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Redox-active tyrosine residues play important roles in long-distance electron reactions in enzymes such as
prostaglandin H synthase, ribonucleotide reductase, and photosystem II (PSII). Spectroscopic characterization
of tyrosyl radicals in these systems provides a powerful experimental probe into the role of the enzyme in
mediation of long-range electron transfer processes. Interpretation of such data, however, relies critically on
first establishing a spectroscopic fingerprint of isotopically labeled tyrosinate and tyrosyl radicals in
nonenzymatic environments. In this report, FT-IR results obtained from tyrosinate, tyrosyl radical (produced
by ultraviolet photolysis of polycrystalline tyrosinate), and their isotopologues at 77 K are presented. Assignment
of peaks and isotope shifts is aided by density-functional B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G-
(d,p) calculations of tyrosine and tyrosyl radical in several different charge and protonation states. In addition,
characterization of the potential energy surfaces of tyrosinate and tyrosyl radical as a function of the backbone
and ring torsion angles provides detailed insight into the sensitivity of the vibrational frequencies to
conformational changes. These results provide a detailed spectroscopic interpretation, which will elucidate
the structures of redox-active tyrosine residues in complex protein environments. Specific application of these
data is made to enzymatic systems.

1. Introduction

Redox-active tyrosine residues play an important role in many
electron-transfer enzymes such as prostaglandin H synthase,1

ribonucleotide reductase,2 and photosystem II (PSII).3,4 Oxida-
tion of tyrosine or tyrosinate results in a neutral tyrosyl radical,
which can act as an intermediate in electron transfer. The
environmental factors responsible for functional control of these
redox-active species have not as yet been elucidated.5

A variety of optical and magnetic resonance spectroscopies
can be used to study the structure of tyrosyl and phenoxyl
radicals by ultraviolet photolysis in model compounds (see ref
5 for a review). Electron paramagnetic resonance (EPR) studies
of the tyrosyl radical indicate that the majority of the spin density
is located on carbons 1′, 3′, and 5′ and on the phenolic
oxygen.6-10 Raman vibrational studies have demonstrated that
formation of the radical is associated with a decrease in
frequency for a ring stretching vibration and with an increase
in the C-O stretching frequency.11-14

Quantum chemical calculations have also proven to be useful
tools to study tyrosyl radicals.15-23 Most theoretical studies to
date have considered phenoxyl radical or other “truncated
tyrosine” models (e.g.,p-methylphenoxyl radical) for the full
tyrosyl radical. There have been relatively few studies that have
considered explicitly the effect of the amino acid backbone,

including intramolecular backbone-side chain interactions and
conformational dependence.16,22While most of the spin density
of tyrosyl resides on the aromatic ring, the small amount of
spin density on the peptide backbone does have a noticeable
effect on the vibrations of the radical.4,16,22,24

In this report, a detailed analysis of the vibrations of
tyrosinate, tyrosyl radical, and several of their isotopologues
using density-functional theory is presented, along with their
experimentally determined FT-IR spectra. The following com-
bination of experimental and calculated data represents the most
comprehensive exploration of the vibrations of these systems
to date. Both the radical and ground-state species are character-
ized with a consistent, high-quality level of theory; key degrees
of conformational freedom are exhaustively explored; and eight
isotopologues are analyzed. These results are compared to
vibrational spectra associated with the oxidation of a redox
active tyrosine in PSII, the photosynthetic water splitting
enzyme.

2. Materials and Methods

2.1. Calculations. Electronic structure calculations were
performed on tyrosine and tyrosyl radical in several different
charge and protonation states in the gas phase with Kohn-Sham
density-functional theory (DFT) using the hybrid exchange
functional of Becke25,26and the Lee, Yang, and Parr correlation
functional27 (B3LYP) and the 6-31++G(d,p) basis set.28 All
electronic structure calculations were performed with the
Gaussian 98suite of programs.29 Integrals involving the
exchange-correlation potential used the default numerical
integration mesh with a maximum of 75 radial shells and 302
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angular quadrature points per shell pruned to approximately
7000 points per atom.30 Geometry optimizations were done in
redundant internal coordinates with the default convergence
criteria.31 Frequencies were calculated from the analytic Hessians
using the facilities inGaussian 98and are not scaled. Tighter
geometry convergence criteria and finer integration meshes had
very little effect on the calculated frequencies.

Hybrid density functionals such as B3LYP have been shown
to give excellent results for radical systems similar to the tyrosyl
radicals considered here15,17-21,32,33and are so reliable for more
mundane species that they are used to calculate the geometry
and frequencies for many multilevel methods such as CBS-
QB3,34 G3B3,35 and W1.36 B3LYP/6-31++G(d,p) geometries
and frequencies are also used in the QCRNA model chemistry,
which has been used in various studies of phosphates and related
biological systems.37-40

In an effort to benchmark the applied level of theory (B3LYP/
6-31++G(d,p)), the vibrational spectrum of phenoxyl radical,
a well-studied compound related to the present system,41,42was
computed. The geometry of phenoxyl radical at several different
levels of theory is shown in Table S-1 of the Supporting
Information. As might be predicted from previous calculations
on this molecule, the B3LYP/6-31++G(d,p) geometry predicts
a slightly elongated carbon-oxygen bond. In other respects,
however, the B3LYP/6-31++G(d,p) geometry agrees very well
with the previous reports.41,42 Experimental and calculated
vibrational frequencies of the phenoxyl radical are shown in
Table S-2 of the Supporting Information. The B3LYP/6-
31++G(d,p) vibrational frequencies match the previously
reported B3LYP/cc-pVTZ numbers quite well. From this, we
conclude that B3LYP/6-31++G(d,p) is an adequate level of
theory to predict vibrational frequencies and isotope shifts for
molecules of this type.

The effects of isotopic substitution on the vibrational spectra
were calculated using vibrational projection analysis (ViPA).43

Eigenvectors and eigenvalues were read from theGaussian 98
output in the high-precision format (10-5 Å) for each of the
isotopologues. The mass-weighted eigenvectors of the isotopi-
cally substituted structures,Q, were then projected onto the
mass-weighted eigenvectors of the unsubstituted structure,B,
giving a matrix of projection coefficients,C, whose elements,
cj,k are given by

The percent similarity between a substituted mode and an
unsubstituted mode is given by

since all of the eigenvectors in question are normalized.
In addition to the B3LYP/6-31++G(d,p) vibrational analysis,

B3LYP/6-311++G(3df,2p) single-point calculations were per-
formed to provide refined energies and natural bond order
analysis.44,45

2.2. Experimental. L-Tyrosine was from Sigma (St. Louis,
MO). L-Tyrosine-4′-ring-13C (99.3%),L-tyrosine-ring-13C6 (98-
99%), L-tyrosine-ring-D4 (98%), L-tyrosine-15N (98.9%), and
L-tyrosine-13C1(R) (99.2%) were from Cambridge Isotope
Laboratories (Andover, MA).L-4-Hydroxyphenyl-3,5-D2-alanine
(98.2%) was from MSD Isotopes (Montreal, Canada).L-[4′-
18O]-Tyrosine (93.7%) andL-[4′-17O]-tyrosine (17O, 33.7%;18O,
29%) were from the National Stable Isotopes Resource at

Los Alamos National Laboratory (Los Alamos, NM). Mass
spectrometry measurements were performed on a Bruker Dal-
tonics Biflex III MALDI-TOF spectrometer (Billerica, MA).
The isotopic composition forL-tyrosine-phenol-4-13C, L-ty-
rosine-15N, L-4-hydroxyphenyl-3,5-D2-alanine, L-[4′-18O]-ty-
rosine, andL-[4′-17O]-tyrosine were verified by this method.
Boric acid was purchased from EM Science (Cherry Hill, NJ),
and sodium borate was purchased from Mallinckrodt (Phillips-
burg, NJ). Solutions of tyrosinate and isotopically labeled
tyrosinate (100 mM) were prepared in 10 mM borate-NaOH,
pH 11.

Reaction-induced FT-IR spectra were recorded on a Nicolet
60-SXR spectrometer equipped with a MCT-B detector (Nicolet,
Madison, WI) and with a Hansen liquid nitrogen cryostat (R.
G. Hansen & Associates, Santa Barbara, CA). Spectral condi-
tions were as follows: resolution, 4 cm-1; mirror velocity, 1.57
cm/s; apodization function, Happ-Genzel; levels of zero filling,
one; data acquisition time, 1 min; and temperature, 77 K.
Illumination was provided by an Nd:YAG laser at 266 nm
(Continuum, Santa Clara, CA). Five laser flashes were employed
with a frequency of 10 Hz and pulse energy of 35-37 mJ. The
sample was partially dehydrated on a CaF2 window. The UV
spectrum (Hitachi, Danbury, CT) of the FT-IR sample was
obtained, and the absorption band at 294 nm was used for
normalization. Alternatively, the infrared bands at 1500 cm-1

or at 1260 cm-1 were used for normalization. The results
obtained using all three methods were similar. Difference
spectra, associated with the production of the radical, were
constructed by subtracting data acquired before illumination
from data acquired after illumination. Data were obtained on
2-8 different samples and were averaged. Difference spectra
were found to be independent of concentration down to 10
mM.46

3. Results and Discussion

At pH 11, it is expected that tyrosine exists as a dianion,
with both the carboxylic acid and phenol oxygens deprotonated.
It is problematic to perform meaningful computations on
tyrosine in this state in the gas phase due to the existence of
positive eigenvalues for some of the occupied orbitals. (Oc-
cupied orbitals with positive eigenvalues are also found in
Hartree-Fock (HF) and second-order Møller-Plesset (MP2)
calculations of the tyrosinate dianion.) In light of this fact,
several alternative model structures were investigated, including
the use of continuum dielectric treatments of solvation and the
inclusion of sodium ions or hydrogen-bonded waters at the
phenol oxygen. All of these alternative structures predicted
significant double-bond character for the phenol oxygen bond
and failed to reliably model the experimental spectrum. Specif-
ically, all of the alternative structures failed to model the intense
V7a′ peak at 1266 cm-1, a distinctive and well-characterized
feature of the tyrosinate vibrational spectrum.5,12,13,22,23,47

The structure shown in Figure 1a is stable in the gas phase
(no positive occupied orbital eigenvalues) and reproduces all
of the major feature of the experimental spectrum quite well.
This phenol oxygen protonated structure should be viewed as a
gas-phasemodelof the experimental conditions.

Upon photolysis at pH 11, it is expected that the resulting
tyrosyl radical exists as an anion (Figure 1b). This state has no
occupied orbitals with positive eigenvalues in the gas phase and
therefore can serve as a model system in the present calculations.
It might be argued that the phenol oxygen should be protonated
for consistency with the chosen singlet structure; however,
geometry optimizations in the gas phase of the “phenol oxygen

cj,k ) Qj
T‚Bk (1)

cj,k
% ) 100cj,k

2 (2)
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protonated” radical species resulted in decomposition at the
carbonyl-R-carbon bond.

There is evidence, both experimental48 and computational,49

that the reduction and oxidation of tyrosine is tightly coupled
to proton transfer. Previous experimental data suggest that the
solvation shell is perturbed upon tyrosinate oxidation.22

3.1. Conformational Analysis. In an effort to explore the
influence of conformation on the spectra, vibrational frequencies
were computed for several conformations of the singlet (Figure
1a) and radical (Figure 1b) states. These conformations were
determined by performing constrained geometry optimizations
with the B3LYP/6-31G(d) model chemistry at 10° increments
over the backbone (C-CR-Câ-C 1′) and ring (CR-Câ-C 1′-C
2′) dihedrals from-180° to 180° (0° to 170° for the radical
ring dihedral due to symmetry). These potential energy surfaces
(PES) are shown in Figure 2.

With these surfaces in hand, several unconstrained geometry
optimization were run near each minimum with the B3LYP/6-
31G(d) model chemistry. Unique B3LYP/6-31G(d) minima were
then reoptimized with the target B3LYP/6-31++G(d,p) model
chemistry and vibrational analysis performed for each unique
minima. Single-point B3LYP/6-311++G(3df,2p) calculations
were also done for each minimum to obtain refined energies
for each conformer (Table 1).

The predicted conformations for the radical in Table 1 differ
from that of Qin and Wheeler’s SVWN/6-31G(d) and ROHF
calculations in the ordering of conformersA andB.16 There
are several reasons for this difference. Qin and Wheeler’s
calculations were performed on a neutral tyrosyl radical pro-
tonated at the carboxylate rather than the anion treated here. It
is not surprising that the negatively charged carboxylate group
in the present calcualtions will tend to prefer the conformation
anti to the phenol ring more so than its neutral counterpart.
Furthermore, the reliability of the level of theory in the present
work is much better than those used previously. B3LYP is 1.3-4
times more accurate for bond lengths and 6-7 times more
accurate for atomization energies than SVWN with similar basis
sets.50

As seen in Table 1, B3LYP/6-311++G(3df,2p)//B3LYP/6-
31++G(d,p) calculations predict that there are two stable
conformers of tyrosine, with CR-Câ-C1′-C2′ dihedral angles
of -102° and-110°. Experimental determination of the CR-
Câ-C1′-C2′ dihedral angle distribution indicates that>90%
of tyrosine exists in two conformations, one at-101° and one
at -115°, which is 0.1 kcal/mol higher in energy,51 in excellent
agreement with conformers A and B in Table 1.

Warncke et al. have proposed that EPR line shape sensitivity
to thermal annealing can be explained by conformational
relaxation of the radical.52 In these experiments, the CR-Câ-
C1′-C2′ dihedral angle of the radical was observed to narrow

when the sample was annealed. Examination of Table 1 and
Figure 2 reveals an explanation of this phenomena from our
calculations. In the ground state at room temperature, both
conformations A and B (and their primed counterparts) are
significantly populated. This conformational distribution is
frozen when the sample is cooled in the experiment. Upon
photolysis, A and A′ conformation tyrosines becomeA
conformation tyrosyl radicals, while B and B′ conformation
tyrosines find themselves in theB tyrosyl radical conformation,
which is 2.6 kcal/mol higher in enthalpy. TheB conformation
radicals are trapped at cryogenic temperatures, but if annealed
will fall into the A conformation, producing the EPR line shape
shifts observed experimentally. Our work provides the first
theoretical basis for these observations.

3.2. IR Spectra. Figure 3 presents the experimentally
determined absorption spectra of tyrosinate (A), and the
following isotopologues:13C1(4′) (B), 13C6 (ring) (C),2H4 (ring)
(D), 3′,5′-2H2 (ring) (E), 18O1 (phenol) (F),17O1 (phenol) (G),
15N1 (H), and13C1(R) (I) (See Methods for details). Comparison
of these data identifies the magnitude of the isotope shifts in
each isotopologue. Similarly, Figure 4 presents the photolysis-
induced difference spectrum, tyrosyl radical minus tyrosinate,
for natural abundance (B), and the following isotopologues:
13C1(4′) (C), 13C6 (ring) (D), 2H4 (ring) (E), 3′,5′-2H2 (ring) (F),
18O1 (phenol) (G),17O1 (phenol) (H),15N1 (I), and13C1(R) (J).
As expected, the borate buffer alone (A) gave no defined
vibrational features upon photolysis.

To more definitively identify isotope-shifted vibrational
bands, the isotope-edited spectra were constructed for each
isotopologue (Figure 5). To construct these data, the photolysis-
induced difference spectra were subtracted, control minus
isotopologue. Because the data were corrected for any small
difference in path length and concentration, the difference
spectra can be directly subtracted on a one-to-one basis. The
only contributors to the isotope-edited spectra in Figure 5 are
vibrational bands that are sensitive to photolysis and also to
isotope labeling. This procedure can help to simplify complex
difference spectra.

3.2.1. IR Spectra of Tyrosinate Isotopologues.Frequencies
and isotope shifts for the tyrosinate ground state can be
determined from Figure 3. In addtion, negative intensity bands
in the isotope-edited spectra (Figure 5) arise from the tyrosinate
ground state. Each negative intensity band is accompanied by
an isotope-shifted positive intensity band. Examination of the
isotope-edited spectra shows that the ground-state vibrational
modes at 1602, 1500, 1266, and 1173 cm-1 and their isotope-
shifted components are evident. Note that vibrational frequencies
can be slightly shifted in the isotope-edited spectra, compared
to the ground-state spectra (Figure 3), because differences in
line shape and amplitude influence the subtracted frequencies.
Isotope shifts in negative intensity bands in the 1350-1290
cm-1 region are also observed. These bands also arise from the
ground-state tyrosinate molecule, but their assignment is not
discussed here.

Table 2 shows the experimental and calculated vibrational
frequencies for six modes for which the experimental isotope
shifts were distinct (that is, not obscured by other peaks upon
isotopic substitution), based on the spectra shown in Figures 3
and 5. These modes account for six of the seven most intense
peaks in the experimental spectra. Also included for comparison
are data from Nujol mull53 and powder54 infrared spectra of
tyrosine.

It is interesting to note the influence of conformation on these
modes. Three of the modes (V8a/NH2 bend,V19a, andV7a′ at 1602,

Figure 1. Model structures: (a) tyrosinate; (b) tyrosyl radical.
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1500, and 1266 cm-1, respectively, in the experimental natural
abundance spectrum) show some dependence on conformation
(<10 cm-1 shifts). The other three modes (two NH2 bend/COO-

asymmetric stretches andV9a at 1656, 1560, and 1173 cm-1 in
the experimental natural abundance spectrum) shift by up to
34 cm-1 between the different conformations. The identification
of conformation sensitive modes, which arise from the aromatic
ring and C(4′)-O bond, will be able to help elucidate tyrosine
conformations in polypeptides.22,55-57

Tables 3-6 show the experimental and calculated isotope
shifts for the eight isotopologues studied. Calculated isotope
shifts are presented for all modes which have greater than 10%

Figure 2. B3LYP/6-31G(d) potential energy surfaces (PES): (a) tyrosinate PES; (b) tyrosyl radical PES. White circles denote B3LYP/6-31++G-
(d,p) optimized structures and are labeled with their relative B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) enthalpies (at 298.15 K) in kcal/
mol. The contours are in hartrees.

TABLE 1: Conformer Relative Energiesa

a All energies are in kcal/mol. For simple reference in the following
tables and text, each conformer is given a symbol. Tyrosinate
conformers which only differ in the ring dihedral by∼180° are
distinguished with a slanted prime.† CR-Câ-C1′-C2′ dihedral angle
in degrees.‡ C-CR-Câ-C1′ dihedral in degrees.§ Newman projec-
tions of conformers looking down the CR-Câ bond.¶ B3LYP/
6-311++G(3df,2p)//B3LYP/6-31++G(d,p). | Zero-point corrected en-
ergy (E + EZPV). ** Enthalpy at 298.15 K.

Figure 3. Infrared absorbance spectra of (A) tyrosinate, (B)13C1 (4′)
tyrosinate, (C)13C6 (ring) tyrosinate, (D)2H4 (ring) tyrosinate, (E) 3′,5′-
2H2 (ring) tyrosinate, (F)18O1 (phenol) tyrosinate, (G)17O1 (phenol)
tyrosinate, (H)15N1 tyrosinate, and (I)13C1(R) tyrosinate. Borate buffer
contributions were subtracted. See Experimental Section for spectral
conditions. Tick marks on they-axis represent 2 absorbance units.
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overlap with the natural abundance mode of interest (cj,k
% in eq

2). As can be seen in Tables 3-6, cj,k
% is usually>90%, but for

certain modes and certain isotopologues (e.g.,V9a in the
deuterated isotopologues (Table 4)), the largest overlap can be
much smaller, even less than 50%. In these cases, there is not
a one-to-one correspondence between a given mode in the
natural abundance spectrum (Bk) and a mode in the isotopo-
logue spectrum (Qj), rather the isotopologue mode in question
is a linear combination of natural abundance modes. (Indeed
this is always the case. It just so happens that often this linear
combination is dominated by one vector, i.e., a certaincj,k ≈ 1
and the rest are∼0.) This happens because changing the masses
of the atoms in the system changes the mass-weighted coordi-
nates used to calculate the normal modes and frequencies. As
might be expected, this effect is most pronounced in the cases
involving isotopologues with2H substitutions, since they change
the mass weightings proportionally more than a13C substitution,
for example. Thus, in Table 4, there are several modes that
exhibit this “splitting” phenomena. Often, the mode with the
largest overlap in these cases gives the best isotope shift
compared to experiment (e.g.,V9a in the 3′,5′-2H2 (ring)
isotopologue), but modes with lower overlap can be important
too (e.g.,V7a′ in the 2H4 (ring) isotopologue).

While certain frequencies do show conformational sensitivity
as noted above, isotope shifts on the other hand were found to
be largely insensitive to conformation, and thus, only A
conformation data is shown in the tables. The few significant
exceptions to this are noted in the discussion below.

1656 cm-1. Our calculations show that the broad peak at
approximately 1656 cm-1 is an NH2 bending mode of the
tyrosinate amino group with some carboxylate asymmetric
stretching character (see Figure 6a). The atomic displacement
vectors in Figure 6a indicate that this mode involves a small
degree of nitrogen motion, and thus, an15N1 isotope shift should
be expected. The calculated spectrum shows just such a shift
(Table 6). The broad nature of the peak in the experimental
spectrum and interference from the water contributions makes
this shift potentially visible only in the isotope-edited spectrum
(Figure 5G).

This mode has been previously assigned as arising from
residual water58 and an NH2 bending mode of the tyrosinate
amino group.22,54The present calculations confirm this assign-
ment, while also showing some carboxylate asymmetric stretch-
ing character (see Figure 6a).

1602 cm-1. The calculations and spectra presented here show
that the 1602 cm-1 band is theV8a ring stretching mode (Figure

Figure 4. Difference FT-IR spectra associated with the UV photolysis
of (A) borate buffer, (B) tyrosinate, (C)13C1 (4′-phenol) tyrosinate,
(D) 13C6 (ring) tyrosinate, (E)2H4 (ring) tyrosinate, (F) 3′,5′-2H2 (ring)
tyrosinate, (G)18O1 (phenol) tyrosinate, (H)17O1 (phenol) tyrosinate,
(I) 15N1 tyrosinate, and (J)13C1 (R) tyrosinate. See Experimental Section
for spectral conditions. Tick marks on they-axis represent 0.05
absorbance units.

Figure 5. Isotope edited FT-IR spectra, reflecting the isotope sensitive
bands in the photolysis spectrum of tyrosinate. The isotope edited
spectra were constructed by one-to-one subtraction of the photolysis
derived data, tyrosinate minus isotopologue. In each case, the isoto-
pologue subtracted was (A)13C1 (4′-phenol) tyrosinate, (B)13C6 (ring)
tyrosinate, (C)2H4 (ring) tyrosinate, (D) 3′,5′-2H2 (ring) tyrosinate, (E)
18O1 (phenol) tyrosinate, (F)17O1 (phenol) tyrosinate, (G)15N1 tyrosinate,
and (H) 13C1 (R) tyrosinate. See Experimental Section for spectral
conditions. Tick marks on they-axis represent 0.04 absorbance units.
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6b), showing sensitivity to13C and 2H labeling of the ring
(Tables 3 and 4). There is good agreement between the
calculated and observed isotope shifts. The calculations also
reveal some NH2 bending contributions (see Figure 6b);
however, the calculated atomic displacements show very little
nitrogen movement, in accordance with the calculated and
experimental15N1 isotope shift (Table 6). However, in the B
conformer, the15N1 isotope shift is calculated to be-1 cm-1.
These results are supported by previous work.22,53,54

1560 cm-1. The band at 1560 cm-1 had been tentatively
assigned as theV8b ring stretching mode,22,54,55 with possible

carboxylate asymmetric stretching contributions.22,55 This as-
signment was supported by the reported isotope shifts of-4
cm-1 and-11 cm-1 in 13C1(4′) and13C6 (ring), respectively.22,55

As shown in Table 3, the current interpretation of the experi-
mental spectrum gives isotope shifts of-4 cm-1 and+2 cm-1,
respectively, for these two isotopologues. Both of these inter-
pretations are somewhat at odds with the present calculations
that indicate very little ring atom motion for this mode (see
Figure 6c) and predict isotope shifts of 0 cm-1.

Previously unreported experimental isotope shifts for the2H4

and 3′,5′-2H2 isotopologues are-3 and-4 cm-1, respectively,

TABLE 2: Tyrosinate Frequenciesa

this workb Nujolc powderd A A ′ B B′ C C′ assignmente

1656 f 1628 1688 1688 1665 1667 1671 1675 NH2 bend/COO- asym str
1602 1605 1608 1654 1654 1655 1655 1657 1655 V8a/NH2 bend
1560 f g 1643 1643 1677 1676 1665 1666 NH2 bend/COO- asym str
1500 1513 1514 1541 1541 1541 1543 1548 1546 V19a
1266 1212 f 1258 1259 1260 1260 1260 1258 V7a′
1173 1176 f 1191 1191 1198 1196 1207 1202 V9a

a All frequencies are in cm-1. Conformers are labeled by their symbol from Table 1.b See Methods for details. Experimental frequencies from
Figure 3, with isotope sensitivity confirmed in Figure 5.c ref 53. d ref 54. e Approximate mode description and Wilson number where appropriate.
Figure 6 illustrates the atom displacements for each mode.f Not available.g There are several peaks in the 1533-1590 cm-1 region, which Gabashvili
et al.54 assign asV8b, COO-, and NH2 or NH3

+.

TABLE 3: Isotope Shifts of Tyrosinate Ring Carbon Isotopologuesa

13C1(4′) 13C6 (ring)

exptl calcd exptl calcd

ν̃ ∆ ν̃ ∆ cj,k
% ν̃ ∆ ν̃ ∆ cj,k

% assignment

1656 0 1688 0 100 1656 0 1688 0 100 NH2 bend/COO- asym str
1599 -3 1648 -6 96 1549 -53 1596 -59 97 V8a/NH2 bend
1556 -4 1643 0 98 1562 +2 1643 0 95 NH2 bend/COO- asym str
1491 -9 1533 -9 99 1464 -36 1503 -38 97 V19a

1242 -24 1234 -24 98 1238 -28 1227 -31 95 V7a′
1172 -1 1191 0 99 1167 -6 1185 -7 92 V9a

a See Methods for details. Experimental frequencies from Figure 3, with isotope sensitivity confirmed in Figure 5.

TABLE 4: Isotope Shifts of Tyrosinate Deuterated Isotopologuesa

2H4 (ring) 3′,5′-2H2 (ring)

exptl calcd exptl calcd

ν̃ ∆ ν̃ ∆ cj,k
% ν̃ ∆ ν̃ ∆ cj,k

% assignment

1656 0 1688 0 100 1656 0 1688 0 100 NH2 bend/COO- asym str
1571 -31 1628 -26 90 1592 -10 1645 -10 59 V8a/NH2 bend

1592 -10 1641 -13 38 V8a/NH2 bend
1557 -3 1643 0 93 1556 -4 1641 -2 60 NH2 bend/COO- asym str

1556 -4 1645 +2 38 NH2 bend/COO- asym str
1420 -80 1458 -83 85 1455 -45 1501 -40 91 V19a

1236 -30 1238 -20 45 1259 -7 1250 -9 87 V7a′
1236 -30 1135 -123 20 V7a′
1236 -30 1221 -37 17 V7a′
N/Ab N/A 888 -306 56 1063 -110 1077 -114 42 V9a

N/A N/A 813 -378 16 1063 -110 863 -328 18 V9a

N/A N/A 862 -329 14 V9a

a See Methods for details. Experimental frequencies from Figure 3, with isotope sensitivity confirmed in Figure 5.b Out of range.

TABLE 5: Isotope Shifts of Tyrosinate Oxygen Isotopologuesa

18O1 (phenol) 17O1 (phenol)

exptl calcd exptl calcd

ν̃ ∆ ν̃ ∆ cj,k
% ν̃ ∆ ν̃ ∆ cj,k

% assignment

1656 0 1688 0 100 1656 0 1688 0 100 NH2 bend/COO- asym str
1602 0 1654 0 100 1602 0 1654 0 100 V8a/NH2 bend
1557 -3 1643 0 100 1562 +2 1643 0 100 NH2 bend/COO- asym str
1499 -1 1541 -1 100 1500 0 1541 0 100 V19a
1252 -14 1249 -9 99 1260 -6 1253 -5 100 V7a′
1172 -1 1191 0 100 1172 -1 1191 0 100 V9a

a See Methods for details. Experimental frequencies from Figure 3, with isotope sensitivity confirmed in Figure 5.
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also indicating some ring hydrogen stretching character for this
mode (see Figure 6c). The calculated shift is 0 cm-1 for the
2H4 isotopologue and-2 cm-1 for the 3′,5′-2H2 isotopologue.

The experimental isotope shifts for the18O and17O isotopo-
logues are inconsistent:-3 and+2 cm-1, respectively (Table
5). Once again, since the calculated mode shows very little ring
motion, the calculated isotope shifts for the heavy oxygen
isotopologues are 0 cm-1.

The 15N isotopologue has an experimental isotope shift of
-3 cm-1, and the calculated shift is-3 cm-1 (Table 6). The

13C1(R) isotopologue has a+2 cm-1 isotope shift in the
experimental spectrum and 0 cm-1 in the calculated
spectrum.

The calculated mode is dominated by NH2 bending and
carboxylate asymmetric stretching, with very little ring motion
(see Figure 6c). Both of these contributions are in agreement
with the experimental spectrum and the15N1 isotopologue shift.
In the experimental spectra, the isotopologues with ring
substitutions present a mixed picture, which seem to indicate
some detectable ring motion. Therefore, we assign this band to

TABLE 6: Isotope Shifts of Tyrosinate Backbone Isotopologuesa

15N1
13C1(R)

exptl calcd exptl calcd

ν̃ ∆ ν̃ ∆ cj,k
% ν̃ ∆ ν̃ ∆ cj,k

% assignment

1656 0 1687 -1 100 1656 0 1688 0 100 NH2 bend/COO- asym str
1602 0 1654 0 100 1602 0 1654 0 100 V8a/NH2 bend
1557 -3 1640 -3 98 1562 +2 1643 0 100 NH2 bend/COO- asym str
1500 0 1541 0 100 1500 0 1541 0 100 V19a

1265 -1 1258 0 100 1265 -1 1258 0 100 V7a′
1173 0 1191 0 100 1173 0 1191 0 100 V9a

a See Methods for details. Experimental frequencies from Figure 3, with isotope sensitivity confirmed in Figure 5.

Figure 6. . Calculated tyrosinate atom displacements. Each mode is labeled as follows with its experimentally determined frequency in the natural
abundance isotopologue: (a) 1656 cm-1 (NH2 bend/COO- asym str); (b) 1602 cm-1 (V8a/NH2 bend); (c) 1560 cm-1 (NH2 bend/COO- asym str);
(d) 1500 cm-1 (V19a); (3) 1266 cm-1 (V7a′); (f) 1173 cm-1 (V9a). The displacement vectors are scaled to best reveal the essential motion of the mode
in each case. As such, the magnitude of a displacement vector only has meaning relative to other vectors in that mode.
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an NH2 bend and carboxylate asymmetric stretch with possible
ring stretching contributions.

As for V8b, there is no mode matching this description
discernible in the experimental spectra if the 1560 cm-1 mode
is assigned as an NH2 bend. A possibleV8b is calculated to occur
at 1636 cm-1 with very little intensity.

1500 cm-1. The band at 1500 cm-1 has been previously
assigned as theV19aring (Figure 6d) stretching mode.22,53,54The
new experimental data and calculations confirm this assignment
and are in remarkable agreement with each other for this mode.
The observed13C ring, 2H ring, 18O1 phenol, and17O1 phenol
isotope shifts are predicted accurately by our calculations (Tables
3-5).

1266 cm-1. The band at 1266 cm-1 is due to theV7a′ ring
stretching mode (Figure 6e). This mode is essentially C4′-O
stretching along with C-H deformation. As such a large isotope
shift should be expected from18O1 or 17O1 labeling of the phenol
oxygen and13C labeling at the 4′ position,13C labeling on the
remaining phenol carbons should produce only a small shift
beyond labeling C4′. All of these phenomena are present in both
the experimental and calculated isotope shift data (Tables 3-5).
The assignment of this band asV7a′ is also supported by previous
work.12,13,22,23

The B conformation has isotope shifts of-21, -26, -32,
-8, and-8 cm-1 for 13C1 (4′), 13C6 (ring), 2H4 (ring), 3′,5′-2H2

(ring), and18O1 (phenol) isotopologues respectively, which are
qualitatively similar to the A conformer isotope shifts. In several
cases, the B conformer isotope shifts are in better quantitative
agreement with experiment (13C6 (ring), 2H4 (ring), and 3′,5′-
2H2 (ring)), illustrating the importance of conformational
sampling in these calculations.

The V7a′ mode is unique in that it is the only mode in the
ground-state spectrum for which the calculated frequency
(1258-1260 cm-1) is lower than the experimentally observed
frequency (1266 cm-1) (compare with other modes in Table
2). Not only does this makeV7a′ different than the other modes
in this work, it also runs counter to the observation that B3LYP
systematically overpredicts frequencies.36,59 Interestingly,V7a′
appears at 1212 cm-1 when the spectrum is collected from a
Nujol mull.53 Additionally, when the phenol oxygen is depro-
tonated in the gas-phase calculations, this mode disappears
completely due to the appearance of significant double-bond
character in the phenol C-O bond (thus the need for the phenol
hydrogen in the present calculations as discussed above). These
two facts, when examined in light of the experimental conditions
of this work (cryogenic polycrystalline matrix of high ionic
strength versus the nonpolar environment in a Nujol mull),
suggest that this mode is heavily influenced by the surrounding
environment. This conclusion supports previous Raman studies
of the effects of hydrogen bonding on the C-O vibration of
tyrosine.13

1173 cm-1. The small but distinctive band at 1173 cm-1 is
due to theV9a ring stretching mode (Figure 6f). Dominated by
ring C-H deformations, this mode exhibits large isotope shifts
upon 2H ring labeling as indicated in Table 4 and Figures 3
and 5. These results are supported by previous work.22,53Isotope
shifts are also evident for13C ring labeling in the experimental
spectra:-1 cm-1 for 13C1 (4′) and -6 cm-1 for 13C6 (ring).
The calculated isotope shifts match experiment quite well: 0
cm-1 (A conformer) and-1 cm-1 (B conformer) for13C1 (4′)
and-7 cm-1 (A conformer) and-8 cm-1 (B conformer) for
13C6 (ring).

The experimental spectrum also shows small18O1 phenol and
17O1 phenol isotope shifts, which are absent in the calculations.

Note that 1 cm-1 shifts are near the experimental detection limit
given the spectral resolution and number of data points.

3.2.2. IR Spectra of Tyrosyl Radical Isotopologues.In
examining the isotope-shifted spectra for positive intensity
bands, which may arise from the radical, two bands are identified
at ∼1556 and∼1517 cm-1 in Figure 5 (see more detailed
discussion below). Both of these modes show considerable
(∼10-20 cm-1) conformational dependence (Table 7), which
may be a useful diagnostic for monitoring tyrosyl radical
conformations on polypeptides. For example, when comparing
conformerA, the lowest-energy conformer, andB, which may
also be populated in the experiment (see discussion of confor-
mation annealing above), a 4 cm-1 downshift of the 1556 cm-1

band and a 9 cm-1 downshift of the 1517 cm-1 band is predicted
by the present calculations. Notice that the18O1 and 17O1

isotopologues show small but well-resolved positive bands at
∼1603,∼1498, and∼1425 cm-1, which are isotope-sensitive.
The assignment of these bands is not considered here.

The calculations predict thatV8b (Figure 7d) has negligible
intensity in the radical and thatV19a appears at∼1431 cm-1

(Figure 7c). Also of note is a predicted shift in NH2 bend/COO-

asymmetric stretching modes upon oxidation. These modes shift
from 1688 and 1642 cm-1 in the singletA conformer to 1697
and 1647 cm-1 in the tyrosyl radicalA conformer and from
1665 and 1677 cm-1 in the singlet B conformer to 1667 and
1669 cm-1 in the radicalB conformer. Both of these modes
have calculated15N1 isotope shifts of -4 and 0 cm-1,
respectively, in the radical, in agreement with the experimentally
observed15N1 isotope sensitivity.22

As in the singlet state, isotope shifts of the radical are largely
insensitive to conformation, and thus, onlyA conformation
data is shown in the tables. The few significant exceptions to
this are noted in the discussion below.

∼1556 cm-1. In previous Raman experiments on tyrosyl
radical, this band has been assigned at∼1565 cm-1.12 Our
calculations (Tables 7 and 8) place this mode at 1610-1621
cm-1 in the natural abundance spectrum and predict isotope
shifts of-54 cm-1 for the13C6 isotopologue. These results are
in good agreement with the calculations of Qin and Wheeler,16

in which this mode was placed at 1620 cm-1, with a predicted
isotope shift of-56 cm-1. As shown in (Tables 7 and 8), isotope
shifts in the deuterated isotopologues are calculated to be-38
cm-1 and -10 cm-1 for the 2H4 and 3′,5′-2H2 isotopologues,
respectively. No isotope shifts are predicted by the calculations
for the 13C1 (4′), 18O1 (phenol),17O1 (phenol),13C1(R), or 15N1

isotopologues.
In our difference spectra, which are associated with tyrosinate

photolysis, there is a broad negative intensity band at∼1550
cm-1, which originates from a perturbation of NH2 bending/
COO asymmetric stretching vibration with tyrosine oxidation
(Figure 4). Apparently, this band obscures the positiveV8a tyrosyl
radical mode, which is not obvious in the difference spectra.
Therefore, potential isotope shifts in this band have to be
evaluated from the isotope-edited spectra (Figure 5). Many of
the isotope-shifted spectra exhibit a positive band between 1549
and 1560 cm-1, which is a candidate for this expected tyrosyl

TABLE 7: Tyrosyl Frequenciesa

this workb UVRRc A B C D assignment

∼1556 1565 1614 1610 1621 1611 V8a

∼1516 1510 1530 1521 1541 1524 V7a

a All frequencies are in cm-1. Conformers are labeled by their
symbols from Table 1.b See Methods for details. Data from Figures 4
and 5.c Ultraviolet resonance Raman data from Johnson et al.12

Normal Modes of Redox-Active Tyrosine J. Phys. Chem. B, Vol. 110, No. 22, 200610977



radical V8a. Except in the case of the2H4 and 3′,5′-2H2 ring
isotopologues (Figure 4E,F), the location of the isotope-shifted
V8a band is not obvious in the difference or in the isotope-edited
spectra, perhaps because the downshifted band broadens.

However, in the2H4 and 3′,5′-2H2 ring isotopologues (Figure
4E,F), the difference spectra exhibit a new shoulder at 1527

cm-1, which is not observed in the natural abundance spectrum
(Figure 4B). This 1527 cm-1 band most likely corresponds to
the expected isotope-shiftedV8a band and is also apparent in
the isotope-edited data (Figure 5C,D). The magnitude of the
observed isotope-induced downshift (-25 cm-1, as estimated
from the isotope-edited spectrum) for this2H4 isotopologue is
smaller than the value predicted in Table 8 (-38 cm-1). For
the 3′,5′-2H2 isotopologue, the experimental value is greater than
the theoretical prediction (-29 cm-1 exptl versus-10 cm-1

calcd).

On the basis of the results with the2H4 and 3′,5′-2H2 ring
isotopologues, the∼1556 cm-1 band is assigned to theV8a ring
stretching mode of the radical (Figure 7a and Table 8). However,
this question must be revisited with the other isotopologues
through resonance Raman spectroscopy. It is not possible to
calculate a pure spectrum of the radical from the difference FT-
IR spectrum, because the negative intensity bands do not
correspond in frequency and amplitude to the singlet spectrum.
Only bands perturbed by photolysis will be observed in the
difference FT-IR spectrum, and this is most likely a subset of
the observed features in the singlet absorption spectrum.

∼1516 cm-1. In the ultraviolet resonance Raman spectra of
Johnson et al.,12 a band at 1510 cm-1 was assigned as theV7a

C-O stretching band. A positive 1516 cm-1 band is observed
in the difference FT-IR spectrum, associated with tyrosinate
photolysis (Figure 4B). Assignment of this band can be based
on a comparison of experimentally observed (Figures 4 and 5)
and calculated isotope shifts.

The isotope shifts of the 1516 cm-1 band can be determined
from the difference spectra for many of the isotopologues. For
example, the band at 1516 cm-1 is observed to shift to 1480
cm-1 in the13C6 (ring) isotopologue (Figure 4D) to 1493 cm-1

in the2H4 (ring) isotopologue (Figure 4E) and to be insensitive
to isotope substitution in the15N1 isotopologue (Figure 4I). In
the case of the13C1 (4′), 3′,5′-2H2 (ring), 18O1 (phenol), and
17O1 (phenol) isotopologues, the difference spectra (Figure 4C,
F, G, H) show a decrease in amplitude for the 1516 cm-1 band,
but the location of the isotope-shifted line is not obvious. For
the 18O1 (phenol), and17O1 (phenol) isotopologues, the mag-
nitude of the isotope shift can be determined from the double
difference spectra (Figure 5E and F) and is observed to be-12
cm-1 in the 18O1 (phenol) isotopologue and-10 cm-1 in the
17O1 (phenol) isotopologue.

The locations of the downshifted 1516 cm-1 band are not
clear in spectra acquired from the13C1 (4′) isotopologue, even
in the isotope-edited spectrum (Figure 5A) and from the 3′,5′-
2H2 (ring) isotopologue, in which two candidate downshifted
bands are observed in the difference spectrum (Figure 4F). In
the case of the 3′,5′-2H2 (ring) isotopologue, one of the new
bands, at 1497 cm-1, gives an isotope shift similar to the
calculated one (19 cm-1 versus 22 cm-1 predicted in Table 8).
In the case of the13C1(R) isotopologue, isotope shifts of-2 to
-6 cm-1 are observed in the difference and double difference
spectra, respectively (Figures 4J and 5H).

To compare the experimentally observed isotope shifts (in
cm-1) with the results of our calculations (Table 8):13C6 (ring),
-36 exptl/-40 calcd;2H4 (ring), -23 exptl/-23 calcd;18O1

(phenol),-12 exptl/-14 calcd;17O1 (phenol),-10 exptl/-8
calcd; 15N1, 0 exptl/0 calcd;13C1(R), -6 to -2 exptl/0 calcd.
Overall, this is excellent agreement between experiment and
calculations, with the calculations possibly underestimating the
amount of mechanical coupling between the C-O stretching

Figure 7. Calculated tyrosyl radical atom displacements. Each mode
is labeled as follows with its experimentally determined frequency in
the natural abundance isotopologue except where noted: (a)∼1556
cm-1 (V8a); (b) ∼1517 cm-1 (V7a); (c) 1431 cm-1 (V19a) (calculated);
(d) 1278 cm-1 (V8b) (calculated). The displacement vectors are scaled
to best reveal the essential motion of the mode in each case. As such,
the magnitude of a displacement vector only has meaning relative to
other vectors in that mode.

TABLE 8: Calculated Isotope Shifts Tyrosyl Isotopologues
13C1 (4′) 13C6 (ring)

ν̃ ∆ cj,k
% ν̃ ∆ cj,k

% assignment

1614 0 100 1559 -54 99 V8a

1502 -27 95 1490 -40 94 V7a

2H4 (ring) 3′,5′-2H2 (ring)

ν̃ ∆ cj,k
% ν̃ ∆ cj,k

% assignment

1576 -38 95 1603 -10 98 V8a

1507 -23 86 1508 -22 89 V7a

18O1 (phenol) 17O1 (phenol)

ν̃ ∆ cj,k
% ν̃ ∆ cj,k

% assignment

1613 0 100 1614 0 100 V8a

1516 -14 98 1522 -8 99 V7a

15N1
13C1(R)

ν̃ ∆ cj,k
% ν̃ ∆ cj,k

% assignment

1614 0 100 1614 0 100 V8a

1530 0 100 1530 0 100 V7a
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and carbon backbone vibrational modes. This comparison allows
a definitive assignment of the 1516 cm-1 band toV7a (Figure
7b) in the radical.

The ∼300 cm-1 upshift of this vibrational band, when
compared to the singlet state, indicates that there is a significant
change in C-O bond character between the singlet and the
radical. Indeed, natural bond orbital analysis44 at the B3LYP/
6-311++G(3df,2p)//B3LYP/6-31++G(d,p) level gives bond
orders of 0.98 and 1.50 for the singlet and radical species,
respectively. This large upshift is in agreement with previous
observations.11-14

3.3. Applicability to Enzymatic Systems.These calculations,
showing the assignments and conformational dependence of
tyrosine and tyrosyl radical vibrational frequencies, are expected
to apply to redox-active tyrosines in enzymes. In this application,
there are two different issues to consider, one concerning the
ring dihedral angle and the other the backbone dihedral angle.
It might be imagined that the barrier to ring rotation is relatively
shallow in proteins. However, the EPR spectrum of tyrosyl
radical is sensitive to changes in this dihedral angle.9 Previous
EPR studies of PSII tyrosyl radicals show that, even at high
temperatures, the EPR line shape is broadened because of
restrictions in ring rotational mobility.3 In addition, different
conformational preferences for the ring dihedral angle are shown
in different enzymes. For example, when the YZ

• PSII tyrosyl
radicals are compared to the Y122

• radical inE. coli ribonucle-
otide reductase, the EPR line shape reflects a difference in
dihedral angle, which is imposed on the aromatic side chain by
protein packing forces.9 On the other hand, the dihedral angles
observed in PSII tyrosyl radicals are similar to the dihedral
angles observed in model compounds.9 Note that changes in
conformation have been observed upon tyrosyl radical formation
in ribonucleotide reductase.60

The influence of peptide bond formation and protein packing
on the backbone dihedral angle can also be considered, to
evaluate the applicability of our potential energy calculations.
Tyrosine main chain dihedral angles have been catalogued in
existing protein structures.61 According to this analysis, the
backbone dihedral angle is divided into three regions,gj, which
is equivalent to our A, A′, and A conformers,g+, which is
equivalent to our B, B′, and B conformers, andt, which is
equivalent to our C, C′, C, andD conformers (as in Table 1,
calligraphic letters refer to the radical potential energy surface).
After surveying known protein structures, ref 61 concludes that
tyrosine side chains in proteins are found in the following
conformations: 13% in the A,A′ conformers, 55% in the B,B′
conformers, and 32% in the C,C′ conformations. Our calcula-
tions for model tyrosinate predict that the A and B conformers
are lowest and similar in energy (Table 1). Therefore, this
comparison suggests that our tyrosinate calculations are reason-
ably predictive for proteins, because our lowest-energy con-
formers correspond to∼70% of the observed tyrosine conform-
ers found in X-ray crystal structures.61 Field-swept EPR
spectroscopy is not a good reporter of backbone dihedral angle.22

Therefore, the conformational dependence of FT-IR frequencies
provides a potentially important probe of the structure of redox-
active tyrosines in enzymes.

3.4. Conformation of an Enzymatic Tyrosyl Radical, YZ
•,

in PSII. Reaction-induced FT-IR spectra of YZ
• can be ana-

lyzed in light of these considerations. In an earlier publication,
reaction-induced FT-IR spectra, associated with the oxidation
of YZ in PSII, were presented.24 To measure these spectra, PSII
was stripped of its active site manganese. This treatment slows
YZ

• reduction and allows the radical to be photoaccumulated.62

The published data were obtained at 263 K, and the PSII redox-
active tyrosine was2H4 (ring)-labeled to generate isotope-edited
spectra.24 These YZ

• spectra can be compared to model2H4

(ring) tyrosine FT-IR spectra (acquired at 77 K) and to our
calculations.

To reiterate, our calculations predict that the frequencies of
V8a and V7a tyrosyl radical bands are conformation sensitive
(Table 7). In the isotope-edited spectrum from the model tyrosyl
radical (Figure 5C),V8a is observed at 1552 cm-1, and an isotope
shift to 1527 cm-1 (∆ ) 25 cm-1) is observed in2H4 (ring)
labeled tyrosyl radical. Because this model tyrosinate experiment
was performed at 77 K, the represented conformers are expected
to be in the A/A′ and B/B′ conformations, corresponding to the
lowest-energy conformers in Table 1, which will be frozen under
cryogenic conditions.

On the other hand, in the isotope-edited spectrum from YZ
• ,

V8a is observed at 1558 cm-1 and exhibits an isotope shift to
1547 cm-1 (∆ ) 11 cm-1).24 The altered frequency is consistent
with a difference in conformational preference in the YZ

•

compared to model tyrosyl radical at 77 K.
To interpret the higher ring stretching frequency of YZ

• , we
compare to the frequency to trends in our calculated frequencies
for tyrosyl radical (Table 7). These calculations show that the
B and D conformers in model tyrosyl radical have similar
frequencies and that these frequencies are the lowest of the
radical conformational states. For example, theA conformer
frequency is 4 cm-1 higher, and theC conformer frequency is
11 cm-1 higher, when compared to theB conformer (Table 7).
Because theA and B conformations are present in model
tyrosyl radical, with its 1552 cm-1 V8a frequency, these
calculations suggest that YZ

• , with a V8a frequency of 1558
cm-1, must be in theC conformation. This conclusion is in
agreement with a 3.0 Å PSII structure.63

The CO stretching vibration of YZ
• is much lower in

frequency (1478 cm-1), when compared to model tyrosyl radical
(1516 cm-1) (reviewed in ref 4). While theC conformer would
be expected to have the highest C-O frequency (Table 7), the
perturbed, downshifted C-O frequency of YZ

• has been previ-
ously attributed to an intermolecular interaction with the phenol
oxygen in the protein environment.

4. Conclusion

In this paper, the normal modes of several conformations of
tyrosinate and tyrosyl radical are presented at the B3LYP/6-
31++G(d,p) level of theory. This level of theory successfully
predicts the vibrational spectrum of phenoxyl radical in an argon
matrix. For tyrosinate, three stable conformers are predicted;
two will be populated significantly at room temperature. For
tyrosyl radical, four stable conformers are predicted, one of
which is>2.5 kcal/mol below the other three in energy. These
predictions support previous EPR and ESEEM studies of tyrosyl
radical conformation at cryogenic temperature51 and explain the
spontaneous conformational changes observed upon annealing
in the radical.52

Results suggest that the frequencies of all singlet and radical
normal modes show some dependence on conformation. The
largest shifts (>20 cm-1) are observed for the tyrosinate NH2

bend/COO- asymmetric stretching mode at 1560 cm-1 and the
C-O stretching vibration of the radical at 1510 cm-1. Substan-
tial shifts (>10 cm-1) are also observed for the tyrosinate NH2

bending/COO- asymmetric stretching mode at 1650 cm-1, the
tyrosinateV9a bending vibration at 1173 cm-1, and the 1556
cm-1 V8a ring vibration of the radical. These findings are
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important because they suggest that selected vibrational bands
of singlet and radical state may eventually be used to determine
the conformation of redox active tyrosines in complex protein
environments. Further, the vibrational spectrum may be used
to probe for conformation reorientation upon tyrosine oxidation,
which is known to occur in ribonucleotide reductase.60

When experiment and theory are compared, it is found that
the predicted frequencies are in good agreement when the
systematic over prediction of frequencies by B3LYP and other
limitations of the computational model are considered. The
agreement for the predicted isotope shifts is excellent for the
singlet vibrational spectrum, with theory consistently slightly
underestimating the coupling between terminal groups and the
aromatic ring. This trend of underestimating the coupling is also
observed for the radical. Comparison with experiment also
suggests that theV7a′ andV9a frequencies in the singlet and the
V7a frequency in the radical are perturbed by a nonbonding
interaction, which is probably due to hydrogen bonding with
the solvent. There is also excellent agreement between the
calculated and experimental frequencies and isotope shifts for
the tyrosyl radical C-O stretching vibration.

Taken together, these results are consistent with previous
calculations, which predicted a conformation-dependent spin
delocalization to the tyrosine amino group. Here, the effect on
the NH2 bending mode is to perturb the frequency in a
conformationally dependent way.

These calculations represent the most rigorous examination
of the normal modes of tyrosinate and tyrosyl radical and their
various conformations and isotopologues. In combination with
the experimental spectra of a comprehensive array of isotopo-
logues also presented here, these results establish an extensive
spectroscopic fingerprint for these systems in the infrared from
1650 to 1100 cm-1. These fingerprint data should facilitate
interpretation of tyrosine-originating spectral features in more
complex environments such as enzymes.
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Table S1: Selected Bond Lengthsa and Bond Anglesb of Phenoxyl Radical

CAS-SCF/6-311G(2d,p)1 B3LYP/cc-pVTZ2 B3LYP/6-31++G(d,p)
C1-O 1.228 1.251 1.260
C1-C2 1.454 1.445 1.453
C2-C3 1.370 1.371 1.380
C3-C4 1.411 1.405 1.412
rms errorc 0.013 0.017
C2-C1-O 121.3 121.5 121.3
C6-C1-C2 117.4 117.1 117.3
C1-C2-C3 120.6 120.8 120.7
C2-C3-C4 120.6 120.3 120.3
C3-C4-C5 120.3 120.7 120.7

aÅ
bdegrees
cwrt CAS-SCF values
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Table S2: Vibrations of Phenoxyl Radicala

#b expt2 cc-pVTZ2 6-31++G(d,p)
1 191 189
2 383 378
3 446 447 444
4 472 487 476
5 520 533 529
6 616 599 596
7 635 660 645
8 784 808 788
9 809 801

10 813 807 809
11 898 936 922
12 996 979
13 977 991 982
14 1016 1010 983
15 1038 1011 1011
16 1072 1092 1092
17 1140 1167 1168
18 1167 1167 1168
19 1266 1277 1284
20 1318 1340 1347
21 1397 1422 1421
22 1441 1449 1448
23 1481 1482 1489
24 1515 1550 1551
25 1550 1589 1592
26 3018 3166 3184
27 3054 3172 3191
28 3065 3188 3205
29 3074 3196 3214
30 3090 3199 3217

acm−1

bnumbering scheme from B3LYP/6-31++G(d,p)
calc
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Appendix: B3LYP/6-31++G(d,p) coordinates

A

23

SCF Energy -629.519092792 A.U.

C -2.567542 -1.104779 0.300460

C -1.203188 -0.986960 0.581784

C -0.533086 0.241350 0.457241

C -1.290809 1.345853 0.034406

C -2.655821 1.245873 -0.250760

C -3.295093 0.013453 -0.115391

C 0.946892 0.368476 0.735007

C 1.861549 -0.171602 -0.395194

C 3.346928 0.292893 -0.122986

O -4.650475 -0.050970 -0.401081

N 1.751434 -1.640456 -0.509470

H 2.686518 -1.972433 -0.245249

H 1.627421 -1.900612 -1.484447

H 1.548591 0.307795 -1.332133

H 1.209365 1.418930 0.891761

H 1.202130 -0.178535 1.651755

H -0.798197 2.309309 -0.074913

H -0.632398 -1.861175 0.877038

H -3.064420 -2.069537 0.403293

H -3.228704 2.110171 -0.574054

H -4.948202 -0.961036 -0.276951

O 4.184150 -0.634228 0.063417

O 3.526185 1.536819 -0.114488

A′

23

SCF Energy -629.518924842 A.U.

C -2.647062 1.217831 -0.249784

C -1.281549 1.318907 0.041141

C -0.533577 0.212935 0.469749

C -1.212387 -1.013240 0.593914

C -2.574287 -1.131687 0.309158

C -3.293849 -0.011534 -0.112562

C 0.945467 0.337370 0.752390

C 1.861256 -0.169857 -0.391782

C 3.341429 0.314040 -0.123707

O -4.645231 -0.171284 -0.379241

N 1.772213 -1.637405 -0.529234

H 2.717050 -1.960226 -0.290628

H 1.627142 -1.885376 -1.504321

H 1.535578 0.320870 -1.318695

H 1.204055 1.384607 0.935443

H 1.202009 -0.232986 1.654192
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H -0.646045 -1.887949 0.896877

H -0.786156 2.280715 -0.069300

H -3.203419 2.095474 -0.578213

H -3.087703 -2.083858 0.408076

H -5.006344 0.677691 -0.663964

O 4.197821 -0.601439 0.027839

O 3.498121 1.560758 -0.085589

B

23

SCF Energy -629.519534504 A.U.

C 1.886717 -1.242760 -0.126996

C 0.621370 -0.817209 -0.535692

C 0.315749 0.551564 -0.640581

C 1.327374 1.468369 -0.316953

C 2.599539 1.055835 0.094455

C 2.876789 -0.307177 0.188019

C -1.055649 1.013564 -1.096507

C -2.206250 0.775311 -0.095455

C -2.577438 -0.748158 0.090558

O 4.146278 -0.685539 0.595402

N -1.973075 1.490510 1.174309

H -1.022161 1.279666 1.479473

H -2.559447 0.995698 1.851092

H -3.101372 1.221501 -0.557110

H -1.004392 2.086804 -1.323993

H -1.328312 0.480900 -2.012533

H 1.115667 2.533344 -0.384139

H -0.157670 -1.539182 -0.768270

H 2.100390 -2.308524 -0.049164

H 3.372616 1.776467 0.344902

H 4.176096 -1.649152 0.650875

O -2.971973 -1.069525 1.243330

O -2.487941 -1.470827 -0.940780

B′

23

SCF Energy -629.518464025 A.U.

C 2.596889 1.027090 0.082267

C 1.325861 1.440085 -0.338045

C 0.319336 0.518671 -0.654202

C 0.627497 -0.850471 -0.530350

C 1.888872 -1.275740 -0.113600

C 2.876416 -0.335288 0.191684

C -1.048694 0.976868 -1.122767

C -2.199758 0.782891 -0.113134

C -2.597183 -0.728981 0.110816

O 4.115769 -0.804942 0.596935

N -1.951688 1.524757 1.138639
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H -1.008436 1.294068 1.453206

H -2.553877 1.062350 1.824521

H -3.088353 1.233439 -0.583019

H -0.987867 2.041598 -1.385726

H -1.327964 0.416272 -2.019830

H -0.152645 -1.573819 -0.754975

H 1.115758 2.504363 -0.417987

H 3.361772 1.765336 0.322211

H 2.116833 -2.333138 -0.016550

H 4.680316 -0.049508 0.803914

O -3.009579 -1.009701 1.268042

O -2.509832 -1.480984 -0.899009

C

23

SCF Energy -629.517549718 A.U.

C -2.093229 -1.139408 0.169723

C -0.762090 -0.722494 0.070871

C -0.445620 0.625832 -0.164434

C -1.513650 1.529815 -0.290556

C -2.848226 1.124027 -0.198571

C -3.136163 -0.221047 0.032553

C 0.983317 1.124791 -0.303893

C 2.074939 0.430359 0.548768

C 2.604059 -0.882212 -0.142484

O -4.468940 -0.594219 0.122370

N 3.170474 1.407019 0.763367

H 3.750734 1.325306 -0.077018

H 3.765235 1.040483 1.506248

H 1.651428 0.172858 1.526622

H 1.291507 1.063588 -1.358587

H 1.003565 2.189308 -0.039723

H -1.298194 2.582487 -0.463861

H 0.048991 -1.442829 0.182189

H -2.314488 -2.190587 0.355121

H -3.662585 1.836137 -0.296767

H -4.509330 -1.546232 0.279262

O 3.502954 -0.698033 -1.007521

O 2.078460 -1.969952 0.224036

C′

23

SCF Energy -629.516260857 A.U.

C -2.854158 1.094466 -0.178589

C -1.518407 1.490995 -0.320503

C -0.462117 0.573365 -0.236181

C -0.788592 -0.774394 0.007230

C -2.116312 -1.181159 0.154123

C -3.150985 -0.248011 0.059076
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C 0.969431 1.045275 -0.425932

C 2.047551 0.446867 0.521665

C 2.683080 -0.854178 -0.098754

O -4.453247 -0.700633 0.211907

N 3.069479 1.488194 0.782889

H 3.748226 1.367074 0.024253

H 3.586796 1.207689 1.615494

H 1.570215 0.188479 1.473959

H 1.280457 0.858783 -1.464545

H 0.995393 2.132472 -0.286902

H 0.025205 -1.496065 0.089431

H -1.299076 2.541813 -0.498606

H -3.654909 1.830794 -0.246278

H -2.359060 -2.222775 0.344469

H -5.053290 0.050641 0.124223

O 3.719306 -0.663396 -0.792008

O 2.086035 -1.940423 0.136536

A

22

SCF Energy -628.892137714 A.U.

C -1.273927 1.303510 0.011236

C -0.575914 0.167316 0.506868

C -1.298221 -1.049768 0.638733

C -2.637678 -1.129796 0.329186

C -3.374485 0.024265 -0.156363

C -2.612760 1.251932 -0.304946

C 0.881714 0.249129 0.817859

C 1.771009 -0.168499 -0.404460

N 1.701803 -1.607552 -0.652318

O -4.605956 -0.037086 -0.434639

C 3.259863 0.327309 -0.103439

O 3.389575 1.570540 -0.024177

O 4.108613 -0.591730 0.022289

H 2.628924 -1.962738 -0.399379

H 1.570418 -1.796925 -1.641244

H 1.420934 0.394952 -1.277152

H 1.167106 1.272704 1.077545

H 1.143553 -0.414250 1.649540

H -0.757993 -1.928225 0.978685

H -0.722549 2.234321 -0.105110

H -3.147405 2.125898 -0.666810

H -3.191075 -2.059053 0.434330

B

22

SCF Energy -628.888867907 A.U.

C 1.385131 1.415040 -0.348616

C 0.387510 0.453572 -0.661820
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C 0.701385 -0.925719 -0.492794

C 1.941971 -1.321766 -0.047322

C 2.981554 -0.357160 0.267759

C 2.633645 1.042887 0.099832

C -0.958858 0.881186 -1.176105

C -2.129130 0.786943 -0.162665

N -1.863125 1.586720 1.042380

O 4.128062 -0.711450 0.664322

C -2.578704 -0.702244 0.127769

O -2.420292 -1.523512 -0.815677

O -3.097471 -0.879068 1.259391

H -0.979223 1.272033 1.444554

H -2.564208 1.278130 1.718764

H -2.995760 1.245107 -0.663777

H -0.888160 1.917310 -1.529779

H -1.246482 0.231165 -2.009560

H -0.080681 -1.648386 -0.714350

H 1.141981 2.468633 -0.467885

H 3.397612 1.776757 0.341246

H 2.187368 -2.371981 0.083620

C

22

SCF Energy -628.887707873 A.U.

C -1.140885 0.423797 1.239047

C -0.382093 -0.484563 0.453588

C -1.026642 -1.090809 -0.659266

C -2.336414 -0.816222 -0.975773

C -3.132742 0.101556 -0.178574

C -2.452717 0.713518 0.949059

C 1.000451 -0.915103 0.863611

C 2.110020 -0.627678 -0.162762

N 3.355479 -1.308486 0.221866

O -4.343379 0.342613 -0.447293

C 2.272625 0.918436 -0.397152

O 1.188907 1.566616 -0.396853

O 3.441350 1.332743 -0.592536

H 3.556319 -1.066822 1.193468

H 4.090309 -0.825611 -0.299785

H 1.804298 -1.041264 -1.135266

H 1.264097 -0.430616 1.812797

H 0.993643 -2.000153 1.048004

H -0.462879 -1.793832 -1.268785

H -0.649215 0.911640 2.076549

H -3.023981 1.416798 1.548576

H -2.825591 -1.284110 -1.825826

D

22
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SCF Energy -628.888151658 A.U.

C 2.228194 -1.257444 0.075317

C 0.940191 -0.921352 0.425734

C 0.528697 0.440068 0.489384

C 1.476231 1.447099 0.163510

C 2.770285 1.134694 -0.190338

C 3.219527 -0.245628 -0.247182

C -0.875403 0.805401 0.874851

C -1.919211 0.575849 -0.259156

C -2.655247 -0.826361 -0.152038

O -3.722899 -0.885981 -0.813740

O 4.408069 -0.543484 -0.557607

N -2.857834 1.711191 -0.315709

O -2.093877 -1.712280 0.543655

H -3.307647 1.791385 0.597739

H -3.606841 1.401079 -0.937671

H -1.397728 0.555783 -1.227013

H -1.187197 0.203850 1.736135

H -0.899731 1.867691 1.143760

H 1.159676 2.487566 0.200254

H 0.186493 -1.674982 0.642863

H 2.549768 -2.294373 0.029381

H 3.498098 1.903679 -0.434431
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