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Tyrosyl radicals are important in long-range electron transfer in several enzymes, but the protein environmental
factors that control midpoint potential and electron-transfer rate are not well understood. To develop a more
detailed understanding of the effect of protein sequence on their photophysical properties, we have studied
the spectroscopic properties of tyrosyl radicals at 85 K. Tyrosyl radical was generated by UV-photolysis of
pentapeptides in polycrystalline samples. The sequence of the pentapeptides was chosen to mimic peptide
sequences found in redox-active tyrosine containing enzymes, ribonucleotide reductase and photosystem II.
From EPR studies, we report that the EPR line shape of the tyrosyl radical depends on peptide sequence. We
also present the first evidence for a component of the tyrosyl radical EPR signal, which decays on the seconds
time scale at 85 K. We suggest that this transient results from a spontaneous, small conformational
rearrangement in the radical. From FT-IR studies, we show that amide | vibrational bands (B280cnT?)

and peptide bond skeletal vibrations (123M90 cm?) are observed in the photolysis spectra of tyrosine-
containing pentapeptides. From these data, we conclude that oxidation of the tyrosine aromatic ring perturbs
the electronic structure of the peptide bond in tyrosine-containing oligopeptides. We also report sequence-
dependent alterations in these bands. These results support the previous sugyestirorChem. So2002

124, 5496) that spin delocalization can occur from the tyrosine aromatic ring into the peptide bond. We
hypothesize that these sequence-dependent effects are mediated either by electrostatics or by changes in
conformer preference in the peptides. Our findings suggest that primary structure influences the functional
properties of redox-active tyrosines in enzymes.

The aromatic side chain of tyrosine can participate in long- in midpoint potential (reviewed in ref 22). In previous DFT

distance electron-transfer reactions in enzymes. In many casesgalculations, the amount of spin density on the amino nitrogen
these electron-transfer reactions are essential steps in theof tyrosyl radical was predicted to be 0.016 in the Boltzmann
enzyme’s catalytic mechanism. For example, one-electron averaged conformatioi.The predicted“N hyperfine interaction
oxidation/reduction of a tyrosine side chain occurs in prostag- is less than~0.4 G for X-band EPR. Thus, this amount of spin
landin H synthaségalactose oxidas&iibonucleotide reductase  density delocalization is small and would not be detected by
(RNRY and photosystem Il (PS If)> While there have been field-swept EPR techniques alokelnterestingly, a coupling,
previous model compound studies of tyrosyl and phenoxyl which was attributed to the amide nitrogen, was detected in
radical structure (see, for example, refs¥3), the influence previous ESEEM studies of a PSII tyrosyl radiédh possible,
of peptide bond formation on the structure, function, and redox small amount of spin density delocalization in tyrosyl radical
potential of the radical is not well understood. is thus easily reconcilable with previous conclusions that the
EPR (electron paramagnetic resonance) studies have showrsum of the spin density on the aromatic ring and the oxygen is
that the unpaired electron spin of the tyrosyl radical is primarily close to onél12.14

located on the aromatic ring, with maximum densities atthe 1~ while this predicted amount of spin density delocalization
3'and 5 positionsi*~** Similar spin density distributions have  to terminal groups is small, it may be significant, particularly
been3 [ggggged for the Y122nd Y160 radicals in RNR and i it is sensitive to conformation or electrostatics. The signifi-
PSIISAAE2E _ _ cance could arise from control of midpoint potential, as
However, it is clear that the protein environment of the discussed above, or from a directional control mecharfsm.
tyrosine can control the function of the redox active amino Because it is difficult to detect a small hyperfine splitting with
acid%2°0ne mechanism of redox potential control is suggested fig|q swept EPR spectroscopy, we used Fourier transform
by recent DFT (density functional theory) calculations on tyrosyl infrared (FT-IR) spectroscopy to test this theoretical predictfon.
radical, which report that spin denglty deloqallzes to the terminal |n this technique, UV photolysis pulses are applied to produce
groups of tyrosiné? Of particular interest is the fact that the 5 tyrosyl radical, and FT-IR spectra are collected before and
amount of spin density delocalization was predicted to be after illumination and are subtracted to construct a photolysis-
conformation-dependent. This conformation dependence offersinduced difference spectrum. This spectrum is exquisitely
a method for midpoint potential contré}?* because there is a  sensitive to small changes in force constant. DFT calculations
correlation between increased spin delocalization and decreaseﬁredicted that spin density delocalization would upshift the
*To whom correspondence should be addressed. E-mail: frequency of the amino NH bending mo#f:*Such an upshift
bridgette.barry@chemist?y.gatech_edu_ ' ~ was indeed detected in the photolysis FT-IR spectrum of tyrosyl
T Deceased August 10, 2005. radical, and the vibrational band was shown td¥¢sensitive,
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Figure 1. Structure of pentapeptide RSYTH, which is the sequence surrounding the tyrosyl radical in the R2 subsctieoichia colRNR. The
arrow shows the rotation of the aromatic ring along the@; bond.

as expected? In addition, when tyrosyl radical was generated 1
by photolysis in some tyrosine-containing dipeptides, a contri- ]
bution to the FT-IR spectrum from the amide | and Il (peptide
bond) vibrational bands was obseréd.aken together, these
results suggest that spin density delocalization occurs in 6]
tyrosinate and tyrosine-containing dipeptides. ]
The question addressed in this paper is whether spin density 1Y/
delocalization can occur when tyrosyl radicals are formed in ’
oligopeptides and, if so, whether this effect is sensitive to
sequencé325 Accordingly, we report the results of EPR and
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FT-IR studies of tyrosyl radicals generated in pentapeptides. ]
- : ; 1—v
The primary sequences of the pentapeptides used in our study 1w |\
were based on sequences containing redox-active tyrosine 2-4__ wpicl
residues in two enzymesPS Il and RNR (Figure 136-27 1— EYPIGY
11— RYPIG %,
Materials and Methods 1— RSYTH
] borate )
SamplesL-Tyrosine (denoted as Y in the figures), boric acid, 4=
sodium hydroxide, and hydrochloric acid were purchased from 240 260 280 300 320
Sigma (St. Louis, MO). Polyalanine (MW 106000) was
purchased from MP Biomedicals, LLC (Aurora, OH). The wavelength, nm

tyrosine-containing dipeptide 1Y and a control dipeptide, RE, Figure 2. Room temperatureabsorption spectra of tyrosinate, dipeptide
were purchased from Bachem (King of Prussia, PA). The Y, pentapeptides (relative to borate buffer) anq borate buffer (relative

tyrosine-containing pentapeptides, IYPIG, EYPIG, RYPIG, and to Wate() measured at 1 cm path Iengt.h. The inset shows the spectral
RSYTH were purchased from Sigma-Genosys (The Woodlands absorptlc_)n at 266 nm wavelength, which is the wavelength used for

TX). The pentapeptide samples were purified by the manufac- photolysis.

turer on Discovery Bio Wide Pore C-18 column (mobile phase
- . g RYPIG (http://us.expasy.org/tools/protparam.html). The pen-
0, 0,
A, 0.1% TFA/water; mobile phase B, 0.1% TFA/acetonitrile). tapeptide, RSYTH, shown in Figure 1, is based on the amino

The purity of each sample was assessed from the chromato- id n ntaining the redox-active tvrosine. Y122 in
grams, monitored at 214 nm, and was reported in the rangeac seéquence containing the redox-active tyrosine, ’
from 94 to 99% homogeneity. The UMisible absorption the R2 subunit of Class | RNR frork. coli (NCBI entry,
. 1IMXR_B?).

spectra of the samples were recorded at AB0concentration — . .
in 1 cm quartz cuvettes on a Hitachi U-3000 spectrophotometer 0" EPR and FT-IR spectroscopic studies, the samples were
(Figure 2). As shown in Figure 2, the spectra of pentapeptides, dissolved in 10 mM borate-NaOH buffer, pH 11.600.05.
tyrosinate, and the dipeptide, 1Y, were similar. The extinction |"€ sample concentration was 100 mM for FT-IR spectroscopy
coefficients of these compounds at 266 nm (used as the (unless indicated otherwise), and 16 mM for EPR spectroscopy.
excitation wavelength for generation of tyrosyl radicals) were ~ NMR Spectroscopy.NMR spectra of pentapeptides were
also similar, with values between 890 and 1000:Mm™1. recorded at room temperature on a Bruker DRX-500 NMR

The sequences of pentapeptides were chosen to maximizespectrometer operating at 500.13 MHz gsi@ 5 mmprobe
the solubility of the synthesized peptides. The pentapeptide, equipped with Z gradients. The water peak was suppressed using
IYPIG, represents the sequence containing the redox-active@ standard Watergate sequence. The samples were suspended
tyrosine, Y160, in a cyanobacterial PSIl D1 subunit (NCBI in 10 mM borate-NaOH buffer, pH 11, containing 10% (v/v)
entry, NP_68263%). Two other pentapeptides, EYPIG and D20 (purchased from Cambridge Isotope Laboratories, Andover,
RYPIG, are variants of the D1 sequence, in which the amino MA). The Shigemi (Allison Park, PA) sample tubes were
terminal isoleucine has been replaced by a glutamic acid or ansusceptibility matched to 0.
arginine. This change in primary sequence should have the effect EPR SpectroscopyEPR spectra were recorded in polycrys-
of modulating peptide charge. THerotparampredicted iso- talline samples at 85 K on a Bruker EMX 6/1 (Billerica, MA)
electric points are 4.0 for EYPIG, 5.5 for IYPIG, and 8.8 for X-band EPR spectrometer with ST-9605 cavity and a Dewar
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insert (Wilmad Glass, Buena, NJ). The samples were placed g-value

into fused quartz sample tubes (3 mm i.d.) and frozen to 85 K 2.04 2.03 2.02 2.01 2.00 1.99 1.98 1.97
under a flow of cooled nitrogen gas inside of the Dewar. A bustanbununlatplostsbindubobo]
strong pitch EPR standard,= 2.0028+ 0.0002 (Bruker) was 6

used for the cavity calibration and for calculation of the field (9) RSYTH/ /

offset. After recording of a background EPR spectrum for each - /

sample, the spectrometer was switched to a time sweep with

magnetic field set to 3271.5 G, and trains of flashes were fired 4

at 6.5 s intervals from a Surelite 11l Nd:YAG laser (Continuum,

Santa Clara, CA; wavelength, 266 nm quadrupled output; flash

energy, 115 mJ; pulse width, 7 ns). The energy density incident

at the EPR cavity was 234 mJ cfy and it was attenuated as 2

necessary with a 44% transmittance beam splitter, with a

concave lens, and by increasing the laser Q-switch delay. The

flash energy was measured with a Scientech (Boulder, CO)

Vector S310 meter with a PHD50 pyroelectric detector. Another

EPR spectrum was collected after completion of the flash

sequence, and the pre-illumination background was subtracted

from this spectrum to present in Figure 2. A photolysis spectrum

of the borate buffer was then subtracted. The spectrometer

settings were as follows: microwave frequency, 9.21 GHz;

power, 200 xW; modulation amplitude, 2 G; modulation {— RSYTH —I¥ Il.
frequency, 100 kHz; time constant, 81.92 ms; conversion time, . :::gl'g :ome M
81.92 ms; number of scans, 8. Control experiments showed that 11— 1vPiG g L
there was no microwave power saturation under these conditions S j )J“Wl\iﬂw B
(data not shown). In the time-sweep mode, data acquisition i Mﬁt\_ _"“' '
parameters were the same, except that the magnetic field was . o T il M‘W
setto 3271.5 G, the time constant was changed to 2.56 ms, and ' '

the conversion time was changed to 40.96 ms. Representative ! ot [
EPR spectra and kinetic traces are presented in the figures. The petsivh mm
variation in EPR amplitudes from experiment to experiment was i |
in the 10-15% range.

FT-IR Spectroscopy.FT-IR spectra were recorded at 85 K -5
on a Nicolet Magna 550 Il spectrometer with a MCT-A detector
(Nicolet, Madison, WI) in a rapid scan mode. & liquid
samples were placed between a pair of Sairdows separated . W 1 TTFRTUN NSy RAT
by a 6um spacer in a liquid nitrogen cryostat (R. G. Hansen & SRR L L R ] AL R AN
Associates, Santa Barbara, CA). 3062 interferograms were -10 o 0ol ¥
collected within 620 s at 4 cm resolution and 5 cm s mirror '

. . Figure 3. Panel I: 85 K EPR spectra of tyrosyl radicals generated by
velocity. Three hundred seconds after the start of data collectlon,UV photolysis of tyrosinate Y (b), an isoleucine-tyrosine IY dipeptide

the sample was illuminated by a train of five laser flashes from () ‘and the pentapeptides IYPIG, EYPIG, RYPIG and RSYTH (d

a Surelite | or [l Nd:YAG laser (Continuum, Santa Clara, CA; g). The spectra are displayed with vertical offsets. The sample

wavelength, 266 nm quadrupled output; flash energy, 34 mJ; concentration was 16 mM. The photolysis spectrum of borate buffer

pulse width, 7 ns) at a frequency of 10 Hz. The energy density (&) was subtracted from all presented spectraglh The vertical line

incident at the IR sample was 58 mJ cinwhere indicated it indicates the_ peak position gt 3271.5G at which the kinetics (seg panel
. o . . . II) were monitored. Panel II: Initial time course of the EPR amplitude

was attenuated with a 44% transmlttance beam splitter, with 24t 32715 G upon multiple flash excitation. The traces are displayed

concave lens, and by increasing the laser Q-switch delay. Loweryith vertical and horizontal offsets.

energy and fewer flashes were sufficient to saturate the signal

compared to the EPR experiments. This was due to the short

(6 um) path length of the FT-IR sample. photolysis) to an open beam background, which was recorded
with no sample in the cryostat. The borate buffer absorbance
spectrum was then interactively subtracted. All FT-IR data were
obtained on three different samples and were averaged. The peak
positions were determined with the Igor Pro “FindPeak”
operation, which searches for a minimum or a maximum by
analyzing the smoothed first and second derivatives of the
waveforms.

é
i
]

The set of interferograms was Fourier transformed in Omnic
v.5.2 software (Nicolet, Madison, WI) using Happ-Genzel
apodization, two levels of zero filing, and a Mertz phase
correction. Processed data were averaged in Igor Pro v. 5.03
(Wavemetrics, Lake Oswego, OR) to produce the single beam
spectra beforelf) and after T») illumination. Photolysis spectra,
associated with the production of the radical (FigureSpwere
calculated ad\A = —log(T2/T;). The photolysis spectrum (spline
interpolated) of the borate buffer was interactively subtracted
from the photolysis spectrum of each sample. For some EPR Spectroscopy of Tyrosyl Radical.Tyrosyl radicals
differential spectra acquired at low excitation energy density, a were generated by UV irradiation of polycrystalline samples at
smooth polynomial-fitted baseline was also subtracted from the 85 K and detected by EPR spectroscopy. UV photolysis of an
data. The ground state absorption spectra (Figure 5) werealkaline tyrosinate solution gave rise to an EPR signal (Figure
calculated through ratio of the single beam spectrum (before 3, panel Ib) with an apparegtvalue of 2.0045 and a line shape

Results and Discussion
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= . "Emg :;m+ 16 s; -+ stable Figure 5. Ground-state FT-IR spectra of tyrosinate Y (a), the dipeptide
1 12 mJ em? 1Y (b) and the pentapeptides IYPIG (c), EYPIG (d), RYPIG (e), and
i = 07s; o 17s; -4 stable RSYTH (f) at 85 K. The sample concentration was 100 mM. The data
- —a are displayed with vertical offsets.
1 e
I e were indistinguishable (range: 2.0042.0045), given the
1 2 3 4 5 precision of the X-band spectrometer, which was calibrated with
flash number a strong pitch EPR standard.

Figure 4. Panel I: Initial time course of the EPR amplitude at 3271.5 We conclude that a tyrosyl radical is generated in all the

G upon multiple flash excitation of tyrosinate at three different energy pentapeptide sequences. However, the spectra reveal small
densities. The sample concentration was 16 mM. The traces aredifferences, when the RNR and PSll-based peptides are
displayed with vertical offsets, and the time scale of the first trace is compared. The EPR line shape results from hyperfine coupling

horizontally expanded. Each signal is an average of data from three . . R .
different samples and is normalized to its initial amplitude. Solid lines ©f the unpaired electron with the, &' ring protons and with

represent the global (two-exponential and a stable component) fits, with the/5-protons of the methylene group. The hyperfine interaction
the residuals represented on an expanded vertical scale at the top ofvith the S-protons depends on the dihedral angl (Figure
the panel in matching colors (see Materials and Methods for details). 1) and is thus sensitive to rotation at the—Cg single
Panel II: The flash number dependencies of the normalized amplitudespn 10122829 Recent DFT calculatiod$ on tyrosinate and
Eifnglf: Eg%pdoi%i%?g/eﬁgmdgﬁcggﬁo?nng|;gzl ;LZ?)';S‘S?}ES”;‘; ;i_gr‘?;etyrosyl radical have predicted that two conformers of tyrosinate
Kinetics in tyrosinate samples. Data were acquired at 85 K. are populated at room temperature, with ring dihedral angles
of +168 (conformer A) and—69° (conformer B). These
conformers will be frozen in at low temperatures, where large

similar to those previously reported for tyrosyl radit&ai® This | ¢ tional ti ted. On the oth
component of the radical signal was stable between 77 and 100>C@€ conformational rearrangément IS prevented. Ln the other

K (see next section for details). The EPR line shape and the hand, there is only one conformer of f[yrosy! rad|pal populated

alue of the radical produced in the 1Y dipeptide (Fiqure 3 at room temperature, conformer A with a ring dihedral angle
g-vaiu dical produ ' dipeptia ( IQUre 3, "t 165°. For the radical, conformer B is predicted to be 2.5
panel Ic) were similar to those observed in tyrosinate (Figure

{Ib) and to d iousl 18 . kcal/mol higher in energy when compared to conformet*A.
3, panel Ib) and to data previously reporté&ome perturbation  tperefore, we predict that when photolysis is carried out at 85

of the EPR line shape was observed when Y and IY were y e initial, populated radical states have ring dihedral angles
compared to three pentapeptides, IYPIG (Figure 3, panel Id), that are representative of the tyrosinate ground ste168 and
EYPIG (Figure 3, panel le) and RYPIG (Figure 3, panel If). _gge) 24 Note that the initially populated B conformational state
The EPR spectra of these three pentapeptides were similarjs predicted to be unstable in the radical and should decay at
However, the EPR spectrum of the R2-based pentapeptide higher temperatures. These predictions are in good agreement
RSYTH (Figure 3, panel Ig) was distinct from the PSll-based with previous experimental resuf%2° Therefore, we hypoth-
peptides and was more similar to the spectrum generated inesize that the spectral differences observed in Figure 3, panel I,
tyrosinate (Figure 3, panel Ib) or in the dipeptide IY (Figure 3, may be due to small sequence-dependent differences in the
panel Ic). Theg-values of all tyrosine-containing samples population of allowed tyrosyl radical conformers.
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= 3, panel ) decreases only by-3% in its amplitude and does
2y 828 (:\ not change its line shape upon sample storage for 24 h at 77 K.
| 1 / To obtain a better resolution of the kinetic components,
tyrosinate samples were illuminated with trains of five flashes
with longer (50 s) intervals between the flashes (Figure 4, panel
). Three different photon densities were employed in the 266
nm photolysis pulse. Note that the spectral line width of tyrosyl
radical was independent of photolysis photon density, given the
difference in signal-to-noise ratio (data not shown). Because
the light-exposed sample area was larger at the lowest energy
(due to use of a concave lens), the signals were first normalized
to the initial amplitude (derived from a two-exponential fit),
and then all five traces were analyzed by global multiexponential
fitting.

Figure 4, panel |, shows the experimental data, the global fit
curves, and the residuals of the fit. By analyzing the residuals
and the standard deviations, we found that the best fit to these
data is provided by a two-exponential function with a stable
(nondecaying) component. In addition to the2ls component
found with the shorter interval between the flashes (Figure 3,
panel Il), a component with a lifetime of ca. 20 s was found in
this analysis. Figure 4, panel Il, shows the dependence of
amplitudes on a flash number for each of the energy densities.

These data show that the fast decaying components are not
00 e caused by a photochemical or thermal artifact. Should the fast
1800 1600 1400 1200 component(s) result from such an artifact, one would expect a
Wavenumber, cm’” higher contribution at higher energies. However, this is not the

Figure 6. Photolysis-induced difference FT-IR spectra of Y (a), the case, as seen from Figure 4, p.an.el Il. The Contrlputlon of Fhe
dipeptide 1Y (b), and pentapeptides IYPIG (c) and RSYTH (d). Data fastest, 0.7-s component was similar at all excitation energies.
were acquired at 85 K. The sample concentration was 100 mM. The  We conclude that all three EPR kinetic phases arise from
photolysis spectrum of borate buffer (Figure 7f) was subtracted from tyrosyl radical. Because our DFT calculati&hand previous
each spectrum. The spectra are dls_played with vertlpal offsets. The experimental work from other grouf$&°point to the existence
shaded areas represent regions assigned to the peptide backbone. of an unstable radical conformer (see above), we interpret the

Stability of Tyrosyl Radical at Cryogenic Temperatures. relaxing phases as slight, spontaneous conformational rear-
Tyrosyl radical generated by UV illumination at room temper- rangements in a small radical population. To explain our results,
ature has a lifetime of 7#s3° To estimate the radical stability ~ these conformational rearrangements must slightly alter the EPR
at 85 K, the amplitude of the EPR signal was monitored at a amplitude at the monitoring field and must be allowed at
single field position (3271.5 G, shown in Figure 3, panel |, by Cryogenic temperatures.
the vertical line). Following a laser flash, the EPR amplitude = Ground-State FT-IR Spectra. Figure 5 shows the ground-
reached a maximum within a time period shorter than conversion state spectra of tyrosinate (a), an 1Y dipeptide (b), and the four
time (40.96 ms) of the spectrometer’s digitizer, and then decayedpentapeptides (ef). The first two spectra are similar to
slightly on the seconds time scale to a steady-state level. Eachpreviously reported specttd.The most prominent difference
consecutive flash in the 50-flash sequence resulted in a smallerobserved in the dipeptide is the presence of a strong absorption
amplitude increment (Figure 3, panel Il). The interval between in the amide | region (16801620 cnt?), which overlaps with
the flashes in this experiment was 6.5 s (to allow acquisition of the OH bending band of watét.In the pentapeptides (Figure
50 traces within the 8192-point acquisition limit of the 5, parts e-f), an amide | band is also observed, as expected.
spectrometer digitizer). Neither the decay nor the stable The amide | band is assignable to the=Q stretching vibration
component was observed in photolysis experiments on the borateof the peptide bond. This band has been used to predict
buffer alone (Figure 3, panel la and lla). secondary structural content due to its sensitivity to hydrogen

The series of 50 kinetic segments was analyzed by a globalbonding3? For pentapeptides, we expect that at room temper-
exponential fit using Igor Pro, and the best fit resolved a ature there is no single, well-defined conformation, but rather
decaying component, with a lifetime varying from 1 to 2 s that there exists an ensemble of structures, which interconvert
between the samples, and a stable (nondecaying) componentrapidly 3334 When the amide | regions of the different pen-
The stable component has the EPR line shape shown in Figuretapeptides are compared at cryogenic temperatures, the FT-IR
3, panel I. The lifetime of the decaying component showed no absorption spectra (Figure 5, parts-f show only small
apparent correlation with the sample type. Also, the global fit frequency variations, which are probably caused by changes in
residual plots indicate that the lifetime does not vary from flash relative amplitude in this region. For example, all the spectra
to flash (data not shown). Among the six compounds, the show two similar components between 1677 and 1672 and
contribution of the minor decaying component to the overall 1644-1642 cnt! (Figure 5, parts €f). Because no large
amplitude varied from 13% to 22% for the 1st flash to 1% to frequency variations are observed, these FT-IR absorption data
6% for the 50th flash. This corresponds to aB0% decrease  provide no evidence for large changes in the average, trapped
in its absolute amplitude over the course of the multiple flash cryogenic conformation as a function of sequence. However,
experiment. The stable component was very stable at liquid smallchanges in average conformation cannot be ruled out. In
nitrogen temperature as the photoinduced EPR signal, (Figureaddition, these data provide no evidence for intermolecular
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features. Negative bands from tyrosinate are observed at1605
1602 (USa/NHZ bend), 15021499 @193), 1266-1263 (l)7a) and
1174-1172 @9y cm™ L. To summarize, two symmetric ring
stretching (sa v199 bands and the CO stretchingy§) and CH
bending {95 vibrational modes are observed in the photolysis
spectra of tyrosinate (Figure 68)3° These bands are also
observed in the dipeptide (Figure 6b) and all the pentapeptide
samples (Figure 6, parts ¢ and d; Figure 7, patts)at similar
frequencies. In the dipeptide and pentapeptides, oxidation also
perturbs the frequency of a negative band at 1575 cnt?
(Figure 6, parts bd). This band may be assigned to a
combination of the ringg, Stretching vibration, a carboxylate
stretching mode, and an NiMending modé# The correspond-
ing band is observed at 1550 chiin the tyrosinate samples
(Figure 6, a)-324

Oxidation of tyrosine is known to perturb the frequency of
the CO stretching and ring stretching vibratiof&12 Unique

1196

vibrational modes of the radical will be positive bands in the
| photolysis spectra. A tyrosyl radical NiHending/CQ stretching
band?24contributes to the spectrum at1640 cnr?; this band
overlaps a positive contribution from the @Hending mode

of the solvent. The broads, stretching vibration of the radical

is observed at-1560-1550 cnt?l, where it also overlaps other
spectral contributions. A positive band at 151614 cntt is
observed in all samples and correspondsutg (the CO
stretching) vibration of the radicdf2*Observation of tyrosinate
and tyrosyl radical bands in the photolysis-derived FT-IR
spectrum confirms that a tyrosyl radical is generated in each
sample, as expected from the EPR results presented in Figure

01 g e
(a) IYPIG )

a

{1264

.00

1800 1600 1400

Wavenumber, em”
Figure 7. Photolysis-induced difference FT-IR spectra of IYPIG (a),
EYPIG (b) and RYPIG (c), two control peptides, RE (d) and polyalanine

(e), and borate buffer (f). The sample concentration was 100 mM, exceptg’ E)?nel . Th_e relative amplitudes _Of th?1515 and~1265

for polyalanine, where the concentration was estimatee- 5575 cm* bands give a measure of radical yield under the FT-IR

mM, based on the molecular mass range provided by the manufacturer.conditions.

The photolysis spectrum of borate buffer (f) was subtracted from each  |n our previous work15N sensitive bands in the photolysis

pentapeptide’s spectrum @), but the control spectra {@) are gnacym of tyrosinate at 1647/1627/1603 émwere assigned

presented without the buffer subtraction. Data were acquired at 85 K. . .

The spectra are displayed with vertical offsets. The shaded areasto NHZ bending mode_s. 'I_'he Obse_rvat'on of th_ese bands was
attributed to a delocalization of spin to the amino grééim

represent regions assigned to the peptide backbone. ) ) ) A )
the photolysis spectrum of dipeptides, candidates for amide |

hydrogen bonding? which would occur if higher molecular ~ (C=O stretchj> and amide Il (combination CN stretch, NH
weight oligomers were formed. Note that the pentapeptide bendf®bands were observed. For example, in the dipeptide HY,
samples (Figure 5, parts-€) also exhibit bands in the 1260  derivative-shaped bands at 1628)(1620 (t) and 1548 )/
1050 cnr region, which may be assigned to skeletal stretching 1531 () cm™* were assigned to amide 1€ stretching) and
vibrations of the peptide bond (see discussion bef#j As amide Il (C-N stretching, NH bending) modes, respectivély.
expected, these bands are not present in tyrosinate or in the 1YIn the dipeptide 1Y, a 1543+)/1531 (-) cm* shoulder was
dipeptide (Figure 5, parts a and b). assigned to an amide Il band and an inflection point at 1622
Differential FT-IR Spectra. Figure 6 shows the photolysis-  CM ' was suggested to arise from an amide | band (see ref 13
induced difference spectra of tyrosinate (a), a dipeptide 1Y (b), @nd also Figure 6b). Observation of amide | and Il bands in
and two pentapeptides, IYPIG (c) and RSYTH (d), which are dipeptides was attributed to spin delocalization to the amide
based on the sequences of the redox-active tyrosine domains irPond*® In dipeptides, there is no transition dipole coupling to
PSIl and RNR, respectively. These spectra will reflect vibra- complicate spectral interpretation, and the amide | band is
tional perturbations due to oxidation of tyrosinate to produce observed at low frequency relative to the amide | band in
the radical. Figure 7 compares the spectrum of IYPIG (a) with Polypeptides and proteins.
those of EYPIG (b) and RYPIG (c), which are variants of the ~ As shown in Figures 6 and 7, all the pentapeptide spectra
PSII sequence in which the terminal isoleucine has been replacedexhibit a ~1543 cnt! shoulder on the CO stretching band,
by a glutamic acid or an arginine. This substitution will modulate which may be assignable to an amide Il vibration. In addition,
the peptide charge. The spectra of two control peptides, RE (d)all pentapeptides (Figures 6 and 7) display derivative-shaped
and polyalanine (e), and of the borate buffer (f) are also shown bands in the 16861620 cnt?! polypeptide amide | regioff.
in Figure 7 (parts éf). As expected, photolysis produces no These derivative-shaped bands have a negative component
vibrational bands in any of the borate, RE, or polyalanine between 1684 and 1679 cfand a positive component between
samples, which do not contain tyrosine. 1658 and 1648 cri. This observation is consistent with a
Assignments of the differential absorbance bands observedperturbation of the amide | force constant by oxidation of the
in the tyrosine-containing samples are based on correlations witharomatic ring. Interestingly, in RSYTH, an additional 1638/
previously published datd13253740 and our recent density- 1615 (+) cm™! band (Figure 6d) is also observed in the amide
functional calculations of tyrosyl radic&t.Unique vibrational | region. This is an indicator of sequence-specific interactions
bands of tyrosinate (Figure 6a) are observed as negative spectrabetween the tyrosyl radical and the amide bond.
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All pentapeptides also exhibit derivative-shaped bands in the ]
photolysis spectra in the 1230090 cnr?! region (Figure 6, 005
parts c and d; Figure 7, parts-a), which are not present in the :
tyrosinate and in the dipeptide. These bands of the photolysis
spectra result from perturbation of three spectral bands in the
ground-state spectra at 1207206, 1194-1192, and 1144
1141 cnt! (Figure 5, parts €f). In the pentapeptides, these
bands overlap the 11731172 cnt? band (CH bendingoy),
which are also present in spectra of tyrosinate and the dipeptide
IY. In the photolysis spectrum of IYPIG (Figure 6c), the 1204
/1193 cnt? pair shifts down to 1180/1165 crhand the 1143

. . i @y o
band shifts to 1119 cri. In the photolysis spectrum of RSYTH FYTE
(Figure 6d), the 1209 /1198 crhpair shifts to 1179/1165 cnt 3
and the 1139 band shifts to 1119 tin 3 1.100 mM, 8 mJ ocm*

Assignments in this spectral region are complex. In previous 0~ T T T T

Raman and infrared studies, spectral bands in the 22080
cm! were assigned to GHocking vibrations, along with EC
and C-N backbone skeletal stretch®s! Other spectral
contributions are also possible. The higher frequency bands are
similar in frequency to the calculated frequencies for the*NC
and the GCP stretch in polyalanine, while the third band is
close in its frequency to NCand CGC? stretching vibrations
observed in polyglyciné® A 1204 cnt?! band in collagen was
attributed either to amide 11l or CHwvagging vibratiorf? Note
that the ground state spectrum of polyalanine has weak and
relatively broad bands at 1213 and 1190 ¢énfnot shown),
which were not perturbed, as expected, in photolysis spectrum  -000
(Figure 7e).
Taken together, these reports suggest that these- 128D
cm! bands are associated with the vibrations of the peptide Figur_e 8. Panel I:' Photolysis-induced _dif_ference FT-IR spectra_of
backbone. To explain their appearance in the photolysis Yfosinate Y (a, solid line), IYPIG (b, solid line) and RSYTH (c, solid
L L line) with lower photon density (8 mJ cr¥) in the photolysis pulse.
spectrum, we propose that oxidation of the aromatic ring alters The dotted lines show the spectra of the corresponding pentapeptides,
the force constants of these normal modes, as well as the forceycquired with the standard excitation energy (58 m3%nPanel II:
constants of the amide | and Il bands. The frequencies of somePhotolysis-induced difference FT-IR spectra of IYPIG (a, solid line)
of these bands do not exhibit marked sequence dependency. Imnd RSYTH (b, solid line) at a concentration of 10 mM. Dotted lines
EYPIG (Figure 7b), the bands are observed at 1207/1196,cm  represent the spectra of the corresponding pentapeptides at 100 mM
1180/1164 cm* and 1145/1120 cr, while in RYPIG (Figure on an arbitrary scale for_presentatlon purposes. See Figure 6 for correct
7c¢) the bands are observed at 1207/1196, 1179/1165, and 114 g?tlii.alDoa#ge\gere acquired at 85 K. The spectra are displayed with
1123 cntl. However, we note the presence of a sequence- '
specific band at 1101 crd in RYPIG (Figure 7c) and less
prominent 1099 cm! band in EYPIG (Figure 7b); these bands
are not noticeable in the other pentapeptides. Similar frequencie

A Absorbance

10,10 mm, 58 mJ cm?

T T T T
1800 1600 1400

=1
Wavenumber, cm

from Figure 8, panel |, the spectra collected at the two different
Si(Qalnergy densities consist of the same set of differential bands,
! : [though the signal-to-noise ratio is lower in the case of low
(1105 and 1108 crﬁ) were reported in Raman and infrared excitation energy. At lower signal-to-noise, a background
spectra of polyalanin@. contribution from the ground-state absorption spectrum becomes
The spectra in Figure 7b also provide evidence for perturba- more obvious. This background contribution resembles a roll
tion of an amino acid side chain, adjacent to the redox-active jn the differential spectrum baseline. Importantly, the sets of
tyrosine. In the spectrum of EYPIG, a variant of the D1 gspectral features in the amide I region and in 128090 cnt?
sequence, in which the amino terminal isoleucine has beenregion are well resolved in both IYPIG (Figure 8b) and RSYTH
replaced by a glutamic acid to add extra negative charge, (Figure 8c) at significantly lower energy densities.
differential features at 1571H)/1552 (-) and 1438 {)/1429 To verify whether any of the observed differential spectral
(—) are observed (Figure 7b). These unique bands are not presenfeatures could be related to aggregation of the pentapeptides at
either in the IYPIG pentapeptide based on the original D1 3 concentration of 100 mM, differential FT-IR spectra of two
sequence or in the RYPIG peptide in which isoleucine has beenpentapeptides, IYPIG and RSYTH, were also acquired at 10
replaced by arginine to add extra positive charge. These mm (Figure 8, panel Il). The observed similarity of the 10 and
frequencies are consistent with oxidation-induced perturbation 100 mM photolysis spectra (except for the difference in signal-
of the asymmetric and symmetric stretching vibration of the to-noise) indicates that the differential bands do not arise from
adjacent carboxylic acid side chdih. artifacts due to molecular aggregation. Another independent
Photolysis Spectra Observed at Lower Photon Densities  verification that aggregation does not occur in these peptides
and at Lower Sample Concentrations. To rule out the under these conditions (borate buffer, pH 11) is the one-
possibility that bands in the photolysis spectra are due to dimensional NMR spectrum, which is sensitive to oligomeric
multiphoton processes, secondary products, and sample decomstate?* Figure 9 showdH NMR spectra of two pentapeptides,
position, we report FT-IR photolysis spectra of tyrosinate and IYPIG (a, b) and RSYTH (c, d) at 10 and 100 mM concentra-
two pentapeptides at excitation energy densities 7.25 times lowertions. The common features of these spectra include peaks in
than used in the FT-IR experiments described above. As seenthe 6.5-7.0 ppm range, which can be ascribed to aromatic ring
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conducted at cryogenic temperatures, these changes must be
subtle, if they occur. Note that a solvation shell perturbation
upon tyrosinate oxidation has been previously reportéd.

Our work suggests that primary structure has an impact on
J N the structure and function of redox-active tyrosine residues.
- — | J{)RSYTH, 100 mb P' 'LLAM- LJ‘ L) Secondary and tertiary structural interactions are also expected
| _]l _l[ﬁYT_H.ngnﬁ ll\'“"‘J-J\_Ju_*_JULA to influence reactivity; in future work, the impact of these
additional control mechanisms on tyrosyl radicals will be
explored.
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