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ABSTRACT: While the fluorescence decay kinetics of tyrosine model compounds [Laws, W. R., Ross, J. B.
A., Wyssbrod, H. R., Beechem, J. M., Brand, L., & Sutherland, J. C. (1986) Biochemistry 25, 599-607]
and the tyrosine residue in oxytocin [Ross, J. B. A., Laws, W. R., Buku, A., Sutherland, J. C., & Wyssbrod,
H. R. (1986) Biochemistry 25, 607-612] can be explained in terms of heterogeneity derived from the three
ground-state x! rotamers, a similar correlation has yet to be directly observed for a tryptophan residue. In
addition, the asymmetric indole ring might also lead to heterogeneity from x? rotations. In this paper, the
time-resolved and steady-state fluorescence properties of [tryptophan?]oxytocin at pH 3 are presented and
compared with 'H NMR results. According to the unrestricted analyses of individual fluorescence decay
curves taken as a function of emission wavelength and a global analysis of these decay curves for common
emission wavelength-independent decay constants, only three exponential terms are required. In addition,
the preexponential weighting factors (amplitudes) have the same relative relationship (weights) as the 'H
NMR-determined x! rotamer populations of the indole side chain. >N was used in heteronuclear coupling
experiments to confirm the rotamer assignments. Inclusion of a linked function restricting the decay
amplitudes to the x' rotamer populations in the individual decay curve analyses and in the global analysis
confirms this correlation. According to qualitative nuclear Overhauser data, there are two x? populations.
Depending upon the degree of correlation between x2 and x!, there may be from three to six side-chain
conformations for the tryptophan residue. The combined fluorescence and NMR results are consistent with
a rotamer model in which either (i) the x? rotations are fast compared to the fluorescence intensity decay
of the tryptophan residue, (ii) environmental factors affecting fluorescence intensity decay properties are
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dominated by x! interactions, or (iii) the x? and x! rotations are highly correlated.

Typtophan is an important intrinsic fluorescence probe that
has been widely used to obtain information about the structure
and dynamics of proteins and polypeptides in solution. Its
fluorescence properties can also be used as experimental ob-
servables in quantitation of ligand binding. The usefulness
of tryptophan as an intrinsic probe arises in part from the
sensitivity of the indole chromophore to the physical and
chemical nature of its local environment (Konev, 1967,
Longworth, 1971; Creed, 1984). For example, events such
as intermolecular association or denaturation are generally
accompanied by shifts in the excitation and emission spectra
as well as by changes in the quantum yield.

The fluorescence intensity decay kinetics of tryptophan also
have the potential of providing structural and chemical in-
formation. The interpretation of tryptophan fluorescence
decay kinetics, however, is not straightforward. Although some
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single tryptophan-containing proteins have fluorescence kinetics
that obey a monoexponential decay law, the general obser-
vation is that most have fluorescence kinetics which are com-
plex (Grinvald & Steinberg, 1976; Beechem & Brand, 1985).
This is even observed for the simpler case of the tryptophan
zwitterion (Rayner & Szabo, 1978) and its a-amino and
a-carboxyl analogues (Szabo & Rayner, 1980; Robbins et al.,
1980; Ross et al.,, 1981a; Chang et al., 1983; Petrich et al.,
1983; Chen et al., 1991). One might, therefore, expect that
a protein with two or more tryptophan residues would have
fluorescence decay kinetics too complicated to be experi-
mentally resolved. However, horse liver alcohol de-
hydrogenase, a homodimer with two tryptophan residues in
each subunit, one residue exposed to solvent, and the other
buried at the subunit interface (Brindén et al., 1975), has a
fluorescence decay that can be described by a sum of two
exponentials (Ross et al., 1981b). In this case, each tryptophan
appears to be a single exponential since the short-lived and
long-lived decay components can be associated with the buried
and exposed tryptophans, respectively (Ross et al., 1981b;
Knutson et al., 1982; Eftink & Hagaman, 1986). Conse-
quently, before tryptophan fluorescence can be used to describe
protein structure and dynamics, the basis for both simple and
complex decay kinetics needs to be understood.

The complex fluorescence decay of the tryptophan zwitterion
has been ascribed to several mechanisms, including dual
emission from the 'L, and the 'L, singlet excited states' of the
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FIGURE 1: (A) Numbering for the carbon backbone of the indole ring
of tryptophan. (B) Newman projections about the C*~C? bond where
R denotes the possible positions of the indole moiety. The rotamer
assignments I, II, and III and the corresponding values of the x! torsion
angle are given for the L configuration of tryptophan. The atom D
indicates the state of the compound in D,O, the solvent used for the
NMR studies. (C) Newman projections about the C*~C” bond of
tryptophan.

indole ring (Rayner & Szabo, 1978), conformational het-
erogeneity due to x! rotamers of the tryptophan side chain
(Szabo & Rayner, 1980), and intramolecular proton exchange
between the protonated a-amino group and the C-4 indole
hydrogen (Saito et al., 1984; Shizuka et al., 1988; Chen et al.,
1991). (For a description of the x! rotamers and the indole
numbering system, see Figure 1.) It has also been suggested
that the fluorescence decay kinetics are so complex that they
should be represented by a distribution of lifetimes (James &
Ware, 1985; Wagner et al., 1987). The results of time-resolved
fluorescence studies of tryptophan analogues cooled in su-
personic jets, however, indicate monoexponential decays for
different conformers (Sipior et al., 1987; Philips et al., 1988).
Other evidence suggesting that the complex fluorescence decay
of tryptophan may originate from ground-state heterogeneity
comes from the elegant studies by Barkley and co-workers
(Tilstra et al., 1990; Colucci et al., 1990). They synthesized

! The lowest energy absorption band of the indole ring includes two
7* < r transitions to overlapping excited singlet states which, according
to Platt’s notation, are designated 'L, and 'L, (Platt, 1949, 1951). Valeur
and Weber (1977) resolved these bands by fluorescence polarization
spectroscopy of samples in rigid propylene glycol at 215 K. According
to studies by Strickland and co-workers (Strickland et al., 1970, 1972),
as well as by others (Leonard & Forster, 1974; Sun & Song, 1977;
Suzuki et al., 1977; Tatischeff et al., 1978; Lami & Glasser, 1986), the
11, band is affected more strongly by solvent interactions and is generally
at lower energies in polar solvents. Rehms and Callis (1987) have also
compared the energies of the 'L, and 'L, excitation transitions of several
methyl indoles using two-photon spectroscopy. Their results confirm the
relative responses of these two transitions to solvents of varying polarity.
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FIGURE 2: Chemical structure of [Trp*Joxytocin at pH 3.

a tryptophan analogue, 3-carboxy-1,2,3,4-tetrahydro-2-
carboline, which has restricted rotation of the alanyl side chain.
The fluorescence decay of the zwitterionic form of the analogue
is a double exponential, and the preexponential amplitudes
correspond closely to the two conformational populations
calculated from 'H NMR? coupling constants.

In an earlier study on tyrosine and tyrosine analogues, we
examined the possibility that the ground-state x' rotamer
populations were correlated with the fluorescence decay ki-
netics (Laws et al., 1986). We focused on tyrosine because
there is no distinction between x? rotamers due to the sym-
metry of the phenol ring, and there are only the three possible
x! side-chain rotamer configurations to provide different en-
vironments for the phenol ring. Our results for the tyrosine
decay kinetics were consistent with x! ground-state rotamers
which interconvert slowly on the fluorescence time scale. We
obtained the same correlation comparing the fluorescence
decay kinetics and 'H NMR-determined rotamer populations
of the single tyrosine at position 2 (Tyr?) in the peptide hor-
mone oxytocin (Ross et al., 1986a). Oxytocin, which is in-
volved with lactation and uterine contraction at childbirth,
consists of nine amino acids cyclized by a disulfide bond be-
tween Cys' and Cys®. Our time-resolved fluorescence results
also showed that one of the Tyr? x! rotamers interacts with
the disulfide bridge and is statically quenched.

To use the fluorescence intensity decay kinetics of trypto-
phan residues to probe structure requires knowing how dif-
ferent ground-state and excited-state processes affect the in-
tensity decay. At the present time, there is no clear under-
standing about the relationship between x! and x? rotamer
populations and the fluorescence intensity decay of a trypto-
phan residue in a polypeptide or protein. Due to the asym-
metry of the indole ring, the x? rotamers of tryptophan are
distinct; a total of six possible x! and x? rotamer configurations
(Figure 1) has been confirmed by 'H NMR (Dezube et al.,
1981). Different rotamer configurations should result in
different environments for the indole chromophore since each
configuration will yield different interactions of the indole ring
with the peptide backbone and substituent groups such as
disulfides and other side chains, as well as the possibility of
different degrees of solvation. If interconversion among these
configurations is slow compared to the rate of the fluorescence
intensity decay, we would expect a correlation between the
fluorescence decay parameters and the 'H NMR-determined
ground-state rotamer populations (Ross et al., 1988).

To test the hypothesis that ground-state rotamers contribute
to the complex fluorescence intensity decay of tryptophan
residues, we have synthesized an analogue of oxytocin in which
Tyr? is replaced with tryptophan ([tryptophan?joxytocin or
[Trp?Joxytocin; see Figure 2). Oxytocin was selected as a
model system to study the fluorescence decay of a tryptophan
residue because [Tyr?]oxytocin has been extensively charac-

2 Abbreviations: 'H NMR, proton nuclear magnetic resonance;
[Trp?loxytocin, [tryptophanZ]oxytocin; [Tyr?]oxytocin, [tyrosine?}-
oxytocin; NATrpA, N-acetyltryptophanamide; ¢-Boc, tert-butyloxy-
carbonyl; HPLC, high-pressure liquid chromatography; TFA, trifluoro-
acetic acid; TPPI, time-proportional phase increment; NOE, nuclear
Overhauser effect; ROESY, rotating frame Overhauser enhancement
spectroscopy.
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terized in aqueous solution by NMR (Glickson et al., 1972,
1975; Richard-Brewster et al., 1973; Bradbury et al., 1974;
Hruby, 1974; Wyssbrod et al., 1977) and fluorescence (Ross
et al., 1986a), and there is a crystal structure of the desamino
analogue (Pitts et al., 1985; Wood et al., 1986; Husain et al.,
1990). With this body of information, we can compare the
chemical and structural effects of the same surrounding se-
quence on tyrosine and tryptophan, respectively. This paper
shows that, like [Tyr?]oxytocin, there is a direct correlation
between the preexponential weighting factors (amplitudes) of
the three observed fluorescence decay constants of [Trp?]-
oxytocin and the three 'H NMR-determined x! rotamer
populations of the Trp? side chain.

MATERIALS AND METHODS

Peptide Synthesis. [Trp*]oxytocin (Figure 2) was syn-
thesized by the stepwise Merrifield procedure (Merrifield,
1963; Barany & Merrifield, 1980) using benzhydrylamine
resin (Star Biochemicals) as the solid support (0.4 mmol of
amine/g of resin). The tert-butyloxycarbonyl group (¢-Boc)
was used for N protection, and the 4-methylbenzyl group was
used to protect the side chain of cysteine. A manual coupling
protocol was followed (Merrifield et al., 1982), using a 3-fold
molar excess of the preformed 1-hydroxybenzotriazole esters
of the protected amino acids (Star Biochemicals). The extent
of coupling was monitored by the qualitative ninhydrin test
(Kaiser et al., 1970), which was negative after each cycle.
After incorporation of the tryptophan residue, the solvent was
changed to TFA /methylene chloride/anisole (5:4:1) to remove
the ¢-Boc groups. t-Boc-SN“tryptophan (a kind gift from Dr.
P. G. Katsoyannis) was used in one synthesis to prepare an
isotopomer labeled at the a-amino group of tryptophan.
Dithiothreitol (40 mg/mL) was also present to prevent de-
struction of the indole ring. After the chain was assembled
and the a-amino terminal -Boc group was removed, the resin
was neutralized and dried in vacuo. A portion (0.5 g) was
treated for an hour at 4 °C in a solution of 9 mL of liquid HF
and 1 mL of p-cresol to remove the fully-deprotected peptide
chain from the resin. HF was removed under reduced pressure,
and the residue was then washed several times with cold ethyl
acetate, once with petroleum ether, and dried in vacuo. The
peptide was extracted from the residue with four 6-mL portions
of 1 M acetic acid, and the combined extracts were washed
with ethyl acetate. The resulting aqueous layer was diluted
with 135 mL of water and adjusted to pH 9.0 with | M
NH,OH. After stirring for a day at room temperature (~22
°C) in an open vessel, allowing oxidation of the sulfhydryl
groups under mild conditions, the slightly turbid mixture was
lyophilized, yielding 90 mg of crude product.

[Trp?]Oxytocin was purified by HPLC. A 5-mg portion
of the crude product was dissolved in 1 mL of 0.1% TFA and
filtered through a 0.45-um filter. The sample was applied to
a Vydac semipreparative C-18 column (1 X 25 cm) and
chromatographed with a 0.1% TFA/acetonitrile gradient
(5-50% acetonitrile, 80 min, 1.5 mL/min). The main peak,
which eluted with a retention time of 40 min, was collected
and lyophilized. The homogeneity of the material was checked
by analytical HPLC (Hasselbacher et al., 1991b). By these
criteria (230-nm detection), the peptide was greater than 99%
pure. Amino acid analysis, following hydrolysis of the peptide
in 6 N HCl for 1.5 h at 150 °C, yielded a composition of Asx
(1.1 mol), Glx (1.0 mol), Gly (1.0 mol), Cys—Cys (0.8 mol),
Ile (1.0 mol), Leu (1.0 mol), and Pro (0.9 mol) relative to Leu.
Tryptophan was destroyed by the hydrolysis. This composition
agrees with that expected for [Trp?]oxytocin (see Figure 2).
Also, the '"H NMR spectrum of this peptide is consistent with
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that obtained for [Tyr?]oxytocin [see Wyssbrod et al. 1977)].

Absorption and Steady-State Fluorescence Spectroscopy.
Absorption spectra were measured at room temperature (~22
°C) using a U3210 Hitachi double-beam spectrophotometer.
Technical steady-state fluorescence spectra were measured at
20 °C using an SLM/Aminco SPF 500C fluorometer equip-
ped with a thermostated cuvette holder (£0.1 °C). The
fluorometer was modified in our laboratory to use Glan—
Thompson polarizers. Excitation and emission bandwidths
were 4 and 5 nm, respectively.

Time-Resolved Fluorescence Spectroscopy. Fluorescence
lifetimes were obtained at 20 °C by the time-correlated sin-
gle-photon-counting method (Badea & Brand, 1981). Our
instrument uses a frequency-doubled Rhodamine R6G dye
laser (Spectra-Physics 375B) synch-pumped by a frequency-
doubled, mode-locked Nd:YAG laser (Spectra-Physics 3460)
as the excitation source [see Hasselbacher et al. (1991a)].
Decay curves were collected into 2000 channels at a resolution
of 22 ps/channel. Both the steady-state and time-resolved
fluorescence data were obtained under magic angle conditions
to avoid intensity artifacts due to molecular rotation during
the lifetime of the excited state (Paoletti & LePecq, 1969;
Azumi & McGlynn, 1962; Kalantar, 1968; Shinitzky, 1972).
Peptide concentrations were about 10~ M (A,45 = 0.2). All
solutions were 0.001 M HCI. In this way, since the pK, of
the a-amino group of oxytocin is 6.3 (Hruby et al., 1977), we
were exciting only one ionic form of the peptide.

Fluorescence Data Analyses. Fluorescence intensity decay
curves were analyzed by nonlinear least-squares regression
(Bevington, 1969), fitting the data to a sum of exponentials
as expressed by

1) = Lot/ 1)
i=1

where «; is the amplitude and 7, is the lifetime of the ith
component (Knight & Selinger, 1971, Grinvald & Steinberg,
1974). The reduced chi-squared value and weighted residuals
with their autocorrelation were used as best fit criteria. The
range of chi-squared values, which resulted in random weighted
residuals and a random autocorrelation for the residuals, was
1.0-1.2 (unrestricted triple-exponential fits; see Results). The
individual curves were also analyzed assuming a functional
linkage among the weighting factors (amplitudes) of the in-
dividual decay constants (Ross et al., 1986b). The linkage was
based on the 'H NMR-determined ground-state rotamer
populations (see below). Typically, one amplitude was iterated
as an independent variable, while the linked amplitude(s) was
scaled to the iterated amplitude. Sets of intensity decay curves
obtained as a function of emission wavelength were also an-
alyzed by a global nonlinear least-squares fitting procedure
(Knutson et al., 1983; Beechem et al., 1983). In the global
analysis, one or more of the decay constants was assumed to
be emission wavelength independent and iterated as a common
parameter for all curves. Finally, sets of curves were analyzed
by the same global approach which included a functional
linkage among the amplitudes (Ross et al., 1986b).

The fluorescence quantum yield from the integrated
steady-state emission spectrum was compared with the number
(amplitude) average lifetime, 7 (Férster, 1951; De Lauder &
Wabhl, 1970), expressed by

n
ZaiTi
i=1

T =

. @)
Zai
i=1
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Table I: Fluorescence Decay Parameters for [Tryptophan?)Oxytocin?
data analysis model a 7, (n8) a; 7, (ns) a; 73 (ns)

{7} (ns) 7 (ns)
039 £0.03 032£002 042%0.02 1.07x005 0.19%002 262£009 1.70 1.07
common lifetimes®* 0.39 £0.02 0.32 0.43 £ 0.01 1.08 0.18 £0.01 2.64 1.69 1.06
individual curves: linked amplitudes®? 0.41 0.34 £ 0.03 0.41 1.12 £ 0.05 0.18 2.65 = 0.06 1.70 1.08
common lifetimes: linked amplitudes™ 0.41 0.35 0.41 1.13 0.18 2.66 1.70 1.09
9Samples were in 0.001 M HCI at 20 °C. The decay data were obtained as a function of emission wavelength (every 5 nm from 330 to 410 nm

with a detection band-pass of 5 nm) with 295-nm excitation and a timing resolution of 22 ps/channel. In all analyses, the amplitudes are normalized
to unity. ?Standard deviations were calculated assuming that the iterated variables are independent of emission wavelength. ¢Three common,

individual curves®

emission wavelength-independent lifetimes assumed. ¢ Amplitude linkage based upon the '"H NMR-determined x' rotamer populations.

which is directly proportional to the ratio of the sum of the
photons in the decay curve and the total number of excitation
events; the relative intensity of each component i is ;7;/7. The
mean lifetime, (7), which is an intensity-weighted average
(Inokuti & Hirayama, 1965), is used, for example, in analysis
of anisotropy decay (Dale et al., 1977) or time-resolved
fluorescence quenching (Contino & Laws, 1991) and is defined
by

n
> “i"'iz
i=1
n

Zai"i

i=]

(r) = (3)

'H NMR Spectroscopy and Calculation of Rotamer Pop-
ulations. Samples, preexchanged in D,0O, were prepared by
dissolving 1 mg of the peptide in 1 mL of D,O and adjusting
pD to 2.8 with DCl. 'H NMR spectra were obtained on a
Bruker AMXS500 located at the Chemistry Department of the
University of Louisville. All spectra were obtained at ambient
temperature (~22 °C), and there was no evidence of high-
order peptide aggregation. In most cases, presaturation was
used to reduce the resonance due to residual H,0O. Chemical
shift assignments were made by comparison with previous work
on oxytocin (Wyssbrod et al., 1979) and by a two-dimensional
phase-sensitive correlation spectroscopy experiment using the
time-proportional phase incrementation method (TPPI)
(Marion & Wiithrich, 1983). Coupling constants were ob-
tained from standard one-dimensional 'H spectra as well as
from a selective one-dimensional version (Crouch & Martin,
1991) of the inverse heteronuclear long-range correlation
experiment (Bax & Summers, 1986). In the latter, a selective
I5N pulse was applied at the resonance frequency of the
15N’-label on Trp?, omitting the low-pass filter (Crouch &
Martin, 1991) since the solvent was D,0 and there is no
one-bond N-H coupling. This experiment was used to help
confirm the chemical shift assignments for tryptophan. The
precision of the coupling constants obtained by these methods
was £0.2 Hz.

The fractional x! populations py, py, and py; (Figure 1) were
calculated from the coupling constants between H* and H?R
(H?S) (Pople, 1958; Pachler, 1963) according to (Wyssbrod
et al., 1977; Fischman et al., 1978)

p1 = PJH-HPR) - 37,1 /8% 4
pu = [J(H-H) = 3J,] /AT &)

pu=1l-p—pu=
$£J, + 3Jg ~ [FZJ(H*-HFR) + 3J(H~H)]}/ 3] (6)

where A%J = 3J, - *J,, and 3J, and *J, are the nominal values
of the coupling constants for vicinal protons in trans and
gauche conformations, respectively [see also Pachler (1964)].

The x! populations were also calculated from the coupling

0.25
v 0.20
e
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FIGURE 3: Absorption spectra of N-acetyltryptophanamide (—---)
and [Trp?]oxytocin (—) at pH 3. Spectra have been normalized at
280 nm to facilitate comparison.

between SN’ and HPR (HS) (Lichter & Roberts, 1970; Sogn
et al., 1973) according to (Fischman et al., 1978)

P = PICN-HE) =, (SN-TH)]/A(SN-'H) (7)
P = PICSN-HR) - 3, (N-IH)]/A(N-"H)  (8)

pu=1-pi- pu = {J(°N-"H) + *J,(°N-'H) -
[3](15N1_Hﬁ3) + 3J(15N/_H5R)]}/A3J(lSN_IH) (9)

where A3J = 3J, - 3/, and 3/, and %J, are the nominal values
of the heteronuclear coupling constants for vicinal *N and
'H nuclei in trans and gauche conformations, respectively [see
also Lichter and Roberts (1970)].

Finally, to assess x2 conformations, a two-dimensional ro-
tating frame nuclear Overhauser experiment (ROESY) (Bax
& Davis, 1985) was carried out using presaturation and
phase-sensitive detection processing with TPPI. ROESY is
preferred over the basic NOE experiment because the rota-
tional correlation time of [Trp?Joxytocin is unfavorable for
NOE. Mixing times of 150 and 300 ms gave similar results.

RESULTS

Absorption and Steady-State Fluorescence. The pH 3
absorption spectra of [Trp?|oxytocin and the model compound
N-acetyltryptophanamide (NATrpA)?® resemble each other
closely in the wavelength region from 260 to 300 nm (Figure
3). The contribution of the disulfide bond between Cys! and
Cys® to the absorption spectrum is much less prominent than
in the native peptide [see Ross et al. (1986a)] because tryp-
tophan absorption is much stronger than that of tyrosine and
extends to lower energies. As shown in Figure 4, the
fluorescence emission spectrum of [Trp?|oxytocin has the same
shape as that of NATrpA, but its maximum is shifted slightly
to higher energy. Within the resolution of the excitation and

3 Tryptophan residues in polypeptide chains generally have blocked
a-amino and a-carboxyl groups due to the peptide linkage with adjacent
amino acid residues. For this reason, NATrpA is commonly used as a
model in studies on intrinsic protein fluorescence.
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FIGURE 4: Uncorrected, area-normalized fluorescence emission spectra
of N-acetyltryptophanamide (—---) and [Trp*]oxytocin (—) at pH
3. The lower spectrum (——) shows the emission of [Trp*Joxytocin
scaled according to its quantum yield relative to that of N-acetyl-
tryptophanamide.

detection band-passes (4 and 5 nm, respectively), the shapes
of the emission spectra of both compounds are independent
of excitation wavelength.

Time-Resolved Fluorescence. The fluorescence intensity
decay of [Trp?]oxytocin is complex, requiring three expo-
nentials with time constants of about 0.3, 1.1, and 2.6 ns to
fit the data adequately (Table I). The residuals for two-ex-
ponential fits were nonrandom, and the chi-squared values were
3-fold greater than those obtained for triple-exponential fits.
When decay curves obtained every 5 nm between 330 and 410
nm are analyzed individually without imposing any assump-
tions other than that the intensity decay is a sum of expo-
nentials, both the decay constants and the amplitudes of the
0.3- and 1.1-ns components appear to be independent of
emission wavelength. In addition, the amplitude of the longest
lived component is invariant with emission wavelength. The
time constant of this component, however, appears to increase
slightly toward the lower energy side of the spectrum. The
trend is small, increasing from about 2.6 ns at 330 nm to 2.8
ns above 400 nm. The average values of the intensity decay
parameters are given in Table I for unrestricted, single curve
analyses of data obtained across the emission spectrum. The
average values and standard deviations assume that all the
parameters are wavelength independent. It should be noted
that above 400 nm the values of longest lived component are
within two standard deviations of its average value. Analyses
for the sum of four exponentials (eight independent variables)
yielded no improvement in statistical parameters, indicating
that a triple-exponential decay law is sufficient.

To test in a more stringent way whether the three lifetimes
vary as a function of emission wavelength, the decay curves
were analyzed globally for three constant, common lifetimes.
As shown in Table I, the values recovered from this global
analysis for the common decay constants are indistinguishable
from the average values of the decay constants recovered from
the analyses of the individual decay curves. Inclusion of a
fourth exponential slightly improved the fitting statistics of
some curves in the data set. The improvement, however, was
random with respect to emission wavelength, and the recovered
parameters showed that the fourth exponential component was
simply fitting noise.

Fluorescence Quantum Yield. The quantum yield of
[Trp?]oxytocin, calculated by integrating steady-state spectra,
was found to be 32 £ 2% relative to NATrpA. From the
number average lifetime of [Trp?Joxytocin (eq 2) and the
single-exponential lifetime of NATrpA, which under these
experimental conditions is 3.0 ns, we calculated a relative
quantum yield of 35 % 2% for {Trp*Joxytocin. Thus, within
experimental error, the steady-state and number average
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lifetime quantum yields are the same.

IH NMR. Figure 1 indicates the three main x! confor-
mations for the indole ring rotation about the C*~C? bond.
To determine the ground-state populations of the rotamers,
'H NMR studies were performed. Proton spectra were ref-
erenced relative to the HDO peak at 4.60 ppm. The following
'H chemical shifts were found for the tryptophan residue in
[Trp*loxytocin: H, 4.75 ppm; H? (downfield H?), 3.21 ppm;
H? (upfield Hf), 3.10 ppm; HZ, 7.14 ppm; and H*, 7.54 ppm.
The coupling constant (>J) between H?V and H* of the tryp-
tophan residue in [Trp?loxytocin is 7.1 Hz, which is identical
with the coupling constant between H?? and H*. Clearly,
stereochemical assignments of H#® and H? are irrelevant
because the couplings to H® are the same. Consequently, it
follows that the calculated populations for p; and py will be
the same. On the basis of the Pachler values for gauche and
trans 3J homonuclear couplings of 2.6 and 13.56 Hz, respec-
tively (Pachler, 1964), p; = p;y = 0.41 £ 0.03, and p;; = 0.18
= 0.05.

Although stereochemical assignments of the H¥ are not
necessary for determining x! in this particular case, they are
required for determining the x? rotamers about the C#-C¥
bond. We used heteronuclear couplings between the '*N’ and
the Hf to make these assignments indirectly. The coupling
constant between HPP and N’ of the tryptophan residue in
[SN=Trp?loxytocin is 2.6 Hz and that between H?V and >N’
is 1.7 Hz. The first of two stereochemical assignments is for
H?S = HA and for HPR = HAV. On the basis of the Sogn et
al. (1973) values for gauche and trans 3J heteronuclear cou-
plings of 1.8 and 4.8 Hz, respectively, p; = 0.27 = 0.10, py
=-0.03 £ 0.10,and p; = 1 = p; — pyy = 0.76 £ 0.15. The
second set of assignments reverses the first: H = H?V and
HPfR = HPP, With this assignment, the values of p; and pyy
are interchanged. We have adopted the first set of assignments
(see Discussion). It should be noted that nuclear Overhauser
interactions between the H* and HPfs consistent with the ro-
tamer assignments were observed in ROESY spectra (see
below).

Figure 1 also indicates the two main x? conformations for
the indole ring for rotation about the C#~C” bond. For x2 of
-90°, nuclear Overhauser interactions are expected between
H? and HF®) and between H* and HERW); for %2 of +90°,
nuclear Overhauser interactions are expected between H? and
H8RW and between H* and HA® (Dezube et al., 1981). The
experimental ROESY spectra showed all of these interactions
with roughly equal magnitude. Somewhat larger interactions
were also observed between H* and both H? and H*. These
observations are consistent with two x? populations. Depending
upon the degree of correlation between x2 and x!, there may
be from three to six side-chain conformations for the trypto-
phan residue. As previously concluded by Dezube et al.
(1981), the NOE data are qualitative in nature. While NOEs
are excellent as observables for detecting specific interactions,
they are not as precise as coupling constants for estimating
populations.

DiscussioNn

Fluorescence Decay Model for a Tryptophan Residue. The
origins of the complex fluorescence decay behavior of single
tryptophan residues in polypeptides and proteins have been
the subject of considerable debate. Complex fluorescence
intensity decay can result from either ground-state or excit-
ed-state heterogeneity, and understanding the processes that
result in ground-state and/or excited-state heterogeneity is
essential for accurate interpretation of tryptophan fluorescence
decay kinetics. This understanding will also facilitate more
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detailed investigations of protein structure and dynamics in
solution.

In general, the fluorescence decays of simple aromatic hy-
drocarbons are single exponential when no heteroatoms are
present in the ring of the molecule and strong interactions with
the bulk solvent do not occur; an example is terphenyl in
cyclohexane (Ross et al., 1981a). For those fluorophores that
have excited-state solvation on the same time scale as the
fluorescence decay, these interactions lead to nonexponential
decay laws. When the fluorescence decay is analyzed by sums
of exponentials and the resulting parameters are compared as
a function of emission wavelength, there is no recognizable
kinetic pattern to the individual time constants and their as-
sociated amplitudes. In addition, the average (or mean)
lifetime increases with decreasing emission energy (DeToma
et al., 1976; Lakowicz et al., 1980). This behavior has been
ascribed to reorientation of the solvent molecules around the
excited molecule to accommodate the different in the dipole
moments of the ground state and the excited state of the solute
(Bakhshiev, 1964). Molecular dynamics simulations of non-
equilibrium solvation and time-resolved fluorescence of the first
excited singlet state of formaldehyde suggest that in water the
major relaxation occurs on a subpicosecond time scale (Levy
et al., 1990). Indole, which contains nitrogen as a heteroatom
and can readily interact with the solvent, exhibits single-ex-
ponential fluorescence decay in solvents such as cyclohexane
or ethanol (De Lauder & Wahl, 1971) or water (Privat et al.,
1985). Consequently, since indole in water exhibits a single
fluorescence lifetime near 4.5 ns at 20 °C (Ross et al,, 1981a;
Privat et al., 1985), the emission of indole in water is from
a fully solvent-relaxed excited state. Indole also undergoes
other excited-state reactions, including proton transfer, electron
transfer, and photoionization [see the review by Creed (1984)).
Since its fluorescence decay is single exponential, these pro-
cesses are irreversible during the lifetime of the excited state
and only contribute to nonradiative decay.

A considerable body of evidence has accumulated indicating
that structural heterogeneity can result in complex fluorescence
decay kinetics for tryptophan. For example, Donzel et al.
(1974) studied the diketopiperazines cyclo-(—-Gly-Trp-) and
cyclo-(~Ala-Trp-) in dimethyl sulfoxide. They observed that
each compound had two fluorescence lifetimes. The decay
constants were independent of emission wavelength, while the
amplitudes varied with emission wavelength. The amplitude
variation suggested that the decay constants were associated
with indolyl side chains in two chemically distinct environ-
ments. On this basis, each steady-state emission spectrum was
resolved into two decay-associated spectra which were assigned
to two possible side-chain conformers, one folded and the other
extended. It has also been observed that the fluorescence
intensity decays of a number of tryptophan model compounds
are complex and can be fit by multiple exponentials (Szabo
& Rayner, 1980; Ross et al., 1981a; Chang et al., 1983; Petrich
et al., 1983). These exponentials have been attributed to x!
rotamers about the C*~C? bond that have different lifetimes
as a result of specific interactions with the primary amide and
carbonyl functions. In addition, Trp—X and X~Trp dipeptides
show multiexponential fluorescence intensity decays. From
consideration of factors such as the ionization state of the
amino-terminal group and position of the Trp residue in the
dipeptide, the rotamer model has been used to explain the
differences observed in the lifetimes and amplitudes of the
individual decay components (Chen et al., 1991).

While ground-state x! rotamers have been suggested as the
origin of the complex fluorescence decay of tryptophan
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zwitterion and model compounds, a direct correlation between
the amplitudes and rotamer populations has not been dem-
onstrated. In the case of tryptophan, there is the possibility
of two x? populations for each of the three x! ratamers.
Depending on the number of conformers (rotamers) that are
populated, the rate of fluorescence decay of each population,
and the rates for interconversion between conformers compared
with the rates for the fluorescence decay of each population,
as many as six different fluorescence decay times might be
expected. It is difficult to predict how the fluorescence decay
parameters will correlate with ground-state conformer popu-
lations. If interconversion between conformers occurs at rates
similar or faster than fluorescence decay, if there are differ-
ences in the extinction coefficients of conformers at the ex-
citation wavelength, or if the conformers have different
emission spectra, then the observed fluorescence decay am-
plitudes will not be the same as the populations of the
ground-state conformations. Furthermore, the ability of an
analysis algorithm to extract all of the kinetic parameters
correctly from the data must be questioned. For example, two
or more conformers may have similar, unresolvable lifetimes.
Depending upon the physical aspects of the situation as
mentioned above, the quality of the data, and the robustness
of the analysis, the decay data may be adequately fit to all
statistical criteria by fewer components than the existing
number of conformers. In these cases, resolving the appro-
priate kinetic mechanism will be difficult unless additional
information is available to help guide the data analysis (Ross
et al., 1988).

Ground-State Conformations of [Trp*|Oxytocin and the
Fluorescence Decay Model. '"H NMR spectroscopy, which
was carried out independently of the initial fluorescence
analyses, was used to assess the ground-state conformations
of the tryptophan residue in [Trp?]oxytocin. The populations
of rotamers I and II were found to be essentially equal and
about twice that of rotamer III. This determination of the
x! rotamer populations stems from several considerations. The
assignments of the resonances for the indole ring protons H?
and H* are based on comparison with published assignments
(Skrabal et al., 1979). Stereochemical assignments of the H¥s
are based on heteronuclear couplings between these protons
and ""N’. The assignment of HFS to H2 and HPR to HAV is
more reasonable than the reverse assignment because it leads
to p; > py, which is in agreement with the populations cal-
culated from homonuclear couplings. Moreover, our assign-
ment is in agreement with stereochemical assignments made
by Skrabal et al. (1979) for a series of simple tryptophan model
compounds. (The only exception that they found was in a
dipeptide where ring-current shifts caused a reversal in an
assignment.) The assignments by Skrabal et al. (1979) are
unequivocal because they studied a stereospecific isomer of
L-tryptophan that had been synthesized with deuterium at H*
but not at HFR,

We have also examined the x! rotamer populations by using
the nominal values for the heteronuclear coupling constants
3J,and 3J,. The value of py; calculated from heteronuclear
values is close to zero, while that from homonuclear values
is around 0.18. Although it could be argued that these values
may be within experimental error, especially when taking into
consideration the low precision of the heteronuclear values,
their difference may be real and significant and would thus
indicate that the nominal literature values for heteronuclear
3J, and 3J, may not pertain to tryptophan. If we assume that
the populations are correctly calculated from homonuclear
couplings, then values for heteronuclear trans and gauche
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couplings can be calculated from the equations used by Lichter
and Roberts (1970). In this way, we find that 3J,('*N-'H)
= 4.9 Hz, which is in close agreement with the literature
values, and that 3J,('*N-"H) = 1.0 Hz, which is lower than
the nominal literature values but within experimental error
of the value proposed by Lichter and Roberts (1970).

One must consider that the NMR results could reflect a
fixed conformation. To address this possibility, the four cir-
cumjacent homonuclear and heteronuclear coupling constants
were analyzed by the intersection-of-sets method (Wyssbrod
et al., 1977; Fischman et al., 1980) and the conformation-locus
method (Wyssbrod, 1980). Karplus relationships between x!
and couplings that had been previously utilized by us to ex-
amine the cystine residue in oxytocin (Fischman et al., 1980)
were used for these analyses. The results of the intersec-
tion-of-sets analysis were incompatible with a fixed confor-
mation since the coupling constants did not yield a common,
fixed conformational angle. The conformation-locus analysis
was also incompatible with a fixed conformation since the
coupling constants did not fall near the locus of a fixed con-
formation. We conclude, therefore, that the NMR results
reflect averaged conformations.

The lower limit for the rate of x! interconversion can be
estimated from consideration of the chemical shifts of the
tryptophan H?. Since an averaged spectrum is observed for
both HP, rather than three individual spectra corresponding
to each of the rotameric forms, the rotamers are intercon-
verting rapidly on the NMR time scale. This time scale is
determined by the range of chemical shift expected for each
H?. From an examination of chemical shifts observed in a
variety of tryptophan-containing compounds, we expect the
range of chemical shift to be on the order of 0.5 ppm, which
corresponds to 1570 rad s™! at 500 MHz. Thus, we expect the
lower limit for the rate of interconversion to be within an order
of magnitude of 10° 571

Upon comparing these NMR results with the independent
parameters obtained from the initial analyses of the individual
fluorescence intensity decay curves, we were intrigued by the
agreement between the x! rotamer populations and the average
values for the amplitudes of the three fluorescence intensity
decay constants. This correlation between populations and
amplitudes can be interpreted in several ways: (1) each x!
rotamer has only one x? rotamer population; (2) the local
interactions with the tryptophan side chain are imposed by x!
and there is no influence of the x? orientation on the
fluorescence lifetime; or (3) the rates of interconversion be-
tween x?2 rotamers are fast compared to the rates of fluores-
cence decay, thus averaging out the influence of x? orientation
upon the nonradiative decay rates. Of course, it is also possible
that the unrestricted fluorescence decay analysis results are
not unique, the parameters merely fit the data, and the am-
plitudes coincidentally match the NMR-determined rotamer
populations.

Several approaches were taken to analyze the fluorescence
decay curves to examine the apparent correlation between the
recovered parameters and x! rotamer populations (Table I).
First, the decay curves collected as a function of emission
wavelength were analyzed individually with the amplitudes
linked to the NMR-determined rotamer populations (Ross et
al., 1986b). In this approach there are four independent pa-
rameters (three lifetimes and one amplitude), and the other
two amplitudes are calculated relative to the iterated ampli-
tude. In general, the fitting statistics obtained using this
linkage were indistinguishable from those obtained fitting the
data for six unrestricted parameters (three lifetimes and their
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associated amplitudes). The second test of this model included
no assumptions about the relative values for the amplitudes
of the decay constants obtained for the individual decay curves.
Instead, the fluorescence decay constants were assumed to be
independent of emission wavelength and common to all decay
curves. The overall fitting statistics for this global analysis
(Knutson et al., 1983; Beechem et al., 1983) were worse for
decay curves obtained on the low- and high-energy sides of
the emission spectrum, suggesting a trend in one or more of
the lifetimes or a systematic error in the data. When the same
analysis was carried out assuming only two common, emission
wavelength—independent lifetimes, there was improvement in
the global fit, and the longest lifetime, which is associated with
the smallest amplitude, showed a tendency to increase with
increasing emission wavelength (200-ps increase between 330
and 410 nm). This increase had also been noted in the single
curve analyses with six independent parameters. It is not clear
at the present time whether this increase reflects a small
systematic error, other kinetic processes such as relaxation,
some additional conformational heterogeneity, slightly different
emission spectra for the rotamers, or inability of the analysis
algorithm to distinguish six time constants (for six different
environments) when there are three pairs of similar values.
What is clear is that the relative amplitudes obtained in both
of these global analyses for common lifetimes are indistin-
guishable from those obtained from the unrestricted single
curve analyses. This was confirmed by a global analysis in
which the amplitudes were linked to the NMR-determined x!
populations and two of the lifetimes were held common.

The strong correlation between the amplitude terms and the
ground-state x! rotamer populations, regardless of the strin-
gency imposed on the data analysis, and the absence of a need
for a consistent set of additional decay components together
suggest that the x! rotamer model is sufficient to explain the
[Trp?loxytocin fluorescence intensity decay data. This implies,
first, that rotations about the tryptophan C*~C? bond have
an upper limit of about 5 X 107 s! since the ground-state x!
populations have not changed following excitation to the first
excited singlet state. This limit can be estimated from rate
constants of systems known to undergo excited-state reactions
and that have similar excited-state lifetimes. An example is
the excited-state proton transfer of 2-naphthol (Laws & Brand,
1979). This should be contrasted with the lower limit for the
rate of x! rotation of about 10° 57!, discussed previously.
Second, this implies that the absorption and emission spectra
of the three x! rotamers are very similar. Third, the x! ro-
tamer model implies that the combined fluorescence and NMR
results are consistent with either the x2 rotations being fast
compared to the fluorescence intensity decay of the tryptophan
residue, fluorescence intensity decay properties being domi-
nated by x! interactions, or the x? and x! rotations being highly
correlated such that each x' rotamer has predominantly one
x? conformation. It should be recognized, however, that these
conclusions pertain only to [Trp?]oxytocin. It remains to be
seen whether these conclusions also apply to tryptophan res-
idues in other polypeptides and proteins.

Fluorescence Intensity Decays of [Trp*]Oxytocin and
[Tyr?]Oxytocin. Our previous studies on the fluorescence
decay of several tyrosine model compounds and [Tyr?]oxytocin
showed that, under conditions where only one ionic form exists
in solution, the relative amplitudes of the decay constants
correlate quite well with the NMR-determined x! populations
of the phenol ring (Laws et al., 1986; Ross et al., 1986a). The
results obtained from unrestricted analysis of the [Trp?]-
oxytocin fluorescence decay curves were initially compared
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with the results which we had previously obtained for
[Tyr?)oxytocin (Ross et al., 1986a). We find two important
differences. First, while the tyrosine fluorescence intensity
decay can be fit by a double exponential, the tryptophan
fluorescence data requires a triple exponential for an adequate
fit. Second, comparison of steady-state fluorescence relative
quantum yields with the number average lifetimes shows that
whereas the tyrosine residue is involved in a static quenching
interaction,* the tryptophan residue does not exhibit any ev-
idence for static quenching.

From the X-ray crystal structure model of desaminooxytocin
(Pitts et al., 1985), it appears that the phenol ring of tyrosine
in both x! rotamers I and II can come in close proximity to
the disulfide bridge of the peptide hormone. Since disulfides
are known quenchers of tyrosine and tryptophan fluorescence
[see reviews by Longworth (1971), Cowgill (1976), and Ross
et al. (1991)], and on the basis of the amplitude ratios for the
two decay components of [Tyr2Joxytocin and the correlation
between fluorescence decay constants and rotamers of tyrosine
model compounds (Laws et al., 1986), we argued that rotamer
1 was statically quenched in [Tyr¥Joxytocin (Ross et al.,
1986a). The two observed lifetimes were associated with
rotamer II (0.7-ns component) and rotamer III (1.9-ns com-
ponent). This assignment was supported by the observations
that desaminodicarbaoxytocin, in which the disulfide is re-
placed by the nearly isosteric ethylene bridge, shows no static
quenching of its tyrosine and its fluorescence intensity decay
can be fit by a sum of three exponentials with amplitudes that
agree with the NMR-determined x' rotamer populations.’

The presence of static quenching in [Tyr?]oxytocin as op-
posed to [Trp?]oxytocin can be explained in terms of a model
based on the quenching of rotamer I by a highly efficient,
dynamic process, such as resonance energy transfer to the
disulfide chromophore. Molecular graphics modeling, based
on the X-ray crystal structure of desaminooxytocin (Pitts et
al., 1985), suggests that like tyrosine the aromatic ring of
tryptophan at position 2 can be close to the disulfide bridge
in certain rotamer conformations. If rotamer interconversion
is slow compared to the time scale of fluorescence, highly
efficient dynamic quenching of one rotamer would be indis-
tinguishable from static quenching. Because of the overlap
between the disulfide absorption band and the emission bands
of both tyrosine and tryptophan, it is possible for quenching
to occur via resonance energy transfer. Fluorescence of ty-
rosine, however, has greater spectral overlap with the disulfide
absorption band, especially compared to the fluorescence of
a fully solvent-exposed tryptophan. Assuming that the di-
pole—dipole orientation factor and distance of separation be-
tween donor and acceptor are similar, tyrosine will be more

4 Static quenching is operationally defined in terms of a nonradiative,
ground-state complex with a characteristic equilibrium constant (Noyes,
1961). This can be conceptually extended to an equilibrium among
rotamer populations in which one population is quenched by a very
efficient nonradiative process.

5 In our time-resolved fluorescence and 'H NMR studies of the tyr-
osine residue in oxytocin (Ross et al,, 1986a), we stated (under Results
on page 609) that “the 'H NMR spectrum of desaminooxytocin is ...
complicated ... due to the extra hydrogen on the C= of residue 1.
Therefore, the phenol rotamer populations of desaminodicarbaoxytocin
have not been determined...”. Here, desaminodicarbaoxytocin is a mis-
print and was meant to be desaminooxytocin. We did resolve the phenol
rotamer populations of desaminodicarbaoxytocin [Table II of Ross et al.
(1986a)], even though its 'H NMR spectrum was also complex due to
the extra hydrogen on the C= of residue 1. The 'H NMR spectrum of
desaminooxytocin, however, is even more complicated because its C*
hydrogens are shifted into the region of the aromatic resonances by
interaction with the disulfide group. Thus, it was difficult to make
accurate resonance assignments.
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efficiently quenched than tryptophan. Also, in a rotamer where
the aromatic side chain can come in close proximity to the
disulfide bridge, energy transfer may proceed by the exchange
interaction. The probability for exchange depends upon the
overlap and details of the donor and acceptor wave functions
(Inokuti & Hirayama, 1965; Dexter, 1953). Regardless of
which resonance energy transfer mechanism dominates, it is
expected that the quenching efficiency of tyrosine and tryp-
tophan will differ. Less efficient energy transfer, which means
a slower rate of deactivation of the excited state of the donor
(tryptophan), could result in the appearance (resolution) of
a third, relatively short lifetime. This would be consistent with
the lack of static quenching of [Trp?]oxytocin and a very short
lifetime for rotamer I. Chen et al. (1991) have used a similar
argument to explain the lifetime and amplitude differences
observed for several Trp—X and X-Trp dipeptides.

In conclusion, the fluorescence intensity decay of [Trp?]-
oxytocin can be satisfactorily understood by the same rotamer
model that we applied to [Tyr?joxytocin (Ross et al., 1986a).
Our results for the tryptophan analogue suggest that its x?
conformers have little, if any, impact upon the fluorescence
decay kinetics. They also suggest that, in the general case,
when all three x! rotamers of tryptophan are populated in the
ground state, three decay constants may be observed.

[Trp*]Oxytocin is only one polypeptide in which time-re-
solved fluorescence has been combined with NMR to inves-
tigate the basis for multiexponential fluorescence intensity
decay of a single tryptophan residue. To test these conclusions
further, it is important that other single tryptophan-containing
polypeptides be studied by the same approach. There are
additional ways to test this model. For example, rotamer
populations should be temperature dependent. It should be
noted, however, that the rotamer populations of {Tyr#Joxytocin
are essentially temperature independent between 0 and 60 °C
(Wyssbrod et al., 1977). Another approach is dynamic
fluorescence quenching, which has been used to study rotamer
populations of tyrosinamide (Contino & Laws, 1991). Ac-
cording to the rotamer model, each lifetime is expected to
decrease as a function of quencher concentration in accord with
the Stern~Volmer relationship, but the amplitudes should be
unaffected. Quenching experiments were currently underway
in our laboratory comparing [Tyr?Joxytocin with [Trp?]-
oxytocin.

In a more sterically-constrained system, only one or two x!
rotamers might be populated, suggesting that the fluorescence
intensity decay of a single tryptophan residue might be mono-
or biexponential. This would be consistent, for example, with
the results indicating single-exponential fluorescence decays
for the buried and exposed tryptophan residues of horse liver
alcohol dehydrogenase, Trp*'4 and Trp'S, respectively (Ross
et al., 1981b) or for the single buried tryptophan of apo forms
of the homologous azurins from Pseudomonas fluorescens and
Pseudomonas aeruginosa (Grinvald et al., 1975; Petrich et
al., 1987; Hutnik & Szabo, 1989). In this regard, it is worth
commenting that in our preliminary investigation of the
fluorescence decay kinetics of two different insulin analogues
in which tryptophan has been substituted for Tyr!* in the A
chain, the tryptophan fluorescence intensity decay of both
analogues is best fit by the same three decay constants (Ohta
et al., 1990). The respective amplitudes of the identical time
constants differ, however, which is consistent with a different
mixture of x! rotamers for the tryptophan in each analogue.
Moreover, it is of interest that these two insulin analogues
differ 4-5-fold in biological activity (P. G. Katsoyannis,
personal communication). Thus, with our present results for
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[Trp*loxytocin, there is an excellent prospect that the
fluorescence intensity decay kinetics of tryptophan residues
will prove valuable for investigations on protein structure and
function.
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