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Fluorescence and Rotational Dynamics of Dityrosine
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We have examined the lifetimes and rotational correlation times of dityrosine emission by time-
correlated single-photon counting. We first noticed dityrosine fluorescence in samples of tyrosine
and tyrosine dipeptides by its characteristic red-shifted emission at 400 to 430 nm. The longer
rotational correlation time relative to tyrosine proved that this fluorescence emanated from a distinct
species. Comparison with the fluorescence properties of synthesized dityrosine established the
identity of the emitting species. Fluorescence intensity decays of dityrosine are generally charac-
terized by two decay components, one with a lifetime in the range of 150 to 800 ps and another
between 2.5 and 4.5 ns. We found no evidence for an excited-state reaction, since a rising phase
(negative-amplitude component) was not observed. In the pH range from 4 to 10, two ground-state
species exist in equilibrium with pK, =~ 7. Both species exhibit two fluorescence decays. The
average fluorescence lifetime increases gradually with pH over the pH range from 4 to 10 and
decreases at pH 2. Anisotropy decays were measured for dityrosine and the alanine—dityrosine—
alanine and leucine—dityrosine—leucine dipeptides. The rotational correlation times of dityrosine
and dityrosine dipeptides increase linearly with van der Waals volumes. The slope indicates a
stronger solute-solvent interaction than predicted with “‘stick’’ boundary conditions. It is suggested
that these interactions result from the presence of two zwitterionic pairs.
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fluorescence anisotropy; rotational correlation times.

INTRODUCTION

In the course of our investigation of the fluores-
cence properties of tyrosine (see the preceding paper,'”
we noticed emission at wavelengths of around 400 nm.
The fluorescence and anisotropy decays that character-
ized the emission at this wavelength could not be attrib-
uted to tyrosine itself. Further investigation led us to
identify this component as a tyrosine dimer, o,0-dityro-
sine, consisting of two tyrosine residues connected by
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an ortho linkage between the phenolic groups of tyrosine
(see Fig. 1).»

Dityrosine fluorescence may be a useful marker of
oxidative conditions in biological systems. Since dity-
rosine forms in vivo, it may also serve as a useful in-
trinsic fluorescent probe of protein environments and
internal motions. For example, orientational motions of
dityrosine can be monitored in membrane protein envi-
ronments. The presence of dityrosine has been tied to
cross-linking in biological materials.*-'® Reports suggest
that dityrosine forms in highly oxidative environ-
ments?®!'-20 via a free radical mechanism."® The pro-
duction of dityrosine has been associated with a number
of factors, including free radicals,'”'*? UV irradia-
tion,>!21% age-related accumulation of fluorescent lipo-
fusion pigments,'® tobacco smoke,?» and cataractous
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Fig. 1. Structures of dityrosine (A), bicresol (B), and the dityrosine
dipeptides alanine—dityrosine—alanine (C) and leucine—dityrosine—leu-
cine (D).

human lens proteins.?+?% Thus, the characteristic fluo-
rescence of dityrosine may be diagnostic of processes
associated with aging or oxidative damage in physiolog-
ical systems.

The absorption and fluorescence spectra of dityro-
sine closely resemble the corresponding spectra of 0,0'-
bicresol.® Dityrosine has also been characterized by
NMR,&4 [R,©® HPLC,®212627 gbsorption,®*® and fluo-
rescence spectroscopy.®?® Time resolution of the 400-
nm emission adds a new dimension to determination of
dityrosine fluorescence and may facilitate its detection
without the necessity for peptide degradation of samples.
The experimentally determined average fluorescence
lifetimes of dityrosine range from 2.5 to 9 ns.?*3V Di-
tyrosine fluorescence decay was apparently first ob-
served as a 400-nm emission of histone H1 under certain
conditions, with a 9-ns lifetime whose origin was un-
determined.®? Small and Anderson later reported a sin-
gle-exponential decay of 4.30 ns for a pure dityrosine
sample at pH 7.0 in 5.0 mM MOPS buffer.*> More re-
cently, Kungl er al.®*¥ reported multiple-exponential
decays including a rising component and proposed an
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excited-state reaction involving deprotonation of a phe-
nol group and torsion of the biphenolic bond.

In this paper, we report fluorescence lifetimes, ro-
tational times, and quantum yields for dityrosine and di-
tyrosine-containing peptides and proteins. The rotational
diffusion and reorientational dynamics of dityrosine it-
self and of peptides and proteins containing dityrosine
are examined in different environments. Our results dif-
fer in several respects from those in Ref. 30. We ob-
served multiple fluorescence decays components but
found no evidence for an excited-state reaction. Analysis
of the rotational dynamics indicated a stronger interac-
tion of dityrosine and cross-linked dityrosine peptides
with aqueous solvent than in the corresponding tyrosine
and tyrosine peptides.

MATERIALS AND METHODS

Chemicals and Preparations

L-Tyrosine, tyrosine—alanine, tyrosine—leucine, and
p-cresol were purchased from Sigma and were checked
by HPLC for purity. Dityrosine and dityrosine dipeptides
were prepared by the method of Amadd er a/.(» and
were purified by gradient HPLC of 0 to 20% acetonitrile
and 0.01% TFA for a span of 60 min at a flow rate of
8 ml/min with 300-nm absorbance detection. Bicresol
was prepared and purified by the method of Westerfield
and Lowe" and purified by HPLC of 0 to 100% ace-
tonitrile and 0.01% TFA over 60 min with 300-nm ab-
sorbance detection. Samples were subsequently
concentrated by rotary evaporation and analyzed by ab-
sorption, emission, and mass spectroscopy. The identity
of the prepared sample was verified by comparing its
spectroscopic properties, both continuous and time re-
solved, with those of a sample of dityrosine that was
graciously provided by Dr. Stephen Fry and Dr. Geof-
fery Brady (Department of Botany, University of Edin-
burgh). All samples were dissolved in Nanopure water
adjusted for pH or in 10 mM phosphate buffer prepared
from Nanopure water. Sample concentrations of dityro-
sine, dityrosine dipeptides, and bicresol were kept at
about 70 to 100 uM. All solutions were bubbled with
argon for at least 10 min with a slow gas flow to de-
oxygenate them prior to use.

Experimental Setup

The time-correlated single-photon  counting
(TCSPC) system, data collection, and data fitting pro-
cedures are described in detail in the preceding paper.(V)
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Fig. 2. Steady-state spectra of dityrosine. The solid line shows the
absorption spectrum; the dashed lines show the excitation and emis-
sion spectra. The two peaks observed in the absorption spectrum cor-
respond to two ground-state species, one protonated and one
deprotonated (see text).
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Fig. 3. Comparison of the fluorescence decays associated with emis-
sion at 400 nm in a synthesized dityrosine sample (top) and in a nom-
inal tyrosine sample (5 mM; bottom). Excitation was at 287 nm. In
each panel, the upper curve (solid line) shows the decay of fluores-
cence with polarization parallel to the excitation polarization, and the
lower curve (dashed line) shows the decay of fluorescence with per-
pendicular polarization. The instrument function is also shown (short
dashes). Fluorescence intensity and anisotropy decay parameters are
given in Table I.
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RESULTS AND DISCUSSION

Dityrosine and Dityrosine Dipeptide Fluorescence
Decays

Figure 2 shows the steady-state absorption, excita-
tion, and emission spectra of dityrosine at pH 7. Two
peaks appear in the absorption spectrum, one at 285 nm
and another at 315 nm. These peaks are associated with
the protonated and deprotonated forms of dityro-
sine.23:2830343% I contrast, the fluorescence spectrum is
dominated by a single band with a maximum at ~400
nm. This emission band serves as a marker for dityro-
sine.

We first observed dityrosine emission in solutions
of 5 mM tyrosine as purchased from Sigma. The results
shown in Fig. 3 demonstrate first that solutions of 5 mM
tyrosine have a distinct fluorescence lifetime and rota-
tional time at an emission wavelength of 400 nm when
photoexcited at 287 nm. The emission at 400 nm is char-
acterized by a decay time that is much longer than that
of tyrosine and tyrosine dipeptides (see Ref. 1). Fur-
thermore, the rotational correlation time is more than
triple that of tyrosine (see Table III). A literature search
suggested that the 400-nm emission originated from di-
tyrosine, which was evidently either contained in the ty-
rosine samples or formed over the course of the
measurement.

To demonstrate the origin of the 400-nm emission,
dityrosine was synthesized as described under Materials
and Methods. The emission decays of the synthesized
dityrosine were found to match closely the 400-nm emis-
sion from the tyrosine sample (see Fig. 3). A similar
comparison with a dityrosine sample received from Dr.
Stephen Fry and Dr. Geoffery Brady further verified the
origin of the 400-nm emission. The essentially identical
fluorescence decays and rotational times are strong evi-
dence that the decays observed with the tyrosine and
dipeptide solutions at 400-nm emission originate from
dityrosine.

Dityrosine emission was also observed in dipeptide
samples. The results are shown in Figs. 4 and 5. A sum-
mary of the fitting parameters for dityrosine and dity-
rosine dipeptides is given in Tables I and II. In each
case, the 400-nm emission from a nominal tyrosine sam-
ple matched the decay characteristics of synthesized di-
tyrosine within statistical error. We conclude that
dityrosine exists as a component of samples of tyrosine
and tyrosine-containing peptides. Although exposure of
the sample to excitation light leads to additional buildup
of dityrosine, the characteristic 400-nm emission seems
to appear immediately when data collection begins. It
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Fig. 4. Fluorescence decay of the alanine—dityrosine—alanine dipeptide
at 400 nm with excitation at 287 nm. Decays are shown for fluores-
cence polarized parallel (top curve) and perpendicular (bottom curve)
to the excitation polarization. Fluorescence intensity and anisotropy
decay parameters are given in Table I.

35000 — ;
30000 |- |
25000 |- ﬁ
20000 |- A
15000 |- i
10000 |- _
5000 |- ]

ol

1 | L 1
0 4000 8000 12000 16000
Time (ps)

Counts

Fig. 5. Fluorescence decay of the leucine—dityrosine—leucine dipeptide
at 400 nm with excitation at 287 nm. Decays are shown for fluores-
cence polarized parallel (top curve) and perpendicular (bottom curve)
to the excitation polarization. Fluorescence intensity and anisotropy
decay parameters are given in Table I.

therefore seems likely that dityrosine exists as an im-
purity in preparations of tyrosine and peptides contain-
ing tyrosine.

We have recorded fluorescence decays of dityrosine
at several emission wavelengths from 350 to 430 nm.
The results are presented in Table I. The fluorescence
decays over these wavelengths can be fit with two prin-
cipal decay components: one in the range from 60 ps to
about 1 ns and another of roughly 4.0 to 4.4 ns. The
longer decay time prevails at longer wavelengths,
whereas the strongly quenched decay at 350 nm is dom-
inated by the shorter lifetime. Since we observe no ev-
idence of an excited-state reaction, this emission appears

Harms, Pauls, Hedstrom, and Johnson

Table 1. Dityrosine Fluorescence Data

pH A, (nm) A, (nm) a, T, (ns) a, T, (ns) X3
2.0 300 400 023 0791 0.77 2754 1.7
4.0 300 400 021 0374 079 3967 2.1
6.0 300 400 0.15 0344 085 4,126 20
7.0 300 400 0.11 0216 0.89 4326 14
8.0 300 400 0.09 0.160 0091 4406 22
10.0 300 400 0.08 0.154 092 4490 19
2.0 288 400 024 0940 0.76 2399 1.6
4.0 288 400 0.20  0.970 0.80 4180 19
6.0 288 400 0.18 2120 0.82 4210 1.9
7.0 288 400 1.00 4222 1.8
8.0 288 400 1.00 4421 20
10.0 288 400 1.00 4458 2.1
7.0 288 350 097 0.057 0.002 4.257

0.001 0655 1.1
7.0 300 380 0.58 0.093 042 4360 2.7
7.0 300 430 021 0270 079 4430 25
8.0 288 380 028 007 0.06 4.50 2.2
(Borate buffer) 0.66 0.26

Table II. Dityrosine Dipeptide Fluorescence Data

Sample A, An 4 a4 T (ns) T, o Tw (PS) X

AdYA® 288 400 0.85 0.15 419 236 026 240 19
LdYLe 288 400 0.86 0.14 434 173 026 310 20

= Alanine—dityrosine-alanine.
® Leucine—dityrosine—leucine.

to result from a heterogeneous ground-state population
of dityrosine. A short decay time and blue-shifted emis-
sion is also observed for dityrosine complexed with bo-
rate.

Kungl et al.®® have also reported fluorescence de-
cays of dityrosine at several emission wavelengths. For
Nem < 380 nm, our results are in qualitative agreement
with theirs (see Table I). However, at emission wave-
lengths of A > 380 nm, Kungl et al. reported a rising
phase of about 200 ps. They attributed this component
to an excited-state process, such as an intramolecular
torsional motion along the biphenolic bond. In contrast,
we did not observe a negative-amplitude component (a
rising phase) at any emission wavelength. The results
that we present in this paper were obtained with an in-
strumental response function of less than 30-ps FWHM.
In comparison, the instrumental response for fluores-
cence lifetime measurements in Ref. 30 was about 1.5-
ns FWHM. This longer instrumental response time may
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Fig. 6. Simulated fluorescence decay data for dityrosine with an actual
instrument response function obtained from the TCSPC instrument.
The sharp curve shows the instrument response function. Top: The
parallel and perpendicular fluorescence decays simulated with the fit-
ting parameters for dityrosine (see Table [) with two time constants,
both with positive preexponential parameters. Bottom: The parallel and
perpendicular fluorescence decays simulated with the fitting param-
eters reported in Ref. 45, consisting of a rise and decay phase. The
simulated data should be compared to the actual experimental data in
Fig. 3.

have resulted in uncertainties in the fitting parameters of
subnanosecond process.

To test our ability to detect a subnanosecond rise
time, simulated experimental decays were created by
convoluting the instrument response function with a sum
of exponential decays, following a method described by
O’Connor and Phillips.®® We tested both the actual in-
strumental response function used in this paper and also
a 1.0-ns response function. Simulated data were gener-
ated with the decay parameters reported here and in Ref.
30 for both magic-angle and fluorescence depolarization
scans. The simulated data were fit in the same way as
actual TCSPC data. Figure 6 shows that for a subna-
nosecond component, the difference between a positive
and a negative preexponential factor can be clearly dis-
tinguished. In contrast, given the same data, the 1.0-ns
instrument response makes determination of the sign of
the preexponential factor ambiguous in some cases.
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Fig. 7. pH dependence of the long (®) and short (@) components of
the dityrosine emission. The amplitudes are shown in the top panel
and the lifetimes in the bottom panel. The average lifetime (4) is also
shown in the bottom panel. Excitation wavelength, 300 nm for emis-
sion at 400 nm.

Given a positive preexponential factor for the subnano-
second decay convoluted with the 1.0-ns instrument re-
sponse, two fits were found, one with a positive and one
with a negative preexponential factor for the subnano-
second component. The positive has a slightly lower x2.
In contrast, in data simulated with a 30-ps FWHM in-
strumental response, a positive amplitude is unambigu-
ously recovered for the subnanosecond component decay
component. We conclude that the fluorescence decay of
dityrosine does not contain a significant subnanosecond
rise component, Hence, there appears to be no evidence

for an excited-state reaction leading to emission at X >
380 nm.

pH Dependence of Dityrosine Emission

Table I and Fig. 7 show the pH dependence of the
fluorescence decay times of dityrosine from pH 2 to pH
10. Several observations can be made. First, the data are
well represented by two decay times throughout this pH
range. For emission at 300 nm, for example, one com-
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Fig. 8. Wavelength dependence of the long () and short (@) decay
components in dityrosine emission. Excitation wavelengths, 288 nm
for emission at 350 nm and 300 nm for emission at 380 to 450 nm.

ponent has lifetimes in the range of 150 to 800 ps, and
the other has lifetimes between 2.7 and 4.5 ns. The am-
plitudes of these decay components are pH dependent,
as shown in Fig. 7. We have also fit the decays to three
exponentials. However, these fits resulted in a minor
(<10%) long third component (6 to 8 ns) with only a
modest improvement in the x? values.

A second observation is that the fluorescence is
quenched at low pH. A plot of the average lifetime as a
function of pH, also shown in Fig. 7, illustrates the de-
creasing fluorescence yield at low pH values. This pH-
dependent behavior can best be is described by titration
of the carboxylate with a pK, of about 2. The decrease
in fluorescence lifetime at low pH values implies the
formation of a dityrosine species with a protonated car-
boxylate group having a short fluorescence lifetime.
Similar behavior has been observed for tyrosine.!'*”

Another potential source of pH-dependent behavior
is the phenol group, which has a pK, of about 7¢3.28:343%
The pH dependencies of the absorption and fluorescence
spectra of dityrosine have been reported previously. The
absorption spectrum shifts from a peak at ca. 285 nm at
a low pH, to about 316 nm at a high pH, with pK, =~
7.23.2830343% Curiously, a distinct fluorescence peak cor-
responding to the protonated (pH <7) form of dityrosine
was not observed.228:3% This finding led Lehrer and Fas-
man to conclude that emission occurs from the depro-
tonated form, preceded by rapid excited-state proton
transfer in the acidic form at pH values below about 7.2
Fluorescence measurements showed a pH-dependent in-
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tensity of the fluorescence excited at 285 nm, suggesting
an excited-state pK, of about 2.9%

This picture faces a challenge from the results pre-
sented in Table I, because a negative amplitude or rising
phase has not been resolved in the present study. Ex-
cited-state proton transfer would be expected to manifest
itself as a rise time in the emission of the anionic form
following excitation of protonated dityrosine. Since this
rise time is not observed, it is necessary to conclude that
excited-state proton transfer, if it occurs at all, must oc-
cur on a shorter time scale than the resolution of the
TCSPC instrument, that is, in less than ~10 ps. In this
case, excited-state proton transfer leads rapidly to the
anionic excited state, which then fluoresces with the two
observed lifetimes. These lifetimes, T, and T,, might cor-
respond to two conformations of dityrosine, one of
which is strongly quenched. It is not possible to attribute
the fast lifetime T, to an excited-state mechanism, be-
cause such a process would be observable as a rise time
in the fluorescence of the excited-state photoproduct.

Another explanation is also consistent with our ob-
servations. In this picture, two fluorescing species are
postulated, corresponding to protonated and anionic
ground-state species. In this view, excited-state proton
transfer does not occur. Rather, both the protonated and
the anionic forms of dityrosine decay with two lifetimes,
one of 150 to 400 ps and the other of 4.0 to 4.5 ns (see
Table I). The contribution from the short-lifetime com-
ponent is more pronounced in the protonated form than
in the anionic form. A plot of the fast and slow decay
times in Table I (with excitation at 300 nm) as a function
of pH in Fig. 7 suggests that the protonated form (pH
< 7) is characterized by lifetimes of 300 to 400 ps and
~4.0 ns, and the anionic form (pH > 7) is characterized
by lifetimes of ~150 ps and 4.5 ns. This pH dependence
lends support to this second explanation. These two
components may correspond to two ground-state con-
formations of dityrosine. We note also that at the lowest
pH studied, pH 2, the fluorescence properties change,
with a lower average lifetime. This may be a result of
protonation of the carboxylate, with a pK, of about 2, as
in tyrosine.

The wavelength dependence of the short compo-
nent at pH 7 suggests, in addition, that the emission of
the short-lifetime component of the protonated form is
shifted to the blue with respect to the dominant emission
band at 400 nm (sec Fig. 8). The blue shift of the short-
lifetime component shown in Fig. 8 led us to examine
carefully the steady-state fluorescence spectra of dity-
rosine over the pH range from 2 to 10. With excitation
at 280 nm, a weak blue-shifted band appears at 330 to
340 nm in the emission spectrum at pH 2. At higher pH
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Fig. 9. Difference emission spectrum of dityrosine at pH 7. The 400-
nm emission band was removed by subtracting the pH 10 emission
spectrum.

Table I1I. Dityrosine Rotational Correlation Time Data

pH A, (nm) Ao (M) ry T (PS) X
2.0 288 400 0.26 180 1.6
4.0 288 400 0.26 170 2.2
6.0 288 400 0.26 156 22
7.0 288 400 0.26 146 1.8
8.0 288 400 0.26 136 1.5
10.0 288 400 0.26 130 1.4
7.0 300 380 0.26 125 2.7
7.0 300 400 0.26 150 1.7
7.0 300 430 0.26 130 2.5
8.0 288 380 0.26 290 2.2

(Borate buffer)

values, emission in the 300- to 350-nm region becomes
very weak. However, Fig. 8 shows that this is the region
associated with fast fluorescence components. We attrib-
ute this band to the fluorescence from the acidic form,
with a lifetime of 300 to 400 ps. Subtraction of the main
400-nm fluorescence band (as measured at pH 10) from
the fluorescence measured at pH 7 with excitation into
the acidic form at 288 nm discloses the existence of a
weak fluorescence band with a maximum at 330 nm (see
Fig. 9). The subtracted spectrum in Fig. 9 confirms the
presence of a second emission band, one that is very
weak. The emission in the blue region is associated with
the protonated (acidic) form, which absorbs in the region
from 250 to 300 nm.
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Fig. 10. pH dependence of the rotational correlation time of dityrosine.
Excitation at 288 nm; emission at 400 nm.

The rotational time also decreases with increasing
pH (see Table III and Fig. 10). This probably also results
from the change of the protonation state, which alters
the interaction of dityrosine with the aqueous solution.
The ionized (acidic) form may experience a higher fric-
tion due to its net charge, leading to a longer rotational
correlation time. A similar effect on the rotational cor-
relation time of tyrosine was discussed in the preceding
paper..” Another possibility, suggested by Mahmoud and
Bialkowski,?® is the formation of a dityrosine dimer. In
this case, the decrease in rotational times with pH sug-
gests that the dimers exist only when the phenolic hy-
drogens are present and that, as the pH increases, the
dimers dissociate as the phenolic hydrogen is lost, pos-
sibly as a result of the formation of ionic charges.

Concentration and Solvent Dependence

The fluorescence and anisotropy decays of dityro-
sine as a function of concentration from 2 to 50 uM were
also measured. Concentration changes in this range were
found to have no effect on fluorescence or fluorescence
anisotropy within statistical error. A previous study?®
suggested a concentration dependence of the emission
intensity for concentrations above 15 puM. Since we do
not observe any significant change in fluorescence life-
times or rotational diffusion times with concentration at
pH 7, we find no evidence for self-quenching or dimer-
ization.

We also measured fluorescence spectra and fluores-
cence lifetimes for dityrosine in borate buffer (see Table
). The dityrosine-borate complex appears to open up
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Table IV. Dityrosine Quantum Yields

Quantum

Sample pH Conc.  Temp. (°C) yield 7, (ns) Source
DT 4 ~100 (WM) 25 0.15 27  This work
DT 10 100 25 0.38 11 This work
BC 2 100 25 0.007 14 This work
BC 10 100 25 0.2 20 This work
DT 3.6 — 25 0.15 — [2]
DT 10.7 — 25 0.22 — [2]
BC 3.8 — 25 0.19 — [2]
BC 10.8 — 25 0.24 — [2]
DT 4 — 25 0.12 — [37]
DT 10 — 25 0.16 — [37]
DT — — 25 0.80 e [34]

@ Corrected relative to a quantum yield of 0.07 for tyrosine (see text).

two faster decay routes; the fluorescence decay fit con-
tains three exponentials, of 0.07 ns (28%), 1.35 ns
(66%), and 4.50 ns (6%).

Quantum Yield of Dityrosine

The quantum yield of dityrosine was determined for
the acidic and basic forms at pH 4 and 10 by the method
described in the preceding paper.” Radiative lifetimes
of 27 and 11 ns were calculated from the absorption
spectra at pH values of 4 and 10, respectively (see Table
IV). The fluorescence quantum yields were then calcu-
lated from the measured fluorescence lifetimes. Results
are shown in Table IV. We find values for the fluores-
cence quantum yield of 0.15 (pH 4) and 0.38 (pH 10).
This result shows that the previously reported pH de-
pendence of the quantum yield®® is a consequence
largely of the pH dependence of the radiative lifetime.

The fluorescence quantum yields reported here are
somewhat lower than the fluorescence quantum yield re-
ported by Lehrer and Fasman.® However, the fluores-
cent quantum yields in Ref. 2 were determined relative
to a fluorescence yield of tyrosine that was assumed to
have a value of 0.21.6% If these values are calibrated
instead to the quantum yield of tyrosine reported in the
previous paper," the adjusted values become 0.22 at pH
10.7 and 0.15 at pH 3.8. Similarly, Sakura and Fuji-
moto®® reported fluorescence quantum yields for dity-
rosine relative to a reference quantum yield for tyrosine
of 0.14.%9 When adjusted to a fluorescence quantum
yield of 0.07 for tyrosine,” their dityrosine quantum
yields are 0.12 (pH 4) and 0.16 (pH 10). Hence, in most
cases the fluorescence quantum yields determined here
are in rough agreement with previously reported values

Harms, Pauls, Hedstrom, and Johnson

after they have been corrected to the same value for the
quantum yield of tyrosine.

Dityrosine Anisotropy Decays

One of the clues to the identity of the species emit-
ting at 400 nm in tyrosine samples was the long rota-
tional correlation time. We measured a rotational
correlation time of 130 to 180 ps over this wavelength
region, with initial anisotropies of 0.29. In comparison,
the tyrosine dipeptide (two tyrosine residues connected
by a normal peptide linkage) has been reported by Lak-
owicz and Maliwal®" to have a rotational diffusion time
of 77 ps (in water). The rotational diffusion time of the
dityrosine-borate complex is much longer than that of
dityrosine measured at the same pH (pH 8). This result
indicates that the molecule is larger or changes shape
when bound to borate, a conclusion that is consistent
with the borate complex structure proposed by Malencik
and Anderson.®?

The rotational correlation time is given in Stokes—
Einstein-Debye (SED) theory by®“?

%
Ve

T (1

T, =
where m is the solvent viscosity, V' is the molecular vol-
ume, and F is the coupling factor that accounts for the
shape and hydrodynamic boundary conditions (F = 1
for a sphere with “‘stick”’ boundary conditions). In order
to scrutinize the rotational correlation times measured
for dityrosine and dityrosine dipeptides in the context of
SED equation, we calculated the molecular volumes of
the energy minimized structures of dityrosine molecules
in the molecular dynamics program CHARMM.“* The
dependence of the experimentally determined rotational
times on volume is presented graphically in Fig. 11 and
compared with the rotational correlation times of tyro-
sine species.V

A striking result in Fig. 11 is the strong dependence
of the rotational time of the dityrosine species on mo-
lecular volume. The slope for the dityrosine species is
larger by more than a factor of two than the SED pre-
diction for a sphere with stick boundary conditions.
Based on the estimated molecular volumes, the slope
corresponds to a coupling factor F = 2.0 for the dity-
rosine and dityrosine dipeptides, compared to F = 0.7
for the tyrosine species. The large rotational times of the
dityrosine species could reflect either a markedly non-
spherical shape of dityrosine or an enhanced friction. In
order for the large coupling factor F for dityrosine to be
a consequence of shape, however, it would be necessary
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to conclude that the shapes of the dityrosine species de-
viate from spherical to a much greater degree than do
the shapes of the corresponding tyrosine molecules. We
have estimated the shape factors of the dityrosine species
by approximating their shape as an ellipsoid and found
values of F = 1.1 to 1.3. Therefore, the large coupling
factor for dityrosine cannot be attributed to shape.

A more likely possibility is that the dityrosine spe-
cies experience an enhanced friction due to solvent in-
teractions with the ionic changes of dityrosine, which at
neutral pH exists as two linked zwitterions. These
charges may engender stronger solute—solvent interac-
tions compared to tyrosine species that consist of one
zwitterionic pair. These solvent interactions may result
from hydrogen-bonding interactions or from ionic or di-
electric friction.“» Dimerization of the dityrosine species
can be excluded as an explanation of the long rotational
correlation times because a concentration dependence
was not observed. We note also that the rotational cor-
relation time of dityrosine remains at least twice as long
as tyrosine under high-pH conditions, where we have
argued that dityrosine does not dimerize.

CONCLUSIONS

Several features of dityrosine fluorescence recom-
mend it as an intrinsic fluorescence probe. These include
a relatively high fluorescence quantum yield, a distinct
and relatively long fluorescence lifetime, and, for re-
orientational measurements, a reasonably high initial an-
isotropy (r, = 0.25 to 0.3). Importantly, dityrosine
emission is red-shifted relative to protein fluorescence
emanating from tyrosine or tryptophan.

We have found dityrosine emission, identified by
red-shifted emission and longer rotational time, to be
present in tyrosine samples. Under most conditions, two
fluorescence lifetimes can be identified, one 250 to 800
ps and the other 2.5 to 4.5 ns. At a low pH (~2) a
quenched species is formed. Over the pH range from pH
4 to 10, more subtle pH-dependent changes were ob-
served with an apparent pK of ~7, corresponding to ti-
tration of a phenolic proton. We have suggested two
models that are consistent with our observations. One
involves emission from the anionic excited state, either
produced directly by excitation of the anionic ground
state or generated from the protonated species by rapid,
unresolved excited-state proton transfer. The second
model postulates distinct fluorescence from the proton-
ated and anionic forms. Direct evidence in the form of
a rise time (negative amplitude component) for an ex-
cited-state process was not observed.
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Fig. 11. Dependence of rotational correlation times on volume for
dityrosine, alanine—dityrosine—alanine, and leucine—dityrosine—leucine.
For comparison, the rotational correlation times of tyrosine, tyrosine—
alanine, and tyrosine-leucine are shown (see Ref. 1). Volumes were
estimated from the van der Waals volumes by molecular modeling
(see text). The solid lines shows linear regression fit with slopes of
0.49 ps/A’? for the dityrosine species and 0.17 ps/A? for the tyrosine
species. The Stokes-Einstein-Debye prediction for a sphere and stick
boundary condition is 0.25 ps/A,

The results reported here show that measurements
of rotational correlation times can serve as an important
diagnostic tool for identifying the nature of the rotating
species. The rotational correlation time was important
for identifying dityrosine fluorescence as a minor com-
ponent in tyrosine samples. Rotational measurements
also indicate a much larger solvent coupling factor than
in tyrosine species. We attribute this to enhanced solute—
solvent interactions resulting from the charges of the di-
tyrosine species.
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