resulted in isotope shifts in model tyrosyl
radical?

Ze and Z Assignments in PSIl.In Figure 2D, we present the
difference FT-IR spectrum associated with the oxidation of tyrosine
Z in cyanobacterial PSH Difference spectra were constructed by

'methods previously describ&din particular, conditions were

employed in which the quinone acceptors make only a small
contribution to the spectruM.In addition to contributions from Z
and 2, the PSII photooxidation spectrum will also exhibit contribu-
tions from the protein matrix. To identify Z ance £ontributions,

we have acquired FT-IR spectra on cyanobacterial PSII, containing
2H,-ring-labeled tyrosine (Figure 2E). Spectra were corrected for
concentration and path len§gthnd then were subtracted on a 1:1
basis to give an isotope-edited spectrum (Figure 2F). Labeling was
performed through feedback inhibition of the shikimate pathifay.

before and after photolysis. Spectra were corrected for concentrationsc from tyrosine is known to be incorporated in low yield into

and path lengthand were then subtracted on a 1:1 basis to give an
isotope-edited spectrum (Figure 2GH shifts are observed for
negative bands at 1607, 1499, and 1258 trthese bands shift
to 1572, 1421, and 1234 crhand are assigned ta (ring stretch),
v19a (ring stretch), and7d (CO stretch) of the tyrosinate ground
state, respectively.

Positive bands at 1552, 1517, 1348, 1323, and 1294 @re

plastoquinone, a molecule which has overlapping spectral contribu-
tions with tyrosiné:%1*However, previous work, which has recently
been confirmed? showed no significant incorporation &fl from
?H-labeled tyrosine into plastoquinone under the conditions used
for labeling1® There was also no detectable isotope incorporation
into chlorophyll, as assessed by mass spectroiiftee Supporting
Information and refs 10, 18).

also observed (Figure 2C). These bands shift to 1527, 1499, 1334, Ring Vibrational Frequencies of Zs and Z Are Similar to

1309, and 1271 cm. The two highest-frequency bands are assigned
to v8a andv7a of the radical. Taken together, these spectral

assignments support previous Raman studies, which have concluded,;o gpserved. Bands at) 1602 and ¢) 1583 cnr!

T Present address: Department of Pharmacology, PO Box 100267, University
of Florida, Gainesville, FL 32610.
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Those of Model Compoundsln Figure 2F, 2 and Z bands with
similar frequencies, when compared to the model compound data,
in the isotope-
edited Z-minus-Z spectrum are assigned #8a of Z and its

isotopomer, respectively. Bands ait)(1558 and {) 1547 cnr?!
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Figure 2. Difference FT-IR spectra associated with the oxidation of tyrosinate at 77-KC{fand of tyrosine Z in photosystem Il at 263 K+{F). In (A)

and (B), spectra were acquired on natural abundance tyrosinaféigmihg-labeled tyrosinate, respectively, in 10 mM boralaOH, pH 11. (C) Isotope-
edited spectra (AB). Spectra were acquired at 4 chresolution and represent the average of two or eight data sets-akie tick marks are 1.5 1072

AU for the top panel and 2.& 102 AU for the bottom panel. In (D) and (E), spectra were acquired on natural abundance 2B andg-labeled Z,
respectively. (F) shows the isotope-edited spectraED Spectra were acquired at 4 chresolution and represent the average of 16 or 34 data sets. The
y-axis tick marks are 5.& 10~* AU for the top panel and 2.& 10~ AU for the bottom panelH,-ring-labeled tyrosine was purchased from Cambridge
Isotopes (Andover, MA), and its isotope enrichment was 98%.

are assigned ta8a of the radical, £ and its isotopomer, observed to result in an upshift ofd to 1266 cm1.1® Therefore,
respectively. These frequencies are similar (withir2d cnT?) to Figure 2F may suggest that Z has a protonated phenolic COH group
the observed frequencies of these bands in model tyrosinate andFigure 1B) and that Z is involved in one or more hydrogen bonds
tyrosyl radical (Figure 2C), and the magnitudes of the isotope shifts as the proton acceptor. Future work will address this point.
are also similar. A positive 1421 crhband is observed in Figure The CO Stretching Frequency of 2 Is Consistent with Spin
2F. This band corresponds to the isotopically shiftd®a band, Delocalization into the Peptide Bond.In Figure 2F, a{) 1480/
which is the most intense spectral feature initheitro data (Figure (=) 1471 cn! derivative-shaped feature has a counterpart with a
2C). In the Z-minus-Z spectrumy19a of the unlabeled Z species  higher frequency in the model compound spectrum (Figure 2C).
is most likely a negative spectral feature at 1531 nfhe apparent We assign this band in Figure 2F t@a of the 2 radical, which
frequency of this band is 30 crh higher than the frequency s downshifted (3728 cn1l) from the observedi() 1517/() 1499
observed in the model compound (Figure 2C), but this may be due cm~! frequencies in the model compound (Figure 2C). In previous
solely to changes in band overlap in this spectral region. work, 13C shifts of this band were also obserfed? Notice that

The CO Stretch of Z. In Figure 2F, there are no bands observed the magnitude of the isotope effect for this band is one-half the
at (—) 1258 and {) 1234 cn1. In the model compound (Figure isotope effect observed far7a in model tyrosyl radical (Figure
2C), these spectral features arise from the CO stretching vibration2C). Our interpretation of the small isotope shift fos Z7a is
(v7d) of tyrosinate and its isotopomer, respectively. In the PSII decreased coupling between CO and ring vibrational modes; such
data (Figure 2F), weak bands at)(1245 and ¢) 1230 cnt! may decreased coupling could be caused by the decrease in frequency.
correspond ta7d of Z and its isotopomer, but the signal-to-noise  We attribute the downshift of thesZO frequency to delocalization
is not sufficient to assign these bands with confidence. We conclude of spin density from the phenol oxygen to the amide/imide bonds
that the amplitude and, possibly, frequency@8 is perturbed, (see below), because our FT-IR data have shown no significant
when Z is compared to the model tyrosinate compound. effect of solvent exchange on this band under the conditions

Previous Raman studies have shown that the amplitude andemployed’812
frequency ofu7d can be used as a marker of hydrogen bondingto ~ Amide and Imide Frequencies Are Observed in the 2-
the phenol oxygen of phenol and phenol&&Vhen phenol is Minus-Z Spectrum. The isotope-edited £minus-Z spectrum
protonated and weakly or non-hydrogen-bonded, the frequency of (Figure 2F) also contains bands in the 1650 &émegion, which
v7d is observed at-1255 cnt1.1® When phenol is protonated and  are not observed in the photolysis spectrum acquired from poly-
involved in a hydrogen bond as a proton donor, frequencies of crystalline tyrosinate (Figure 2C) but are observed in model
1272-1267 cmt are expecteéd? When phenol is protonated and  dipeptides In this so-called amide | region, contributions from
involved in a hydrogen bond as a proton acceptor, a frequency ofthe C=0O stretching vibration of amide and imide bonds are
~1240 cm! is observed, and the amplitude of th@éd band is observed? In PSiII, tyrosine Z is tyrosine 161 of the D1 polypeptide
decreased, relative to the proton-donating or the weakly hydrogen-and is contained in the sequence (Figure 1B), ile-tyr(Z)2pra.
bonded caseX. Deprotonation of phenol to form phenolate was previous flash photolysis study of the dipeptides, tyr-pro and ile-
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tyr, showed that oxidation of tyrosinate perturbs the imide and amide oxidation spectrum, the force constants of these bonds must be

bonds, respectiveffAmide and imide vibrations may be coupled perturbed by photooxidation. A possible mechanism for this

to tyrosine ring stretching motions; therefore, these vibrational bands perturbation is spin delocalizatid. Although the amount of

may show weak sensitivity t€H-ring labeling. delocalization may be smdlf such delocalization could be
On the basis of these previous studiege assign the-{) 1684/ consistent with a role for the peptide bond in tyrosyl radical-based

(+) 1636 cnT! bands in Figure 2F to the Z-pro imide bond and electron-transfer reactions.

the () 1659/(+) 1651 cnr! bands to the ile-Z amide bond,

respectively. The imide frequency correlates well with frequencies Acknowledgment. Supported by GM432.73 (B'A'B'). and

previously observed in the tyr-pro dipeptiti|, which the oxidation GM,19541 (I. P-A). We thanl§ Professor S. Kim for experimental

spectrum exhibited bands at) 1680/¢+) 1636 cnr. The ile-tyr assistance, and Professor Kim, Professor D. York, and K. Range

dipeptide exhibited a weak spectral feature, assigned to the amidefor discussions.

C=0 vibration, at~1620 cnt™.2 However, the {) 1659/(+) 1651 Supporting Information Available: Experimental details (PDF).
cm 1 C=0 assignment for Figure 2F is more to be expecteddfor  This material is available free of charge via the Internet at http://
helical proteins and polypeptides, where amide | bands are upshiftedpubs.acs.org.
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