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ABSTRACT: The time-resolved fluorescence properties of phenol and straight-chained phenol derivatives and
tyrosine and simple tyrosine derivatives are reported for the pH range below neutrality. Phenol and
straight-chained phenol derivatives exhibit single exponential fluorescence decay kinetics in this pH range
unless they have a titratable carboxyl group. If a carboxyl group is present, the data follow a two-state,
ground-state, Henderson—Hasselbalch relationship. Tyrosine and its derivatives with a free carboxyl group
display complex fluorescence decay behavior as a function of pH. The complex kinetics cannot be fully
explained by titration of a carboxyl group; other ground-state processes are evident, especially since tyrosine
analogues with a blocked carboxyl group are also multiexponential. The fluorescence kinetics can be explained
by a ground-state rotamer model. Comparison of the preexponential weighting factors (amplitudes) of the
fluorescence decay constants with the 'H NMR determined phenol side-chain rotamer populations shows
that (1) tyrosine derivatives with a blocked or protonated carboxyl group have at least one rotamer exchanging
more slowly than the radiative and nonradiative rates, and the fluorescence data are consistent with a
slow-exchange model for all three rotamers, (2) the shortest fluorescence decay constant is associated with
a rotamer where the carbonyl group can contact the phenol ring, and (3) in the tyrosine zwitterion, either
rotamer interconversion is fast and an average lifetime is seen or rotamer interconversion is slow and the
individual fluorescence decay constants are similar.

Tme-resolved fluorescence of proteins has mainly been
concerned with tryptophan. Tyrosine, by comparison, has
received much less attention due to its relatively low absorp-
tivity, low quantum yield when incorporated in polypeptide
chains [see reviews by Longworth (1971, 1983)], Raman
scatter interference as a consequence of the small fluorescence
Stokes shift, masking of the tyrosyl emission by tryptophan,
and the possibility of excited-state proton transfer with con-
comitant formation of tyrosinate complicating the decay ki-
netics (Laws & Brand, 1979) and spectral characteristics
(Cornog & Adams, 1963; Longworth & Rahn, 1967). In spite
of these potential problems, the photophysical properties of
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tyrosine should prove useful for studying proteins and poly-
peptides. These include the following: a short lifetime (3 ns
or less), optimal for the characterization of nanosecond to
subnanosecond motions in proteins; excited-state proton
transfer to determine the presence of nearby acidic or basic
groups; and the possibility of exciting tryptophan via resonance
energy transfer to map, in favorable situations, the spatial
relationship between tryptophyl and tyrosyl residues.

We were able to measure the time-resolved fluorescence of
tyrosine and tyrosine analogues as a result of recent advances
in data analysis and the availability of high-intensity, high-
repetition-rate, ultraviolet pulsed light sources. Extraction of
highly correlated decay parameters from a complex kinetic
scheme has been greatly enhanced by the development of the
global approach for analysis of time-resolved fluorescence data
(Knutson et al., 1983; Beechem et al., 1983). The global
method overdetermines certain parameters by establishing a
linkage between parameters common to several data sets that
are collected as a function of an independent variable such as
wavelength, temperature, pH, or concentration. The linkage
is established according to an assumed kinetic model. Our
data were collected on a new single-photon-counting fluo-
rometer that uses as its excitation source the vacuum ultraviolet
storage ring of the National Synchrotron Light Source at
Brookhaven National Laboratory. The synchrotron provides
radiation consisting of short (about 500-ps full width at
half-maximum) pulses of light at high frequency (52.9, 17.6,
or 5.9 MHz) from the X-ray to the infrared, overcoming the
experimental problems of low absorptivity, low quantum yield,
short lifetime, and small Stokes shift encountered when the
time-dependent fluorescence of tyrosine and related compounds
is examined.
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An earlier study of time-resolved tyrosine fluorescence at
one pH (Gauduchon & Wahl, 1978) reported complex decay
kinetics and postulated that this behavior was due to rotameric
populations of the phenol ring about the C*-C? bond. Ro-
tamers having different lifetimes have also been suggested as
the cause of the multiexponential decay of tryptophan systems
(Donzel et al., 1974; Szabo & Rayner, 1980; Robbins et al.,
1980, Ross et al., 1981). For tryptophan, direct correlation
of the kinetics with independently obtained '"H NMR! data
has not been established (Szabo & Rayner, 1980; Chang et
al., 1983; Petrich et al., 1983). We undertook the present study
to see if a correlation exists between the decay kinetics of
tyrosine and rotamer populations determined by '"H NMR.
The following paper in this issue (Ross et al., 1986a) reports
on the fluorescence decay of tyrosine in conformationally
well-characterized, small polypeptides.

MATERIALS AND METHODS

Chemicals. Phenol, anisol, p-cresol, and 3-(p-hydroxy-
phenyl)propionic acid were purchased from Aldrich Chemical
Co. (Milwaukee, WI). All other compounds were obtained
from Vega Chemicals (Tucson, AZ). All compounds were
used without further purification. Purity was checked by
thin-layer chromatography. HPLC-grade water was from
Burdick and Jackson Laboratories, Inc. (Muskegon, MI). HCI
was reagent grade.

Fluorescence Spectroscopy. Steady-state spectra were ob-
tained on an SLM 4800 fluorometer with an 8-nm bandwidth
for both excitation and emission. Time-resolved data were
collected on the single-photon-counting instrument at port U9B
of the National Synchrotron Light Source at Brookhaven
National Laboratory (Laws & Sutherland, 1986). Excitation
and emission wavelengths were 284 and 302 nm, respectively,
with less than 5-nm band-passes for both; scattered light was
not observed under these conditions. Sample optical densities
were between 0.1 and 0.2 at 284 nm. The net polarization
of the excitation was measured to determine the appropriate
magic angle at which to set an emission polarizer to eliminate
kinetic intensity artifacts that arise from rotational motion of
fluorescent molecules during the excited-state lifetime (Paoletti
& LePecq, 1969; Azumi & McGlynn, 1962; Kalantar, 1968;
Shinitzky, 1972). In all measurements the samples were un-
buffered. The pH was adjusted with HCl and recorded in the
cuvette both before and after data collection. If the pH varied
by more than 0.1, the data set was disregarded and a new data
set was taken. The sample temperature was maintained at
5°C.

Fluorescence decay curves were analyzed ona VAX 11/730
computer by using a program employing a nonlinear least-
squares method (Knight & Selinger, 1971; Grinvald &
Steinberg, 1974), assuming that the decay was a sum of
first-order processes. The fitting of the data was evaluated
by the minimum reduced x? value as well as by the weighted
residuals between the data and the fit generated by the the-
oretical parameters. Decay curves were typically collected to
15000 counts in the peak channel. We accurately recovered
lifetimes for single exponential standards with reduced x?
values between 1.2 and 1.4. These x? values were for data
analyses starting at the leading edge (0.1-0.5% of the peak
counts) of the instrument excitation function and continuing
to 0.5% of the peak counts in the decay curve, or for about

! Abbreviations: 'H NMR, proton nuclear magnetic resonance; PPA,
3-(p-hydroxyphenyl)propionic acid; HPLC, high-performance liquid
chromatography.
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FIGURE 1: Fluorescence decay data for PPA at pH 4.71 and 5 °C
analyzed for the sum of two exponentials: «; = 0.59, 7, = 0.56 ns,
a, = 0.93, and 7, = 3.43 ns with x* = 1.32. Displayed are the
instrument response function (lamp), the collected fluorescence decay
curve, and the exponential parameters convolved with the lamp. The
weighted residuals are shown below, while the inset contains the
autocorrelation funtion of the residuals.

18 ns, whichever occurred first. The 18-ns cutoff is necessary
since excitation pulses occur every 19 ns; the cutoff truncates
data for samples with longer lifetimes. Even at the lower
operating frequencies (17.6 or 5.9 MHz), weak excitations still
occur every 19 ns due to partial population of the remaining
theoretical bunches of electrons circulating in the storage ring.
The partially populated bunches have different time distri-
butions and lifetimes than the main bunch(es). Consequently,
samples and standards exhibiting long-lived decays showed
distortion at the beginning of the rising edge of the main
excitation, as clearly shown by the weighted residuals in Figure
1. This systematic artifact was reflected by higher minimum
x? values.

Any systematic error is cause for concern. To determine
if we could study complex kinetic systems, we measured dif-
ferent standards with well-documented, emission wavelength
dependent, multiexponential decay behavior, such as trypto-
phan in its zwitterion form at neutral pH (Szabo & Rayner,
1980; Ross et al., 1981; Chang et al., 1983). Our results with
these standards were in good agreement with the literature.
For most compounds studied, we repeated the measurements
at different times during the same stored beam and with
different stored beams where the partially populated bunch
characteristics varied. The time-resolved fluorescence data
reported in this paper were obtained under conditions where
the time constants of fluorescence standards could be recovered
accurately and with a precision of at least 50 ps.

'H NMR Spectroscopy and Calculation of Rotamer Pop-
ulations. Each sample, preexchanged in D,0, was prepared
by dissolving 5 mg in 1 mL of D,0, adjusting the pD to 3 with
DC], and placing it in a Wilmad 528-PP NMR tube (5-mm
0.d.). All 400-MHz 'H NMR spectra were obtained at 22
°C in the pulse and Fourier transform mode on a Jeol GX-400
spectrometer located at the Department of Chemistry, Hunter
College of the City University of New York. The total spectral
bandwidth was 5 kHz, with a line broadening of 0.3 Hz.
Transients were accumulated into 16 384 words of memory.
No internal reference was required since relative chemical
shifts were being determined. Spectral analysis was performed
by using an iterative procedure from the Jeol software package
(PLX, version 3). In this way, coupling constants were ob-
tained with an estimated accuracy of £0.3 Hz.

The fractional populations py, py, and pyy; of rotamers I, 11,
and III, respectively, can be calculated from the coupling
constants between vicinal H* and H?R (H5S) (Pople, 1958;
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Table I Fluorescence Decay Parameters of Phenol and
Straight-Chained Phenol Derivatives?

compd pH a® 7, (ns) a? 7, (ns)

phenol 3.25 3.72
4.26 3.73
5.16 3.74
6.21 3.75

anisol 3.21 491
4.11 491
5.08 4.91
5.91 4.89

p-cresol 3.20 3.36
4.15 3.36
5.12 3.36
6.48 3.37

tyramine 3.26 3.62
4.07 3.63
4.98 3.64
6.23 3.63

PPA¢ 2.58  0.996 0.60 0.004 3.44
3.27 0.97 0.60 0.03 3.4
3.79 0.87 0.67 0.13 3.36
427 0.635 0.66 0.365 3.34
4.53 0.47 0.64 0.53 3.46
4.71 0.37 0.65 0.63 3.44
4.91 0.19 0.65 0.81 3.38
5.15 0.055 0.71 0.945 3.39
6.27 1.0 3.46

9Data were obtained at 5 °C with 284- and 302-nm excitation and
emission, respectively, with less than 5-nm band-passes. ® Amplitudes
were normalized to a sum of 1.0. °PPA stands for 3-(p-hydroxy-
phenyl)propionic acid. ¢Lifetime was held constant at this value dur-
ing analysis; see text.

Pachler, 1963) by the following equations, which are adaptions
of forms previously used by us (Wyssbrod et al., 1977;
Fischman et al., 1978):

p1 = [PJ(H-HPR) - 3],] /A3
pu = PJH-H) - 3J,] /A%

pm=l-pi—-pu=
[3J, + 3Jg ~[BJ(H*=HFR) + 3J(H>-H5%)]]/ A%

where A3J =3J,-3J,, and *J, and *J, are the nominal values
of coupling constants for vicinal protons in trans and gauche
conformations, respectively. In our analyses we used the values
proposed by Pachler (1964) for the nominal trans and gauche
couplings: *J, = 13.56 Hz and *J, = 2.6 Hz. Nonsystematic
errors are estimated to be £0.03 for p; and p;; and £0.05 for
P

There are two underlying assumptions in the calculation of
the rotamer populations of tyrosine and its analogues. First,
the pro-R HP (HPR) was taken to be upfield of the pro-S H?
(H?9), in accordance with the stereochemical assignments for
N-acetyl-O-methyltyrosine reported by Kirby & Michael
(1971). Second, it was assumed that there is rotational
isomerism about the C*—C? bond of each compound studied
and that the prevalent states about this bond are the three
staggered conformations (rotamers). In these rotamers the
vicinally located nuclei are either trans (anti-periplanar),
forming a torsion angle x! of 180°, or gauche (synclinal) with
an angle of £60° (as shown in Figure 4 below). The con-
vention recommended by the IUPAC-IUB Commission on
Biochemical Nomenclature is used to express conformation
in terms of torsion angle (Kendrew et al., 1970).

RESULTS

Fluorescence Kinetics of Phenols and Straight-Chained
Phenol Derivatives. Table I lists the fluorescence decay pa-
rameters between pH 2 and 7 of phenol and phenol derivatives
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FIGURE 2: Fluorescence decay parameters of 3-(p-hydroxyphenyl)-
propionic acid as a function of pH. The filled (open) squares indicate
the association between the shorter (longer) lifetime and its amplitude.
The solid lines running through the relative amplitudes express the
theoretical Henderson—Hasselbalch relationship for a pK, of 4.5. The
solid lines running through the lifetimes represent their average value.

containing unbranched alkyl chains. Phenol, anisol, p-cresol,
and tyramine exhibit monoexponential decay kinetics with
invariant lifetimes in this pH range. By contrast, 3-(p-
hydroxyphenyl)propionic acid (PPA), which has a titratable
carboxyl group, requires a sum of two exponentials to fit the
data adequately. The two lifetimes are constant as a function
of pH, and the preexponential terms vary in accord with the
Henderson-Hasselbalch relationship:

log ([A7]/[HA]) = pH - pK,

as shown in Figure 2. This type of kinetic behavior is indi-
cative of a two-state, ground-state process. In the case of PPA,
protonation of the carboxyl group quenches the phenol
emission from a lifetime of 3.4 ns to one of 0.6 ns. Previous
steady-state investigations [see reviews by Longwcrth (1983)
and Creed (1984)] have reported fluorescence emission
quenching of tyrosine analogues when the a-carboxyl group
becomes protonated. On the basis of the amplitude values
(Table I and Figure 2), PPA has a pK, of 4.5 at 5 °C, com-
paring favorably with the literature values of similar com-
pounds (Greenstein & Winitz, 1961; Feitelson, 1964).

The decay data obtained for PPA as a function of pH were
analyzed in three different ways. First, decay curves were
analyzed singly, curve by curve, floating all four parameters
of the two-component fit. The longer lifetime had a smaller
value at pH 2.6 and 3.3 compared with the constant value
observed at higher pH; the respective amplitude terms were
larger than predicted at pH 2.6 and 3.3, suggesting a corre-
lation between the amplitudes and the lifetimes. Second, the
decay curves for these two lower pH values were reanalyzed
by holding the long lifetime constant and equal to the average
value at higher pH and then iterating the remaining three
parameters. No change was found in “goodness of fit” criteria
on performing these fixed parameter analyses for the pH 2.6
and 3.3 data sets. This result supports the notion that the long
decay time and its amplitude become highly correlated when
the fractional intensity contribution is small as occurs at low
pH. (Dynamic quenching by H* has not been ruled out at
this time.) The results of this analysis are the data given in
Table I and Figure 2. Third, the entire pH data set was
analyzed in a global manner (Knutson et al., 1983; Beechem
et al., 1983), according to a model with two common lifetimes.
The results of this analysis were equally satisfactory as the
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FIGURE 3: Fluorescence decay parameters of N-acetyltyrosine as a
function of pH. (Panel A) A free-floating, two-component, curve-
by-curve analysis with symbol associations as in Figure 2. (Panel B)
A similar two-component analysis but with the longer decay constant
held fixed at 3.4 ns. In both panels the solid lines join related data
points and assume no functional model.

curve-by-curve analysis and gave lifetimes of 0.62 and 3.43
ns. The amplitude terms closely follow those shown in Figure
2.

Fluorescence of Tyrosine and Tyrosine Derivatives. The
fluorescence decay kinetics, as a function of pH, are given for
tyrosine and tyrosine substituted at either the a-amino or the
a-carboxyl group, or both, in Table II. In all cases, the results
are more complex than for any of the compounds in Table I,
including PPA. Tyrosine, O-methyltyrosine, N-acetyltyrosine,
and glycyltyrosine behave similarly when analyzed, curve by
curve, with no restrictions on the decay parameters. Near
neutral pH, where only one ionic form is in solution, these
compounds can be fit by single exponentials. The statistics,
however, are not as good as those obtained for single expo-
nential standards, such as phenol. Attempts to fit two un-
restricted exponentials failed. With decreasing pH, these
compounds go from apparent single exponential decays to at
least double exponentials (Table II). Unlike PPA, the two
lifetimes and their amplitude terms show no recognizable
pattern. This is shown in Figure 3A, using N-acetyltyrosine
as an example. N-Acetyltyrosine was chosen since it has a
more basic pK, than tyrosine for the carboxyl group, allowing
complete titration of the carboxyl group without significant
H* quenching, which generally becomes important below pH
2 (White, 1959; Edelhoch et al., 1968; Laws & Brand, 1979).

The data of these four compounds were analyzed inde-
pendently, curve by curve, in terms of a two-state, ground-state
mechanism, as was done with PPA. The approach was to fit
the data for two exponentials, but with the long lifetime fixed
at the value from the single exponential fit at the pH where
the carboxyl group is totally ionized. This analysis is shown
in Figure 3B, again using N-acetyltyrosine to represent the
behavior of all four compounds. While the amplitude terms
exhibit Henderson—Hasselbalch behavior, the shorter, free-
floating lifetime increases with increasing pH. Since two
invariant lifetimes are required for compliance with a two-state,
ground-state mechanism, the fluorescence decay of these four
compounds is more complex than the decay of PPA.

Tyrosinamide, which has a blocked carboxyl group, shows
no pH dependence of its decay parameters (Table II). Its
fluorescence decay, however, is at least biexponential in the
pH range from 2 to 6, where only the protonated amino form

LAWS ET AL,

Table II: Fluorescence Decay Parameters of Tyrosine and Tyrosine
Derivatives?

compd pH «® 7,(ns) a 7,(ns)

tyrosine 206 0.19 0.96 0.81 2.08
2.46 0.17 1.06 0.83 2.88
272 0.11 1.00 0.89 3.21
312 003 0.98 0.97 3.52

4.53 1.0 3.73
6.14 1.0 3.76
O-methyltyrosine 209 0.14 0.76 0.86 2.61

2.44 0.15 0.72 0.85 3.45
271 0.08 1.00 0.92 4.11
3.03 0.03 1.38 0.97 4.54

4.66 1.0 5.05
6.20 1.0 5.06
N-acetyltyrosine 214 0.27 0.13 0.73 1.85

252 0.18 0.93 0.82 2.04
291 0.30 1.20 0.70 2.41
317 042 1.50 0.38 298
357 0.20 1.33 0.80 3.26
4.02 0.06 1.13 0.94 3.48

4.41 1.0 3.51
5.24 1.0 3.60
glycyltyrosine 234 040 0.65 0.60 1.33

295 041 0.78 0.59 1.51
3.10 0.38 0.93 0.62 1.61
333 033 0.97 0.67 1.62

4.75 1.0 1.59
6.46 1.0 1.65
tyrosinamide 336 0.33 0.46 0.67 1.87
407 032 062 0.8 1.92

511 0.33 0.53 0.67 1.95
6.38 0.32 0.54 0.68 1.91
N-acetyltyrosinamide  3.23  0.14 0.83 0.86 2.18
402 0.14 0.72 0.86 2.18
5.15 0.14 0.95 0.86 2.21
6.09 0.14 0.93 0.86 222
tyrosylglycine 2.10 044 0.45 0.56 2.19
240 045 0.45 0.55 2.20
275 0.44 0.50 0.56 2.25
3.08 042 0.55 0.58 2.28
4.14 0.44 0.72 0.56 2.31
534 044 0.73 0.56 2.34
644 040 0.79  0.60 2.42

?Data were obtained at 5 °C with 284- and 302-nm excitation and
emission, respectively, with less than 5-nm band-passes. ® Amplitudes
were normalized to a sum of 1.0.

exists. Likewise, N-acetyltyrosinamide also exhibits mul-
tiexponential decay behavior in this pH range. These results
are in agreement with those obtained by Gauduchon & Wahl
(1978) for data at pH 5.5. Tyrosylglycine fluorescence decay
can also be described by the sum of two exponentials with,
however, a slight increase in both lifetimes with increasing pH
(Table II). This pH dependence can be shown to follow
protonation of the glycine carboxyl group. Steady-state results
have previously shown a small quantum yield dependence on
protonation of the carboxyl group of tyrosylglycine (Edelhoch
et al.,, 1968). Since the zwitterionic form exhibits more than
one exponential, the fluorescence decay of tyrosylglycine is
more complex than a simple two-state, ground-state Hen-
derson—Hasselbalch process. Additionally, the decay kinetics
seen for the single chemical species in solution for tyrosinamide
and N-acetyltyrosinamide also suggest a more complex ex-
planation.

Excited-State Proton Transfer. Phenols are expected to
undergo excited-state proton transfer, since the hydroxyl be-
comes a stronger acid in the excited state. Theoretical cal-
culations predict a pK,* near 5 (Feitelson, 1964), and a value
of 4.2 has been reported for tyrosine on the basis of steady-state
measurements (Rayner et al., 1978). In contrast, the
ground-state pK, of the hydroxyl group is around 10. It has
been well documented that excited-state proton transfer can
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Table 111: '"H NMR Coupling Constants and Calculated Rotamer
Populations

coupling constants? populations®

compd SJ(H*-HPR) 3J(H*-HP) p Pu P
tyrosine 7.94 5.49 049 026 0.25
O-methyltyrosine 7.64 5.80 046 029 0.25
N-acetyltyrosine 9.16 5.15 0.60 024 0.16
glycyltyrosine 8.54 5.49 0.54 026 0.20
tyrosinamide 7.62 6.71 046 037 0.17
tyrosylglycine 7.32 6.71 0.43 038 0.19
N-acetyltyrosin- 9.15 6.10 0.60 032 0.08

amide

2Values given are in Hz. ®Sum of the populations = 1.0 with errors
in p; and py of £0.03 and in py; of £0.05.

lead to multiexponential decay behavior (Weller, 1961; Laws
& Brand, 1979; Gafni et al., 1976; Gafni & Brand, 1978).
The single exponential decays obtained for the compounds in
Table I suggest that reversible excited-state proton transfer
is not significant under the conditions studied. To ensure that
excited-state proton transfer is not the cause of the multiex-
ponential decay behavior of tyrosine and its analogues, we
performed steady-state fluorescence titrations of N-acetyl-
tyrosinamide in water. Constant fluorescence yield was ob-
served between pH 3 and 8. This would not be expected if
excited-state proton transfer, which can be considered as a
quenching mechanism for the excited protonated species, was
significant. Moreover, phenol and anisol exhibit single ex-
ponential fluorescence decay over this pH range. Since tyr-
osine and O-methyltyrosine behave similarly below pH 7
(Table II), their complex decay kinetics as a function of pH
must not be a consequence of excited-state proton transfer.
According to steady-state emission data, none of the com-
pounds in Tables I and II show any evidence of phenolate
emission.

'H NMR of Tyrosine and Tyrosine Derivatives. Table I11
lists the coupling constants between the a- and 8-protons of
tyrosine and its derivatives. The coupling constants allow
calculation, as described under Materials and Methods, of the
three staggered tyrosyl rotamer populations about the C*—C#
bond, which are diagrammed in Figure 4. Derivatization at
the a-amino group results primarily in depopulation of rotamer
III in favor of rotamer I, while substitution at the a-carboxyl
group enhances rotamer II at the expense of rotamer III.

DiscussSIoN

Chemical and structural heterogeneity as well as excited-
state reactions affects the kinetics of fluorescence decay. As
a result, the fluorescence decay may be mono- or multiexpo-
nential and, in certain cases, nonexponential. Generally,
two-state, excited-state proton transfer is an important process
in the photophysics of hydroxylated aromatic hydrocarbons.
The decay kinetics have a characteristic signature: first, the
acidic and basic excited-state species have the same decay
constants; second, all decay parameters vary with pH through
the pK,*; third, the amplitudes for the basic (acidic) excit-
ed-state species are equal but opposite in magnitude when only
the acidic (basic) form exists in the ground state. This kinetic
system has been well studied with the hydroxylated naph-
thalene 2-naphthol, a stronger acid in the excited state (Laws
& Brand, 1979), and with acridine, a stronger base in the
excited state (Gafni & Brand, 1978). In the case of phenols
in water, the constant fluorescence yield and the absence of
multiexponential kinetics as a function of pH in the range of
the pK,* (Tables I and II) suggest that they do not undergo
significant reversible excited-state proton transfer. This is
supported by a comparison of the excited-state rate constants,
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FIGURE 4: Newman projections about the C°~C” bond, detailing the
possible positions of the phenol group in relation to the C* substituents.
The rotamer assignments I, I, and III, and the corresponding values
of the torsion angle x!, are indicated for tyrosine or tyrosine derivatives
of the L configuration. The atoms or groups attached to the backbone
N and C atoms and the charged state, if any, of these latter atoms
are not shown and depend on the particular compound under con-
sideration. The atom D indicates the state of the compound in D,0,
the solvent used for the NMR studies.

and therefore pX,*, of 2-naphthol with the calculated and
measured pK,* values of phenols, which indicates approxi-
mately 2 orders of magnitude slower rates of deprotonation
in the excited state of phenols in water. We assume that the
diffusion-controlled, bimolecular reprotonation rate is similar
for 2-naphthol and phenols. Consequently, for the protonated
form of phenols, excited-state proton transfer to bulk water
would fail to compete kinetically with the total radiative and
nonradiative decay rates. Any multiexponential decay behavior
of phenols, under these conditions, cannot be ascribed to ex-
cited-state proton transfer. Moreover, proton transfer was not
seen with PPA, where it is possible that the carboxyl group
could act as an effective intramolecular proton transfer ac-
ceptor/donor as seen with 2-hydroxy-1-naphthaleneacetic acid
(Gafni et al., 1976). However, these arguments do not pre-
clude the possibility of excited-state proton transfer for tyrosyl
residues in polypeptides if the polypeptide contains a proton
acceptor group stronger than water in close proximity to the
hydroxyl function. Steady-state fluorescence studies of tyrosine
in the presence of high concentrations of acetate indicate that,
under certain conditions, phenols indeed exhibit two-state,
excited-state proton transfer (Rayner et al., 1978). In addition,
evidence has been presented for excited-state tyrosinate for-
mation in proteins (Longworth, 1981).

Excimer formation, solvent relaxation, and resonance energy
transfer are other important excited-state processes that lead
to complex fluorescence kinetics. These processes all exhibit
characteristic decay kinetics [see review by Badea & Brand
(1979)] that are not evident in our phenol and tyrosine data.
Although excited-state processes cannot be entirely ruled out,
the observed multiexponential behavior in the present data is
not consistent with excited-state processes. The alternative
explanation is ground-state heterogeneity.

Ground-state heterogeneity can arise with tyrosine and its
analogues from ground-state ionization of the a-carboxyl,
a-amino, and phenolic hydroxyl groups. Between pH 2 and
6 the only titratable group is the carboxyl function. Com-
pounds with blocked carboxyl groups, or tyrosylglycine between
pH 5 and 6 where only its zwitterionic form exists (Edelhoch
et al., 1968), however, still exhibit multiexponential fluores-
cence decay. Those tyrosine derivatives with a titratable
carboxyl group have fluorescence decay kinetics more complex
than the simple two-state, ground-state process seen with PPA.
In these cases another ground-state mechanism, or mecha-
nisms, must be important besides the number of chemical
species.

Gauduchon & Wahl (1978) proposed that the complex
fluorescence decay of tyrosylglycine at pH 5.5 was the result
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of rotamer populations persisting on the nanosecond time scale.
This hypothesis states that each rotamer has a different en-
vironment, thus creating the required microheterogeneity; the
different chemical environments cause each rotamer to have
its own characteristic decay rate. If the rotamer intercon-
version is fast compared to the depopulation of the individual
rotamer excited states, then an average emitting species results
with one apparent lifetime. If the rotamer interconversion is
slow, then the amplitude of the decay of each rotamer should
reflect the ground-state rotamer populations. Data analysis
should resolve these amplitudes, provided the three rotamers
have sufficiently different lifetimes with significant fractional
intensities. If the interconversion is on the same time scale
as the decay of the excited states, then the system is undergoing
excited-state reactions. The initial excited-state populations
will be determined by the equilibrium ground-state populations,
but the excited-state populations, and therefore the observed
fluorescence decay amplitudes, will be determined by the rates
of rotamer exchange and, hence, will not reflect the ground-
state populations. In addition, the measured fluorescence
lifetimes of the individual rotamers will not be their intrinsic
fluorescence lifetimes but will be influenced by the rotamer
exchange rates.

On the basis of the above considerations and the limitations
of the rotamer model, observation of multiexponential decays
means that rotamer exchange is not fast compared to the
depopulation kinetics of the phenol group in tyrosine analogues.
By comparing the ground-state populations with the fluores-
cence decay amplitudes, it is possible to differentiate between
exchange that occurs concurrent with and that occurring
slower than the fluorescence time scale. Ground-state rotamer
populations can be estimated from data obtained in 'H NMR
studies (Pople, 1958; Pachler, 1963). For this reason, we
measured the '"H NMR coupling constants between vicinally
located C* and C? protons of tyrosine and its a-amino- and
a-carboxyl-substituted analogues. We verified that the sample
concentrations required for the NMR measurements did not
affect either the fluorescence lifetimes or their relative am-
plitudes. Fluorescence decay measurements at high and low
concentrations in D,0, the solvent used in the NMR exper-
iments, gave identical results. Although the isotope effect in
D,0 increases the lifetimes relative to those in H,O, the
relative amplitudes are unaffected.

The 'H NMR results in Table III show that all three phenol
rotamers have finite populations in the compounds studied.
Thus, for the tyrosine compounds without a titratable carboxyl
group, on the basis of the rotamer model, we expect three
fluorescence lifetimes between O and approximately 3 ns,
provided that interconversion between rotamers is slow.
Resolution of three decay times within these short time limits
is difficult, particularly if two or three of them are similar.
The relevant compounds without a carboxyl group are tyro-
sinamide and N-acetyltyrosinamide and, in a limited way, the
zwitterion form of tyrosylglycine. These compounds are ad-
equately fit by two exponentials, one that is subnanosecond
and another that is near 2 ns (Table II). The amplitude of
the shorter decay time for tyrosinamide is similar to the 'H
NMR determined rotamer II population, whereas the corre-
sponding amplitude for tyrosylglycine could be associated with
either rotamer I or II, and the shorter component amplitude
for N-acetyltyrosinamide is closest to rotamer III. If these
correlations are not fortuitous, the fluorescence data suggest
either that two of the rotamers have similar decay kinetics or
that exchange is rapid between those two rotamers, averaging
their excited-state behavior. Also, there is no obvious way to
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Table IV: Fluorescence Decay Parameters Based on a
Rotamer/Linked-Amplitude Analysis

compd a)? 1 (ns) @ 7,(ns) ay® T3 (ns)
tyrosinamide? 046 2.0 0.37 039 0.17 1.55
tyrosinamide? 046 178 037 038 017 221
N-acetyltyrosinamide 0.60 2.33 032 1.73 0.08 0.54
tyrosylglycine* 043 255 038 071 0.19 191
tyrosylglycine®? 0.55 246 030 063 0.15 1.25

4 Amplitudes were normalized to a sum of 1.0. ?Final lifetimes were
very sensitive to the value of an initial guess and its association with a
particular amplitude. “In its zwitterionic form. “A free-floating
analysis for all parameters (no amplitude linkage).

assign the shorter decay time to a particular rotamer.

The rotamer model can be tested by a null hypothesis: the
data can be analyzed for three components, linking the am-
plitudes to the NMR-determined rotamer populations. If the
rotamer model fails in the slow-exchange limit, worse statistical
parameters would be expected for the data fits; if the fits are
as good as or better than the two-component, free-floating
analysis, then the rotamer model remains viable. Table IV
summarizes the results of these single-curve, linked-function
analyses (Ross et al., 1986b). In each case, the statistical
parameters describing the fits were as good as or better than
those obtained for a two-component, free-floating analysis.
According to the amplitude linkage, rotamer II can be assigned
to the shortest lifetime of tyrosinamide; the other two rotamer
lifetimes are similar. This analysis was sensitive to correlation
of amplitude with initial lifetime values. Nevertheless, the only
statistically satisfactory analysis correlated the shortest
lifetime with rotamer II. The same result, but with less
sensitivity to the lifetime guesses, is obtained for tyrosylglycine.
In the case of tyrosylglycine, rotamers I and II have nearly
identical populations, and it is not surprising that the free-
floating analysis fails to distinguish them. It should be noted
that a free-floating, three-component analysis for tyrosylglycine
(without linking the amplitudes to the ground-state rotamer
populations) yielded results not only close to those obtained
with the linked analysis but also with slightly improved sta-
tistics compared with the two-component, free-floating fit. The
linked-amplitude analysis results for N-acetyltyrosinamide also
show two similar lifetimes for two rotamers. But in contrast
to the previous two compounds, the shortest decay time as-
sociates with rotamer III. In all three cases it might be argued
that several combinations of three components could provide
a better fit than two. But statistically adequate fits with linked
amplitudes were obtained only with the associations of lifetimes
and amplitudes described above.

Introduction of a titratable a-carboxyl group complicates
the fluorescence decay kinetics: the number of ground-state
chemical species, and therefore possible emitting species, in-
creases by a factor of 2. For the rotamer model in the slow-
exchange limit there will be six possible emitters when the pH
is in the neighborhood of the a-carboxyl pK,. Tyrosine, O-
methyltyrosine, N-acetyltyrosine, and glycyltyrosine are in this
category. When the a-carboxyl group of tyrosine or O-
methyltyrosine is fully ionized, the fluorescence decay data
can be fit by a single exponential, although the statistical
criteria do not indicate that the fit is truly satisfactory. At-
tempts to add a second component in a free-floating analysis
fail. When substitution is made at the a-amino group, a single
exponential decay law is clearly inadequate, but again attempts
to add a second component fail. According to the rotamer
model, this behavior could be due either to rotamers with very
similar lifetimes or to rotamer exchange occurring on the time
scale of the fluorescence decay.
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Detailed analysis of the protonated carboxyl form of tyrosine
compounds was carried out on N-acetyltyrosine since it has
the highest pK, of the compounds studied [about 3.7 (Edelhoch
et al,, 1968)]. This allows study of the fully protonated form
without interference caused by dynamic quenching from high
concentrations of H*. A satisfactory free-floating analysis of
the fully protonated form requires at least two exponentials.
Both lifetimes are shorter than the “single” lifetime obtained
for the fully ionized species, and the relative quantum yields
calculated from the lifetimes of the fully protonated and fully
ionized species agree with the steady-state titration data of
Edelhoch et al. (1968). The amplitude associated with the
shorter lifetime of the fully protonated species corresponds with
the rotamer II population, as was found for tyrosinamide and
tyrosylglycine.

The low-pH fluorescence decay data of N-acetyltyrosine is
consistent with the slow-exchange rotamer model. Figure 3,
as explained under Results, demonstrates that the pH de-
pendence of N-acetyltyrosine decay kinetics is more complex
than the two-state, ground-state behavior of PPA. But, since
the steady-state fluorescence titration data follow simple
two-state, ground-state behavior, as predicted by the Hen-
derson—Hasselbalch relationship, we expect that the time-re-
solved fluorescence parameters should also reflect this rela-
tionship. If the data are not being analyzed by the correct
model, the possibility of rotamer populations with different
decay times for both the protonated and deprotonated forms
might result in an unrecognizable pattern for the decay pa-
rameters as a function of pH; yet adequate fitting statistics
might be obtained. Clearly, a two-component, free-floating
analysis is not going to account for the complex decay law
required by rotamers superimposed on the two-state,
ground-state titration. As previously stated, the expected
model requires six possible decay constants. These decay
constants should be pH-independent, and the combined am-
plitudes for the protonated and deprotonated species will ex-
hibit a Henderson—-Hasselbalch linkage. Furthermore, the
three amplitudes associated with either chemical species should
also be linked by the '"TH NMR determined rotamer popula-
tions.

To resolve six decay constants, we attempted to overdet-
ermine the data base by analyzing the entire pH data set using
the global approach (Knutson et al., 1983; Beechem et al.,
1983). The global model applied to these data assumed pH-
independent lifetimes common to all decay curves. At the first
level of sophistication, the data were analyzed for three com-
ponents on the basis of the results of the free-floating analyses
of the fully protonated (two components) and fully ionized (one
component) a-carboxyl of N-acetyltyrosine. The results of
this analysis are shown in Figure SA. All statistical param-
eters describing the quality of the fits were as good as obtained
by the previous curve-by-curve analyses. On the basis of this
three-component model, the fully ionized carboxyl species
exhibits a single lifetime while the fully protonated form
displays two exponentials. It is interesting to note that as a
function of pH the amplitude associated with the shorter
lifetime of the protonated species is a constant fraction of the
sum total of the amplitudes for that species. Moreover, that
fraction correlates with the population found for rotamer II.
The summed amplitudes of the protonated species and the
amplitude of the ionized component follow the expected ti-
tration behavior. It must be emphasized that the global fitting
assumed nothing about either the pH-dependent behavior of
the amplitudes or the rotamer populations. Therefore, the
three-component global fit successfully extracts the two-state,
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FIGURE 5: Global analysis of the N-acetyltyrosine fluorescence decay
data set shown in Figure 3. (Panel A) A three-component analysis
assuming three common lifetimes over the pH range. (Panel B) A
four-component analysis assuming four common lifetimes. Symbol
associations relate each lifetime with its amplitude, except in panel
B where the relative amplitudes displayed are the sum of the
preexponentials of the two symbol-associated lifetimes. Solid lines
join related data points.

ground-state a-carboxyl titration, while still supporting the
slow-exchange rotamer hypothesis in the case of fully pro-
tonated N-acetyltyrosine.

A possible explanation for the poor single exponential fit
of fully ionized N-acetyltyrosine is rotamers with similar
lifetimes. We considered that a global fit for four components
(out of the possible six), as the next level of analysis sophis-
tication, could yield two decay times associated with each
chemical species. An alternate possibility is that the protonated
species could exhibit three components while the ionized species
exhibits one. The initial results of global analysis with four
common lifetimes showed, however, an unrecognizable pattern
for the amplitudes as a function of pH, even though the
lifetime associated with the ionized carboxyl form appeared
to split into two components with similar time constants.
Various combinations of the sum of two amplitudes compared
against the sum of the other two indicated only one physically
reasonable pairing: the two longer lifetimes associated with
the ionized species and the two shorter lifetimes associated with
the protonated form. When this association is made, the sum
of the amplitudes of each species foltows the Henderson—
Hasselbalch relation as shown in Figure SB. Considering the
difficulties involved in obtaining a reasonable four-component
global analysis, we could not justify further analysis including
additional components. Work is currently under way to de-
velop a global approach utilizing linked functions in concert
with common parameters that have a known pH dependence
(Ross et al., 1968b). This will permit analysis of the entire
pH data set for compliance with the combined rotamer and
a-carboxyl titration, six-component model.

Previous work by Tournon et al. (1972) suggested that the
carbonyl group could quench aromatics efficiently by a
charge-transfer mechanism. A direct interaction between the
carbonyl group and the phenol ring, resulting in quenching
of the excited state, was previously suggested by Cowgill
(1963a,b, 1967) and Feitelson (1969). It is also reasonable
that quenching is more efficient with protonated carboxyl
groups since ionization would diminish the electron-accepting
capability of the carbonyl function. It can be seen in Figure
4 that the phenol ring is in close proximity to the carbonyl



606 BIOCHEMISTRY

group in rotamers II and III. Consistent with this observation,
in no case was rotamer I associated with the shortest decay
time. Indeed, in all but one case, the shortest lifetime can be
associated with rotamer II. As will be discussed in the fol-
lowing paper (Ross et al., 1986a), fluorescence decay data for
small polypeptides containing a single tyrosyl residue also
indicate rotamer II as having the shortest lifetime.

Implicit in the above analyses is the assumption that the
molar extinction coefficient of the phenol ring is essentially
the same in all three rotamers. This is a reasonable assumption
since the chemical perturbation produced by the different
rotamer environments will be dominated by the hydrogen
bonding of the phenol ring hydroxyl group to water, as well
as by the dipolar interaction with water. Thus, change of only
a few percent would be expected in the tyrosyl absorption of
any one rotamer compared with that of another [Wetlaufer
(1962)]. In this case, within the error of measurement, the
fluorescence quantum yields reflect the excited-state depop-
ulation kinetics of the individual rotamers.

We clearly recognize that kinetics cannot prove a given
model; models can only be rejected. With this caveat in mind,
we summarize our results as follows: first, the multiexponential
fluorescence decay kinetics observed with tyrosine derivatives
with a blocked or protonated a-carboxyl group fit a rotamer
model in which at least one rotamer is slow to exchange on
the nanosecond time scale with the other two rotamers and
are consistent with all three rotamers interconverting slowly;
second, tyrosine and its derivatives with an ionizable a-carboxyl
group exhibit complex decay kinetics as a function of pH that
can be resolved in terms of the rotamer model superimposed
on the titration curve of the carboxyl group; third, in several
cases a correlation can be made between the shortest decay
constant and rotamer II; fourth, the single exponential fit for
the decay of the tyrosine zwitterion is consistent with the
rotamers either having similar lifetimes or interconverting
rapidly; and fifth, protonation of the a-carboxyl group appears
either to quench the excited-state rotamers differentially or
to slow rotamer interconversion.
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Time-Resolved Fluorescence and 'H NMR Studies of Tyrosyl Residues in
Oxytocin and Small Peptides: Correlation of NMR-Determined Conformations of
Tyrosyl Residues and Fluorescence Decay Kinetics'
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ABSTRACT: Steady-state and time-resolved fluorescence properties of the single tyrosyl residue in oxytocin
and two oxytocin derivatives at pH 3 are presented. The decay kinetics of the tyrosyl residue are complex
for each compound. By use of a linked-function analysis, the fluorescence kinetics can be explained by a
ground-state rotamer model. The linked function assumes that the preexponential weighting factors (am-
plitudes) of the fluorescence decay constants have the same relative relationship as the 'H NMR determined
phenol side-chain rotamer populations. According to this model, the static quenching of the oxytocin
fluorescence can be attributed to an interaction between one specific rotamer population of the tyrosine

ring and the internal disulfide bridge.

Steady-state fluorescence studies of peptides and poly-
peptides in aqueous solution have used all three aromatic amino
acids, phenylalanine, tyrosine, and tryptophan, as intrinsic
probes [see reviews by Schiller (1981), Longworth (1983), and
Creed (1984a,b)]. By contrast, time-resolved fluorescence
investigations have emphasized the use of tryptophan (Bee-
chem & Brand, 1985). Less has been done with tyrosine, and
phenylalanine has been virtually ignored, since both amino
acids have considerably weaker absorption than tryptophan
and small quantum yields when incorporated into peptides and
proteins (Longworth, 1971). Furthermore, in those molecules
containing both tyrosine and tryptophan, tryptophan emission
strongly masks tyrosine emission, although the fluorescence
of tyrosine has been resolved in careful steady-state (Eisinger,
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1969; Eisinger et al., 1969) and time-resolved (Brochon et al.,
1974; Lakowicz & Cherek, 1981) studies.

We are interested in how the time-resolved fluorescence
kinetics of the aromatic amino acids, especially tryptophan
and tyrosine, may be used to obtain information about peptide
conformations in dilute solution. As recently reviewed by
Beechem & Brand (1985), the fluorescence decay kinetics of
most single-tryptophan-containing peptides are complex. The
mechanism for the observed kinetics of tryptophan and tryp-
tophyl-containing peptides is not clear. Several possibilities
have been mentioned in the literature, including indole pho-
tochemistry involving exchange of the C-4 indole hydrogen
(Saito et al., 1984) and environmental effects resulting from
the three principle different rotameric conformers of the indole
side chain (Szabo & Rayner, 1980; Robbins et al., 1980; Ross
et al., 1981; Chang et al., 1983; Petrich et al., 1983).

It has recently been found by Libertini & Small (1985) that
the single tyrosine residue in histone H1 exhibits complex
fluorescence decay kinetics. As shown in the preceding paper
in this issue (Laws et al., 1986), the fluorescence decay kinetics
of simple tyrosine analogues are also complex. Direct com-
parison of the "H NMR! determined rotamer populations with
the fluorescence data, however, indicates that the complex
kinetics seen for tyrosine compounds are readily explained in
terms of a rotamer model. In the rotamer model, three
chemically distinct environments exist for the phenol ring about
the C*~C# bond.

In the present paper, we extend the results of the preceding
paper (Laws et al., 1986) by examining the fluorescence decay
kinetics of a single tyrosyl residue in small, cyclic peptides.

! Abbreviation: 'H NMR, proton nuclear magnetic resonance.
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