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Abstract. We have examined the fluorescence intensity
decays of oxytocin and [Arg®]-vasopressin resulting from
the single tyrosyl res1due in each peptide, and the inten-
sity decay of the Asu " —analogues in which the disulfide
bridge is substituted by a CH,-CH, bridge. Viscosity-de-
pendent steady state and intensity decay measurements
indicated that fluorescence resonance energy transfer
(FRET) from tyrosyl phenol to the disulfide bridge is re-
sponsible for the decrease in fluorescence relative to the
Asu-analogues. The frequency-domain phase and modula-
tion data for the tyrosyl donor were interpreted in terms of
fluorescence resonance energy transfer (FRET) to the
weakly absorbing disulfide bridge and a distribution of do-
nor-to-acceptor distances. Energy transfer efficiencies
were determined from both time-resolved and steady-state
measurements. Fitting the frequency-domain phase and
modulation data to a Gaussian distance distribution indi-
cated that the average inter-chromophoric distance (R,,)
is similar in both compounds, R,,=7.94 A for oxytocin
and R,,=8.00 A for Vasopressm However, the width of
the distance distribution is narrower for Vasopressmn
(hw=2.80 A) than for oxytocin (hw=3.58 A), which is
consistent with restriction of the tyrosine phenol motion
due to its stacking with the Phe® side chain of vasopres-
sin. Finally, the recovered distance distribution functions
are compared with histograms describing the distance
between the chromophores during the course of long, in
vacuo, molecular dynamics runs using the computer pro-
gram CHARMm and the QUANTA 3.0 parameters.
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Introduction

The conformation and dynamics of oxytocin and vasopres-
sin in solution are of interest to understand their different
physiological effects of stimulating smooth muscle con-
tractions or as an antidiuretic, respectively. The conforma-
tion of these peptides has been studied using molecular
mechanics (Liwo et al. 1988), X-ray crystallography
(Langs et al. 1986; Husain et al. 1990), NMR (Glickson
et al. 1972; Brewster and Hruby 1973; Krauss and Cow-
burn 1981), as well as steady-state (Cowgill 1964, 1967;
Chen 1967; Bodanszky et al. 1981; Laws et al. 1986; Ross
et al. 1986 a; Swadesh et al. 1987) and time-resolved flu-
orescence of the intrinsic tyrosine emission (Laws et al.
1986; Ross et al. 1986 a). Ross et al. (1986 a) interpreted
the fluorescence measurements of oxytocin in terms of
structured features of the peptide conformation. These
workers (Ross et al. 1986a) interpreted the multi-exponen-
tial tyrosine intensity decays of oxytocin and its Asu-an-
alog in terms of three tyrosine C,-Cg rotational isomers.
In the Asu-analogues the disulfide bridge is replaced by a
CH,-CH, bridge. The chemical structures are shown in
Scheme I. The decrease in fluorescence yield for the na-
tive hormone compared to the Asu-analog was ascribed to
one of the multi-exponential intensity decay components,
corresponding to one of the rotational isomers, as being
quenched due to a rotational-position specific interaction
between the tyrosyl residue and the disulfide group. Pre-
vious studies have revealed the general conformational
features of oxytocin and vasopressin, and provide a use-
ful foundation for the interpretation of the present time-
resolved data. In particular, NMR measurements have in-
dicated that oxytocin is conformationally flexible in solu-
tion (Brewster and Hruby 1973), and that the backbone
structures of Lys®-vasopressin and oxytocin differ (Glick-
son et al 1972). A thin film dialysis technique indicated
that Lys®-vasopressin has a more extended conformation
than oxytocin (Craig et al. 1964). Consistent with this di-
alysis result, others have reported (Krauss and Cowburn
1981), that there is no association of the tripeptide (resi-
dues 7-8-9) of oxytocin with the ring (residues 1-6).
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Analysis of the X-ray crystal structures of oxytocin and it
analogues (Husain et al. 1990) revealed a “disordered”
state in the disulfide bond region, suggesting that a variety
of conformations would exist in solution,

In addition to time-resolved fluorescence measure-
ments (Ross et al. 1986 a), there have been several studies
examining the steady-state intensity of oxytocin. The
quantum yield of oxytocinis significantly less than its Asu-
analogue, 0.025 and 0.066 in water at 25 °C (Bodanszky
et al. 1981), and 0.024 and 0.091 in buffer pH 3 at 5°C,
respectively (Ross et al. 1986 a). Cowgill (1964) ruled out
quenching by the disulfide bond as the origin of the de-
creased quantum yield based on the unchanged intensity
when the disulfide is reduced with mercaptoethanol. Cow-
gill (1967) ascribed the diminished fluorescence to vibra-
tional dissipation of energy, not collisional quenching, hy-
drogen-bond formation or FRET. Bodanszky et al. (1981)
suggested that the effect of the disulfide group is masked
by the change in tyrosine emission due to the change of
environment that occurs upon reduction of the disulfide
bond. However, based on steady-state data the mecha-
nisms and stearic requirements of disulfide quenching
could not be deduced. Swadesh et al. (1987) ruled out col-
lisional quenching based on a Stern-Volmer analysis and
suggested the formation of a complex between tyrosyl and
cystine residues. They have not excluded other quenching
mechanisms but long range energy transfer as a reason for
the intramolecular quenching has not been considered.
Quenching mechanisms of tyrosine in polypeptides and
proteins has been recently reviewed by Ross et al. (1992).
Considerable effort has been made to understand the mech-
anism of disulfide quenching but still there is no conclu-
sive picture.

In the present paper we describe a different interpreta-
tion of the time-dependent intensity decays of oxytocin
and vasopressin. We interpreted the decreased lifetime and
increased heterogeneity of the tyrosine decays of these na-
tive peptides, relative to the Asu-analogues, as due to flu-
orescence resonance energy transfer (FRET) from tyrosine
to the disulfide acceptor. The frequency-domain (FD) in-
tensity decays data are interpreted in terms of the distance
distribution between the tyrosine donors and the disulfide
acceptors. An advantage of the time-resolved FRET meas-
urements is its ability to reveal the conformational hetero-
geneity, in terms of a range of donor (tyrosyl) to acceptor
(disulfide) distances. Energy fransfer from tyrosine to dis-
ulfide bridge as a quenching mechanism has been already
proposed by Shafferman and Stein (1974). Reduced tyro-
sine fluorescence has not been considered by other re-
searchers because the efficiency of quenching near 60%
appeared to be too high for energy transfer given the weak
cysteine absorption which overlaps the fluorescence of ty-
rosine. In these studies it was very difficult to distinguish
energy transfer from static quenching process. Usually, the
tyrosine has been regarded as a donor for other acceptors,
like tyrosine, phenylalanine, and tryptophan (Eisinger
1969; Eisinger et al. 1969).

Theory
Time-resolved fluorescence

The frequency-domain intensity decay measurements
were initially analyzed using the multi-exponential model

I(t)= Y 0 exp (— i] M
i 7
where ¢ are the pre-exponential factors, 7 the decay times,
and Xo; = 1.0. In the present paper, the purpose of this anal-
yses is to obtain a parametrized form for the donor decay
for subsequent use in the distance distribution analysis. In
our case, the intensity decays of the Asu-analogues (do-
nors) are not single exponentials. The values of 7 and ¢
can be determined by nonlinear least-squares fitting, as de-
scribed previously in detail (Lakowicz et al. 1984; Grat-
ton et al. 1984). The goodness-of-fit is determined by the
value of the reduced chi-square
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where the subscript ®indicates the modulation frequency,
the subscript c indicates the calculated values of the phase
angle (@) or the modulation (m) for some assumed values
of 7, and ¢; Af and Am are the experimental uncertainties
in the measured values of the phase and modulation, and
v is the number of degrees of freedom.

The theory for frequency-domain measurements of en-
ergy transfer to recover distance distributions has been de-
scribed previously in detail (Lakowicz et al. 1988). For a
single exponential decay of the donor it is known that the
rate of energy transfer is proportional to the decay rate, or
inversely proportional to the lifetime. The intensity decays
of the Asu-analogues (donors) were found to be double-
exponential. Assuming the model of tyrosine C,-Cg rota-
tional isomers (Laws et al. 1986; Ross et al. 1986a) the
energy transfer rates for each component are inversely pro-
portional to the respective decay time. Hence, the transfer
rate for each component i in the decay is given by

1 (R
kDAi=T—DIf(‘rO—) (3)

when r is the donor-to-acceptor distance, Ry is the Forster
distance (Forster 1948), and 1y, is the decay time of the
i’th component of the donor measured in the absence of
acceptor. In the present paper the donor decay without ac-
ceptor is obtained from the Asu-analogues.

The decay times of the donor are decreased by fluores-
cence resonance energy transfer (FRET). Assuming that
FRET is the only additional mechanism affecting the ty-
rosyl decays in the native peptides compare to the Asu-an-
alogues, the tyrosyl decay times are given by

6
1 :L+L(&), (4)
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In the present paper the pepties are assumed to be confor-
mationally flexible, and thus display a range of tyrosyl do-



nor (D) to disulfide acceptors (A) distances. For those pep-
tides with a given D- to -A distance r the intensity decay
is given by

6
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The intensity decay for the ensemble of D-A pairs is given
by

Ipa()=[P(r) Ipa(r,1) dr (6)
0

where P(r) is the probability distribution of distances. In
the present work, we assume the distance probability dis-
tribution is a Gaussian function

_ 1 C1(r=RyY
= o4 (ke "

where R, is the mean distance and o represents the stan-
dard deviation of the untruncated Gaussian. The standard
deviation is related to the half-width (hw, full width at half-
maximum height) by hw=2.3540. The values of R, and
hw are determined using Eq. (6) by nonlinear least-squares
similar to that described by Eq. (2) for a multi-exponen-
tial intensity decay (Lakowicz et al. 1988, 1990 a; Cheung
et al. 1991 a, b). This analysis requires the use of two fre-
quency-domain intensity decays, one for the donor alone
(Asu-analogue) and one for the D-A pair (-S-S-peptide).
The values of of,; and 1p; from the Asu-analogue are fixed
parameters in the distance distribution analysis. In the
present analysis we do not consider the effects of donor-
to-acceptor diffusion (LLakowicz et al. 1991 a, b; Kusba and
Lakowicz 1994), which is not expected to be significant
in the time scale of the tyrosyl decays.

Molecular dynamics calculations

A molecular dynamics conformational survey was used to
provide an independent estimate for the distance distribu-
tion. The initial conformation of each hormone was based
on the published crystal structure for pressinoic acid (i. e.
residues 1-6 of vasopressin, Langs et al. 1986). After a
short “equilibration run” 1500 survey steps were recorded.
The program CHARMm with the parameter set from
QUANTA 3.0 (Polygen Corp.) was used with only the po-
lar hydrogens explicitly represented. The dipolar attrac-
tion function used a constant dielectric with £=1; the de-
fault tolerance on the temperature window was used.

Each survey step consisted of 300x1 ps steps at simu-
lation temperature T=1200°K then 200x1ps steps of
“cooling down” to T =300 °K then 200x1 ps steps of “equi-
libration” at T'=300 °K. At this point the distance between
the center of the phenol ring and the middle of the disul-
fide bridge was recorded as well as some bond angle in-
formation. The starting conformation for each subsequent
step was the one from the end of the T=1200°K section
of the previous one. The purpose of the high temperature
cycle was to increase the rate of conformational transitions
so that the sample would not be restricted to the vicinity
of the previous conformation.
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Leu®— Gly®— NH, Arg®— Gly®~— NH,
R =S oxytocin R =S [Arg®-vasopressin

R = CH, [Asu'®-oxytocin R = CH, [Asu"®Arg®l-vasopressin

Scheme I. Structures of oxytocin [Arg®]-vasopressin, and their Asu
analogues

Materials and methods

The hormones (oxytocin and [Arg®]-vasopressin) and their
Asul’é—analogues were obtained from Bachem (Torrance,
CA). Their purity was checked by HPLC using an analyt-
ical Vydac C,g column and 0.1% trifluoracetic acid (TFA)
in water and 0.1 % TFA in acetonitrile as eluents. The struc-
tures of hormones and their Asu'*-analogues are shown
in Scheme I.

Steady-state spectra were obtained on a SLM 8000 flu-
orometer with a4 nm bandwidth for excitation and an 8 nm
bandwidth for emission. The excitation wavelength was
287 nm. The quantum yields were measured relative to a
value of 0.14 for tyrosine in water at 20 °C (Chen 1967).
The samples were prepared in 10 mM MOPS buffer pH
7.0, and in propylene glycol. Additionally, the oxytocin
and [Asu*%] were prepared in buffer with pH 3.1, where
only one chemical (ionic) form is expected in solution.

Time-resolved measurements were performed on the
frequency-domain fluorometer described in (Lakowicz
et al. 1986). The emission was observed through a 300 nm
interference filter (10 nm bandwidth).

Results and discussion

As will be shown below, the presence of a disulfide group
reduces the tyrosyl quantum yield and lifetime of oxyto-
cin and vasopression. We reasoned that several mecha-
nisms could account for quenching by the disulfide group.
The disulfide group could act as a collisional quencher,
which requires molecular contact and is strongly depen-
dent on solvent viscosity. This quenching could be static,
which should be independent of the solvent viscosity. Al-
ternatively, the disulfide bridge (Cys' —Cys®) could act as
a FRET acceptor, which is a through space interaction and
does not require molecular contact. We performed experi-
ments to evaluate these three possible mechanisms for
quenching of the fluorescence of the tyrosine residues. Al-
tering the solvent viscosity allows the effect of static and
dynamic quenching to be compared. When viscosity is low,
both static and dynamic quenching may occur. When the
viscosity is high, dynamic quenching is decreased whereas
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Fig. 1. Viscosity-dependent frequency-domain in-
tensity decays (leff) and steady-state (right) meas-
urements for oxytocin. Data are shown for the na-
tive hormone (—), reduced hormone (----), and
Asu-analogue (.....) in buffer (top), in propylene
glycol at 40°C (middle) and in propylene glycol at
=30°C (bottom)
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static quenching is unaffected. FRET is not expected to
change significantly due to changes in viscosity. While
FRET occurs on the nanosecond timescale, it is a through
space interaction which does not require diffusive motion
to occur. The extent of FRET can be affected by the rate
of diffusion, such effects are expected to be modest on the
time scale of the tyrosyl intensity decay. In the present
paper we take dynamic quenching to mean a collisional
quenching processes which requires diffusion, but is not
due to the FRET mechanism.

To distinguish the role of each mechanism we analyzed
both steady state (quantum yield) and frequency-domain
intensity decay measurements. Each hormone was meas-
ured without dithiothreitol (DTT) (native hormone) and
with 20 mM DTT for reduction of the disulfide bridge (re-
duced hormone). The measurements were performed in
aqueous buffers and in a more viscous solutions of propy-
lene glycol. The viscosity of propylene glycol was changed
by variations in temperature. The magnitude of tyrosyl flu-
orescence quenching of native and reduced hormones were
examined relative to their respective Asu-analogues at the
same experimental conditions. The data are presented in
Fig. 1 for oxytocin and in Fig. 2 for AVP. For concise pres-
entation, data at two viscosities of propylene glycol are
presented and discussed, low viscosity, 17 ¢P (40°C) and
high viscosity, over 2500 cP (-30°C). The left panels of
Figs. 1 and 2 show frequency-domain intensity decay data
(points) and the best fit of multi-exponential model (lines,
Eq. (1)). The detailed intensity decay analyses for oxyto-
cinand AVP in aqueous buffers are summarized in Table 1.

WAVELENGTH (nM)

We used the multi-exponential analysis to calculate the
mean lifetimes in order to estimate quenching from the FD
measurements for comparison with those from steady-
state measurements (right panel of Figs. 1 and 2). It should
be noted that the decrease of quantum yield is equal to de-
crease of mean lifetime if only collisional quenching oc-
curs. In the presence of static quenching the decay time
constants are not affected, a change of mean lifetime is not
observed, but the quantum yield is reduced. FRET usually
reduces the mean lifetime, but often with a smaller de-
crease of mean lifetime compared to the decrease in quan-
tum yield. The data presented in Figs. 1 and 2 show higher
quenching observed from the relative quantum yields than
from the relative mean lifetimes for each case.

In aqueous buffer (Figs. 1 and 2, top) there were no sig-
nificant differences in the amount of quenching of the na-
tive and reduced hormones (with DTT), observed from ei-
ther the time-resolved or steady-state measurements. The
steady-state data are in agreement with earlier observa-
tions (Cowgill 1964). It is also important to note that in-
tensity decays are very similar for the native and reduced
hormones. Such indistinguishable quenching of native and
reduced hormones observed either from steady-state or
time-resolved measurements very likely clarify the diffi-
culties to assign the quenching mechanism of tyrosyl res-
idue in the native hormones (Cowgill 1967; Ross et al.
1986 a;, Swadesh et al. 1987).

Increased viscosity of the solvent (P. G. at various tem-
peratures from 40°C to —30°C) resulted in decreased
quenching of the reduced hormones observed from the



100 e = 1.0
o 8 H Quantum
Mean [Arg®]-vasopressin Yield
i~ Lifetime (ns) 3 . 0.060
L —— 0.021
........ 1.93 : : 0.022
50 F— 085 05} !
0.95 K
Ny .
R ;
g in Buffer, T = 25°C ™~ i
; O Ci 1 1 1 | 1 H L 1 i1 IJJ O
5 00 1.0
1
5 - .
a [ - S 0.182
g ....................... > —— 0073
[ c’zﬁ 0.069
- R .
— — 210 o
g 50F--- 2 Z
E" [
& >
il L _ =
w el it
@ e inP.G.,, T =40°C el T
% O I_L 1. 1 ) Lol LIt 1. 1 1 I I
4 100
< -
T T NG e
o
Asu-Analog
N e N
50 — Hormone 05F [ // \\
- - - Reduced !
L Hormane h
e
= PG, T =-30°C :
O CL 1] 1 1 J S . | 1 1 1 I A 1 I 1 1 J. 1
10 20 50 100 200 500 1000 300 350

FREQUENCY {MHz)

WAVELENGTH (nM)

189

Fig. 2. Viscosity-dependent frequency-domain
intensity decays (left) and steady-state (right)

measurements of vasopression. Data are shown
for the native hormone (——), reduced hormone

(----), and Asu-analogue (

) in buffer (fop), in

propylene glycol at 40 °C (middle) and in propy-
lene glycol at =30 °C (bottom)

Table 1. Multi-exponential analysis of [ Arg®]-vasopressin and oxytocin and their Asu'® -analogues in 10 mM MOPS buffer pH 7.0, at 25 °C,

Aexe =287 nm, Ay =301 nm

Compound 7 (ns) o f# T(ns)° 2x(D (2) 3)°
Asu'®Arg®-vasopressin 0.37 0.361 0.091

2.09 0.639 0.909 1.93 287.6 2.6 -
Arg®-vasopressin 0.03 0.453 0.030

0.42 0.346 0.371

1.16 0.200 0.599 0.85 432.8 15.5 2.9
Arg®-vasopressin + 20 mm DTT 0.03 0.600 0.058

0.58 0.276 0.454

1.39 0.124 0.488 0.95 578.2 18.7 3.4
Asu'-oxytocin 0.36 0.369 0.080

2.43 0.631 0.920 2.27 354.2 2.0 -
Oxytocin 0.06 0.496 0.068

0.55 0.366 0.452

1.54 0.138 0.480 0.99 894.2 32.4 3.2
Oxytocin + 20 mM DTT 0.01 0.648 0.030

0.53 0.248 0.466

1.38 0.104 0.504 0.94 322.5 10.6 2.2
AsulS-oxytocin? 0.26 0.380 0.061

2.45 0.620 0.939 2.32 143.1 2.0 -
Oxytocin? 0.08 0.432 0.074

0.46 0.379 0.374

1.37 0.189 0.552 0.93 342.8 6.0 1.4

a

Fractional intensity f;= ¢ /X0
b

Mean lifetime 7 = 2f7;

4 In 10 mM MOPS buffer pH 3.1

Number of components in multi-exponential analysis
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time-resolved (mean lifetimes) and from steady state
measurements. The data for two temperatures are pre-
sented in Figs. 1 and 2 (dashed lines). At high viscosity
(=30°C), where dynamic quenching has been minimized
only minor quenching (less than 8%) was observed from
the FD measurement. However, there is substantial
quenching seen from the steady state intensity (about
30%). The combined, FD and steady state intensity data
can be interpreted as an evidence of collisional and static
quenching of tyrosyl fluorescence by the reduced disul-
fide bonds. Our steady-state data for the reduced hormones
extends the studies by Swadesh et al. (1987) over a larger
viscosities range where the collisional quenching could be
distinguished from the complexational (static).

For the native hormones, viscosity independent and sim-
ilar quenching observed from FD and intensity data can be
explained as a FRET from tyrosyl residue to the disulfide
bridge. Additionally, more heterogenious intensity decays
of native hormones relative to their respective Asu-ana-
logues, can be likely a result of distance distribution
between tyrosyl (donor) and disulfide bridge (acceptor).

Assuming the slow-exchange rotamer model for oxy-
tocin (Laws et al. 1986; Ross et al. 1986a) the complex
intensity decays can be regarded as a result of interactions
of three tyrosine rotamers with the disulfide bridge. The
best approach would be to recover a multicomponent dis-
tance distribution. However, to correlate the rotamer pop-
ulations with the decay time amplitudes requires global
analysis and the linked-function approach (Ross et al.
1986b), where the analysis of intensity decay is restricted
by linking the amplitudes with proton NMR-determined
rotamer populations. Nevertheless, reasonable compari-
son can be made between amplitudes (o) determined from
FD measurements and rotamer populations (p;) published
by Ross et al. (1986 a) for oxytocin and its Asu-analogue
assuming that the shortest decay time to be associated with
rotamer population py; (Laws et al. 1986). Thus, for oxy-
tocin (Table 1, pH 7 and Ross et al. 19864a), a;=0.496
should represent py (0.39), o, =0.366 reflects p; (0.48),
and 0;=0.138, py; (0.12). Double-exponential intensity
decay for Asu'®-oxytocin can be explained that the pop-
ulation pyyy is small (0.08) and decay times for py and pyy;
are comparable (Ross et al. 1986 a). Very similar intensity
decay heterogeneity was observed for oxytocin in buffer
at pH 7.0 and 3.1 (Table 1) which indicate that the tyrosyl
residue in oxytocin did not undergo excited-state proton
transfer under car experimental conditions. Direct com-
parison of decay times of Asu’S-oxytocin (donor) with
oxytocin (donor-acceptor) showed that rotamer II is
quenched the most (from 0.36 to 0.06 ns) and rotamer III
the least (from 2.43 to 1.54 ns). However, such compari-
son should be considered as an approximation since the
intensity decay of each rotamer population in the presence

of FRET should be described by a non-exponential decay. *

The measured intensity decays for native hormones are the
average of a more complex decays from the three rotamer
populations. It is known that most of complex intensity de-
cays can be well fitted by three-exponential model with
five independent parameters (Eq. (1)).

In our analysis of distance distribution we used inten-
sity decay of native hormones to fit the Eq. (6) where the
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Fig. 3. Absorption and emission spectra of Arg®-vasopressin
(----), its Asul’ﬁ—analog (—), and absorption spectrum of cystine
(-..--) in the buffer at 25 °C. Spectra for oxytocin and Asu-oxytocin
were similar (not shown)

donor is represented by the double exponential intensity
decays (e.g. two rotamer populations) of the Asu-ana-
logues assuming the same distance distribution for both
populations.

Assuming that the energy transfer is due to the Forster
mechanism, we calculated the Forster distances for energy
transfer (R?) using the absorption spectrum of cystine
(e=160 M ecm™ at 275 nm), or the difference absorption
spectrum (hormone minus Asu-analog, £=206 M~ ¢cm™
at 275 nm) as the absorption spectrum of the acceptor, and
the experimentally determined emission spectrum and
quantum yields of the Asu-analogues. The absorption and
emission spectra of AVP and [Asul’é]AVP and absorption
spectrum of cystine in buffer are shown in Fig. 3. The R,
values were calculated based on integral spectral overlap,
quantum yields (Asu-analogues, see Figs. 1 and 2) and or-
ientation factor k2 =2/3 (Forster 1948). To set a reasonable
value of % in the case of intramolecular energy transfer
has always been a problem and this has been discussed by
Dale et al. (1979). We used a value of 2/3 which is an un-
weighted average over all orientations. This value is jus-
tified based on studies of the tyrosyl segmental rotational
motion in oxytocin and vasopressin (Gryczynski et al.
1991). It was found that the rotational correlation time for
tyrosyl in oxytocin and vasopressin (about 35 ps) is much
shorter than the excited-state lifetimes of Asu-analogues
(donors). It is likely that donors (tyrosyl residues) and ac-
ceptors (disulfide bonds) will achieve the isotropic distri-
bution within tyrosyl lifetime scale. Additionally, NMR
data suggest that in aqueous solution there is a consider-
able degree of flexibility in the backbone of oxytocin
(Glickson et al. 1972). For high viscosity (P. G., -30°C)
the orientation factor was set as 0.474 (no rotational dif-
fusion). The values of R, for each hormone at particular
conditions are in Table 2. The energy transfer efficiencies
can be calculted from the steady-state (I) or/and from in-
tensity decay (I(t)) measurements

Ipa(t)dt
Er = _iDA; ET:l—i&(‘)v

Ip [Ip@)dr ®
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Table 2. Energy transfer efficiencies determined from steady-state (S-S) and from frequency-domain intensity decays (F-D), distance dis-

tribution parameters, and Forster distances

Compound Conditions B89 EFD) Ry(A) R, (A) hw (&) 2R
Arg®-vasopressin pH 7.0 0.65 0.63 8.24 7.51 2.63 7.6°
pH7.0 - - 8.78% 8.00 2.80 7.6
P.G., 40°C 0.60 0.61 8.93 8.25 3.91 2.1
P. G.,-30°C 0.53 0.45 9.11 9.54 3.36 2.7
CHARMm - - - 8.05 2.88 -
Oxytocin pH 7.0 0.68 0.69 8.53 7.33 3.31 7.1
pH 3.1 - 0.74 8.53 6.91 3.42 2.1
pH7.0 - — 9.23% 7.94 3.58 7.1
P.G., 40°C 0.71 0.68 9.45 7.93 5.50 3.1
P.G.,-30°C 0.67 0.63 9.34 8.17 6.12 4.7
CHARMm - - - 8.05 3.61 -
 Calculated using differential absorption spectrum (hormone — Asu-analogue)
b Goodness-of-fit from the distance distribution analysis (Eq. (6)) of the frequency-domain data
1.0 Oxytocin [Arg®]-vasopressin
OXYTOGIN T
L a r
z
— 6]
c =
— 0.5F Q
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w
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nAdy rA)

0 t; ) . Fig. 5. Comparison of experimentally determined (solid line) and
theoretically calculated (histograms) distance distribution profiles
for oxytocin and Args-vasopressin. The experimental distance dis-

1.0 tribution parameters are from Table 3 calculated using the differen-
' tial (——) absorption spectra
ARG®-VASOPRESSIN

© . . To determine the distance distribution parameters (av-

~ 0.5k A inbuffer, 25°C : i . - A
O g e 30 erage distance, R,,, and half width of distance distribu-
e tion, hw) intensity decays of native hormones were fitted
» to Egs. (5-7). The values of of,; and 1p; are from respec-
tive Asu-analogues (see Table 1). The results of analyses

0 - ) of distance distribution are summarized in Table 2. In

0 5 10 15

r (&)
Fig. 4. Tyrosyl-to-disulfide distance distribution for oxytocin and
[Arg®]-vasopressin, A — in buffer (low viscosity); B — in propylene
glycol at ~30°C (high viscosity) The distance distribution parame-

ters in Table 1 were determined for the R, value calculated from the
absorption spectrum of cystine

where subscripts DA and D are for native and respective
Asu-analogues, respectively. The energy transfer efficien-
cies determined from the steady-state measurements are
in good agreement with those from frequency-domain in-
tensity decays (Eq. (5)). The values are summmarized in Ta-
ble II. The quantum yields in buffer (pH 7) were deter-
mined as 0.026 for oxytocin and 0.081 for Asu'%-oxyto-
cin. These data are in agreement with earlier cited values
(Bodanszky et al. 1981; Ross et al. 1986 a). Similar values
in buffer were obtained for AVP (0.021) and for
[Asu®JAVP (0.060).

Fig. 4 are shown distance distribution for both hormones
for low and high viscosity solvents. The larger value of the
average distance (R,,) for AVP indicates a more extended
conformation than for oxytocin. This observation is in
agreement with earlier observations for oxytocin and vas-
opressin (Gryczynski et al. 1991). The distance distribu-
tion (hw) for AVP is narrower than for oxytocin (Table 2
and Fig. 4) which can be an effect of multicomponent dis-
tance distribution from three rotamer populations or less
extensive diffusion. The analyes including diffusion coef-
ficient were not performed because decay data alone were
not adequate to yield both the distance distribution and the
end-to-end diffusion coefficient (Lakowicz et al. 1991 a,
b). The recovered distance distribution parameters also re-
flect unresolved multicomponent distance distributions
from three rotamer populations.

We compared the experimentally recovered distance
distribution parameters with those obtained from a molec-
ular dynamics conformational survey using the program
CHARMm with the parameter set form QUANTA 3.0
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(Polygen Corp). The calculated distance distribution pa-
rameters (Table 2) were from an in vacuo molecular dy-
namics simulation consisting of 1500 steps as the result
from 3 consecutive of 500 survey-steps. The predicted pa-
rameters from CHARMm are in satisfactory agreement
with the experimentally determined parameters. Figure 5
shows a comparison of experimentally determined and cal-
culated distance distribution parameters for both hor-
mones. These experimental and theoretical agreements
confirm that reduced fluorescence observed for the hor-
mones, relative to their Asu-analogues, can be interpreted
as aresonance energy transfer from the tyrosine residue to
the disulfide bridge.
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