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A B S T R A C T

Entropy (DS), enthalpy (DH) and heat capacity (DCp) changes attending the oxytocin interaction with its

two binding sites on myometrial cell membranes in sheep were derived from the temperature

dependence of Kd values. The high affinity oxytocin site (Kd on the order of 10�9 mol l�1, 25 8C), ascribed

to the oxytocin receptor (OXTR), is entropy-driven in the temperature range 0–37 8C. Enthalpy

component prevails as a driving force in the binding to the low affinity site (Kd � 10�7) within the higher

temperature range. DCp values in both cases do not differ significantly from zero but become highly

relevant in the presence of a GTP analog (10�4 M GTP-gS). Under these conditions, DCp in the low site

interaction becomes negative and DS is shifted toward negative values (enthalpy drift); DCp of the high

affinity site rises to a high positive value and the interaction is even more strongly entropy driven.

Atosiban, a competitive antagonist of oxytocin at OXTR displays a single significant binding site on

myometrial cells (Kd about 10�7 mol l�1). Thermodynamic profiles of atosiban and the low affinity

oxytocin site show conspicuous similarities, indicating that the inhibitor is bound to the low affinity site,

and not, with a lower affinity, to the putative receptor protein. It is suggested that the interaction of

oxytocin with its responding system on myometrial membranes follows in two distinct steps that are

likely to be associated with several independent binding domains in the GPCR receptor.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

The contractile response of uterus to oxytocin is initiated on
receptor sites located in the membrane of myometrial smooth
muscle cells. In human uterus, this membrane receptor (OXTR) has
a heptahelical structure [1,2] and is associated, via Gq or Gi protein,
with the inositol phosphate signaling system. High and low affinity
oxytocin binding sites occur in rat, sheep, and calf uterus [3–5]
differing in their dissociation constants (Kd) and binding capacities
(B). Studies on cultured myometrial cells and their membrane
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fractions indicate high affinity binding sites with a Kd of 8 � 10�10

to 3 � 10�9 mol l�1, and low ones with Kd in the ranging from
5 � 10�8 to 5 � 10�7 mol l�1. A clear-cut effect of GTP on both Kd’s
and B’s in experiments on rat myometrial membranes could not so
far be demonstrated [5].

Receptor systems displaying several sites with different binding
affinities are well known from the literature, and models
attempting to describe some of their specific classes were
thoroughly reviewed [6–10]. Interdependent receptor forms in
equilibrium were suggested in several models, most recently in
a ternary model involving G-protein-activated receptor forms [11–
13]. However, outcomes of binding experiments based on
measurements of the total bound ligand (not of individual
complexes) cannot be matched by models in which a rapid
transition between individual forms of a single receptor is
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presumed [12]. Such a finding rather indicates either an involve-
ment of a single receptor in several ‘‘semi-stable’’, virtually
independent forms: different phosphorylation states, pre-coupling
with the corresponding G protein, binding on distinct receptor
domains, dimeric or oligomeric receptor complexes, etc. [14,15].
Alternatively, two or more independent binding sites that regulate
distinct cellular responses may form complexes with several
conformational forms of the ligand. And naturally, some of the
identified binding regions, without supporting pharmacological
evidence, may be associated with non-receptor sites like various
kinds of ligand-membrane components, ligand transport forms,
etc.

It was suggested earlier that both high and low oxytocin
binding sites are involved in the uterotonic response to oxytocin
[16,17]. We infer from temperature profiles that binding of
oxytocin in sheep myometrium receptor may proceed in two
steps via formation of a ligand–mediator complex, as proposed in
the model by Sargent and Schwyzer [18]: in the first step a ligand
is bound to the lipid membrane phase, and in this form catalyses
the formation of the final ligand–receptor complex. In this model
mediator and receptor molecules are virtually independent. In
our case, atosiban, a competitive inhibitor of oxytocin [19,20]
seems to be bound preferentially to the mediator.

2. Materials and methods

2.1. Preparation of myometrial cell membranes

Buffer A: pH 7.4, 10 mM Tris, 1.5 mM EDTA, 0.01% Bacitracin
(Sigma B-0125), 1 mM benzamidine (Sigma B-6506), 0.002%
soybean trypsin inhibitor (Sigma T-9003).

Buffer B: pH 7.4, 50 mM Tris–HCl, 1.2 mM magnesium
sulphate; Bacitracin, benzamidine and soybean trypsin inhibitor
as in buffer A.

White Alpine Sheep (WAS) in oestrus (September–mid
December) were used. Uteri were dissected about 10 min after
slaughtering. Uterus horns were cut off and stored in ice-cold
buffer A. Similar to the protocol of Ayad and Wathes [21], the
endometrium was removed by scraping. The myometrial tissue
was mechanically separated from the perimetrial membrane and
broken up with a scalpel. After adding 9 ml of the buffer A per 1 g
of wet tissue, the homogenization followed in an Ultraturax
mixer (20,000 rpm, for 30 s) and by three strokes in a Potter–
Elvehjem homogenizer. Differential centrifugation consisted of
two steps (both at 4 8C): 1000 � g, 10 min, and 160,000 � g,
30 min. The pellet from the last step was re-suspended and re-
homogenized in buffer B (same volume as used for the initial
homogenization). The differential centrifugation was repeated
under the same conditions. The final pellet was re-suspended in
buffer B and protein concentration was adjusted to roughly
4 mg/ml. Membranes were stored in small aliquots at �80 8C.
Proteins were estimated using the BioRad Protein Assay kit
(Bradford) in the presence of 0.2% sodium dodecyl sulphate
(Fluka 717 29).

2.2. Peptides

Oxytocin was purchased from Sigma (O-6379). Arginine
vasopressin and atosiban, [1-mercaptopropionic acid, 2-D-(O-
ethyl)-tyrosine,4-threonine, 8-ornithine]oxytocin, were donated
by Ferring AB, Malmö, Sweden. Tritium-labeled oxytocin,
[2-tyrosine-2,6-3H]oxytocin (various batches 32–48.5 Ci/mmol)
and tritium-labeled arginine vasopressin, [8-arginine, 3-phenylal-
anine-3,4,5-3H]vasopressin (75.8 Ci/mmol) were products of New
England Nuclear, Boston, MA.
2.3. Binding experiments

2.3.1. Basic protocol

Experiments were carried out with tritium-labeled oxytocin in
various isotopic dilutions with non-labeled oxytocin. Total
oxytocin concentration ranged from 2 � 10�10 to 10�4 M (8 probes
within the range 2 � 10�10 and 10�8 M, 6 within 3 � 10�8 and
10�4 M). Oxytocin in 150 ml buffer B was placed in covered
Eppendorf plastic centrifugation tubes. Measurements were
carried out in the temperature range from 0 8C to 37 8C. The tubes
were annealed to the desired temperature in a thermostatic bath
for 30 min and pH was re-adjusted. Constant temperature was
achieved in a Höppler thermostatic bath (Colora Messtechnik
GmbH, Lorch, Württenberg, G.F.R.) equipped with an external
cooling system (eutectic mixture water–ice–NaCl). The whole
equipment and attached tubing were thermally isolated. The
estimated accuracy was roughly 0.1-0.3 8C at both lower and
higher temperatures. Incubation was started by the addition of
50 ml of the equally annealed membrane stock suspension (final
dilution was ca. 500 mg/ml protein) and incubated under constant
shaking for 60 min. Preliminary experiments indicated that,
depending on the temperature, steady-state of ligand binding
was reached after a short initial transient phase in 25–45 min [22]
(similar results were earlier reported for rat and sow uterus cells
[23]). 1 and 2 ml aliquots were used for estimation of the total
radioactivity. Membranes were then separated by filtration on
glass microfiber filters GF/C (Whatman 1822 915) pre-treated by
immersion in 0.1% bovine serum albumin for 45 min at 4 8C. A 24-
Well Plate Cell Harvester Inotech AG, CH-5605 Dottikon,
Switzerland, was used for separation. Filters were quickly rinsed
by filtration of three 2 ml portions of cold buffer B; each rinsing
lasted less than 1 s. Filters were placed in scintillation vials to
which 5 ml scintillation cocktail was pipetted (Ultima Gold High
Flashpoint Liquid Scintillation Cocktail, Canberra-Packard No.
6013329). b-Counting (dpm) followed after 24 h at 4 8C for
10 min. An identical experimental setup, using medium without
membranes, was used for estimation of the radioactivity retention
on the filter. The difference of these two dmp values was assigned
as the bound fraction on the incubated cell membranes. A similar
protocol was used for the binding of arginine vasopressin to the
myometrial membranes (25 8C).

Another set of measurements was carried out accordingly in the
presence of 10�4 M guanosine-50-O-(3-thiotriphosphate) (GTP-gS,
Sigma G 6018). Membranes were pre-incubated for 10 min in
buffer B containing GTP-gS in the same concentration.

2.3.2. Evaluation of binding isotherms

Equilibrium between concentrations of bound (cb) and free (cf)
ligand in a system of superimposed, mutually independent binding
sites can be matched by a sum of Hill-type binding isotherms
related to distinct sites (subscript j),

cb ¼
X

j

B jc
h j

f

K
h j

d; j þ c
h j

f

þ Nc f ; (1)

where Bj stands for the binding capacity, Kd,j for dissociation
constant of the ligand–receptor complex, hj is a power (Hill)
coefficient of a jth-binding site, N represents low affinity
(‘‘nonspecific’’) binding. The total number of j-sites is virtually
unknown and binding profiles described by Eq. (1) need to be
analyzed by a stepwise strategy. In the STEP procedure [3,24]
applied in our experiments, such a strategy rests upon optimiza-
tion of the power coefficient h (by the modified bisection
root-finding method) in partial segments of continuous cf, cb-data
along the entire ligand concentration range employed. Estimates of
B and Kd within these segments follow from the regression



Fig. 1. Affinity spectra of oxytocin and vasopressin binding to sheep myometrial

membranes, 25 8C (STEP routine). Abscissa: log Kd values in partial segments of

continuous cf, cb-data along the ligand concentration range used in the experiments

(see text). Ordinate: significance of fit to the linearized Hill equation (Eq. (2)),

p � 100 (ordinate). The oxytocin panel contains clusters that achieve a

predetermined p < 0.05; three clusters (mean Kd values of 5 � 10�9, 3.5 � 10�8

and 1.6 � 10�5 mol l�1) were identified. The arginine–vasopressin panel presents

all (largely non-significant) clusters (samples of 20 vasopressin concentrations in

the range 2 � 10�1 8 to 10�4 M). Triangles: mean cluster values (closed) or single –

non-clustered – values (open). Horizontal bars: cluster limits.
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analysis, using transformed cf
h values in the linearized Hill

equation,

cb

ch
f

¼ B

Kh
d

� 1

Kh
d

cb; (2)

regression significance p is taken for a measure of its linearity and
hence of a goodness of fit to the Hill isotherm in that particular cf, cb

region. Plots Kd vs. p, the ‘‘affinity spectra’’ [25], enable one to
identify clusters of Kd which reach a predetermined significance
(pcrit) in the spectrum and reflect individual populations of binding
sites in the membrane. In our case, two to three clusters were
identified for pcrit � 0.05. To ‘‘refine’’ resulting values, cluster
means of B, Kd and h were used as initial estimates for a nonlinear
regression fit carried out with the LIGAND routine [26] (version C).
In cases of an indefinite outcome of a LIGAND run, the NONLIN
routine of the SYSTAT software package [27] applied to Eq. (1)
(simplex mode) was utilized. (Comment: it should be noted that Bj

represents just an approximate value of binding capacity of a site j

since cb incorporates the binding to all sites at a particular ligand
concentration, not solely to site j. Owing to this, the Bj’s have rather
the character of computational constants. If, however, the ‘‘high
affinity – low capacity/low affinity – high capacity’’ rule applies,
Bj’s are appropriate measures of at least relative capacities).

2.3.3. Displacement studies

Incubation medium was essentially the same as described
above. Tritiated oxytocin in two concentrations (10�9 and 10�8, or
2 � 10�10 and 3 � 10�9 M) was used as a marker. 10�3 M stock
solution of atosiban was diluted to a corresponding concentration
and added in a volume of 100–50 ml of the marker. For each marker
concentration, the final concentration of atosiban was adjusted to
10�9 to 10�4 in decimal steps; a probe of zero atosiban
concentration was included. Each step was duplicated (totally
28 samples pro temperature). After annealing, the binding was
initiated by addition of the membrane preparation and the sample
was processed as described above.

Dissociation constants of the displacer (atosiban) were assessed
in two steps. First estimates of Kd constants were obtained using
the LIGAND routine (version SCAFIT, two sites option was used)
[26]. Two forms of the inhibitor–receptor complex were assumed.
These preliminary parameters were then utilized as initial
estimates for calculation their final fit to the model

cb ¼
Xn

j¼1

B j

ðKd; j=c f Þh jðði=Ki; jÞhi; j þ 1Þ þ 1
þ Nc f (3)

for two binding site populations (n = 2). Index j denotes parameters
for individual populations, i is the total displacer concentration, Ki

dissociation constant of the displacer–receptor complex, hi the
corresponding power coefficient (see Eq. (1)). The NONLIN routine
of SYSTAT was used for evaluation of constant parameters in
Eq. (2). Parameter optimization was achieved in a stepwise
manner, keeping in the first run all power coefficients equal to one.
The resulting Bj, N, and when necessary also Kd,j values were then
kept constant, and improved Ki,j values were computed. Compu-
tation was repeated with newly resulting values of the two power
coefficients, until all constants reached the pre-selected accuracy.

3. Results

3.1. Affinity profiles of oxytocin and arginine vasopressin in sheep

myometrial membranes

Three clusters of sites were revealed in our experiments by the
STEP procedure: high (mean Kd in the range 1–5 nmol l�1), low
(30–100 nmol l�1), and very low (around 20 mmol l�1). An exam-
ple of the oxytocin affinity spectrum is shown in Fig. 1. Very low
affinity binding most likely represents interactions between ligand
and ‘‘nonspecific’’ binding sites (weak bonds outside the binding
domain of the receptor); they emerge close to the upper
concentration limit used in the binding experiments, and we thus
consider binding parameters assessed for this site as uncertain.
Estimates of binding capacity (B) commonly show a high scatter
(cf. Fig. 2), for both experimental and computational reasons: on
the one hand, due to a heterogeneity of the membrane prepara-
tions, on the other hand due to an evaluation problem, namely, a
tight asymptotic correlation between Kd and B estimates in
nonlinear regression procedures, as demonstrated earlier [28].

To demonstrate specificity of these sites, the lower panel of
Fig. 1 also shows an affinity spectrum of arginine vasopressin
obtained in a similar experiment. No high affinity binding around
10�9 mol l�1 could be identified; besides a rather isolated Kd-value
of 10�7 mol l�1, only a cluster in the region the very low Kd range
(roughly 10�5 to 10�4) occurs. Obviously, no high affinity binding
of arginine vasopressin to specific sites occurs in the sheep
myometrium under these circumstances.

3.2. Binding parameters as functions of temperature

Temperature-dependent dissociation constants of oxytocin and
atosiban, estimated from two to eight repeated measurements, are
listed in Table 1. Kd-values are geometric means of repeated
measurements, their standard errors (sK) were calculated from
standard errors of log Kd values (slog K) as

sK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2:303
p

Kd slog K (4)

[29]. Kd-values at the employed temperatures are highly significant
for the first two sites of oxytocin; regression analysis indicates
significance levels of p < 0.01 to p � 0.01. Two significant binding



Fig. 2. Oxytocin binding to the three binding sites in sheep myometrial membranes:

binding capacity (B). Full lines and open points for binding in the absence, dashed

lines and closed points in the presence of 10�4 M GTP-gS. Mean temperature values

are on the right side of the panel.
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sites (p < 0.05) were detected for atosiban: one with an affinity
Kd � 5 � 10�7 (corresponding to low affinity site of oxytocin) and
an additional very low affinity site (Kd within 10�6 to 10�5 mol l�1).

The presence of 10�4 M GTP-gS in the incubation medium
causes a discernible decrease of oxytocin affinities to both high and
low affinity binding sites: in the former case, Kd increases in the
temperature range from 0 to 25 8C in average by a factor of 4.1, in
the latter one in the whole temperature range of 14.7 (significance
in various versions of t-test is at least p = 0.035). On the other hand,
no difference in B-values was assessed by t-tests for the high
affinity site (p � 0.15). The GTP analog increases B-values of the
low affinity site on average by a factor of 4.3 but this increase is
only moderately significant (paired t-test indicates p-values
around 0.1).

Binding capacities of oxytocin (in pmol/mg membrane pro-
teins) at temperatures between 0 8C and 37 8C, both in the absence
and in the presence of GTP-gS, are shown in Fig. 2. They display
somewhat fuzzy, but essentially significant temperature depen-
dencies. Correlations, except for site 2 in the absence of GTP-gS, are
Table 1
Binding sites of oxytocin (in the absence and in the presence of GTP-gS) and of atosiba

constants (Kd)a.

Temp. [K] Oxytocin 

Site 1

Kd� 109

Site 2

Kd� 108

Site 3

Kd� 107

273 7.52 � 1.11 2.49 � 0.40 4.53 � 0.92 

276 4.24 2.55 10.2

277 1.63 � 0.13 6.01 � 2.76 7.39

281 3.41 � 1.15 4.46 � 1.01 6.16 � 0.41 

283 2.71 � 0.78 4.51 � 0.40 7.05 � 2.37

285 2.09 6.57

288 2.07 � 0.23 5.90 3.75 � 1.93 

295 0.86 � 0.29 4.03 � 0.47 9.48 � 3.25 

297 0.45 � 0.18 10.1 � 3.31 7.13

298 1.05 10.6 7.78 

299 0.64 � 0.25 17.6 � 7.02

303 1.24 � 0.96 12.6 � 2.53 15.2 � 5.16 

307 0.51 8.03 14.7 � 11.3

310 0.28 � 0.19 8.81 � 1.68 13.7 � 4.82 

a Kd values (mol l�1) are means � standard errors (1–8 measurements). Means are decim

standard errors of log Kd-values (Eq. (4)). No standard errors are indicated when there w
b In italics: interpolated values (see text), not included in the descriptive and test st
significant at a probability level p < 0.05 (for site 1 after omission
of an outlier at 25 8C), however, with different signs of regression
coefficients: site 1 negative, others are positive. Means over the
entire temperature interval are indicated on the right-hand
ordinate of the graph; they represent interpolated values at
18 8C (291.3 K). Values for the high affinity site of oxytocin, around
0.3–0.7 pmol/mg protein, are in agreement with similar reported
data [5,9,30]. When comparing with binding capacities on cultured
sheep myometrial cells [4], the number of receptor sites pro cell
can be estimated as roughly 2.3 � 104 for the high affinity binding,
and 9.4 � 105 for the low affinity site. Temperature gradients of
most of the B-values (relative change of B per Kelvin at the
T-interval mean) are minute: they amount 1-2.9%, except for the
low affinity site (4.9%), and the low affinity site in the presence of
GTP-gS (15.2%). Obviously, there exists a temperature effect
upon the number of binding sites in the myometrial cell membrane
but this is, in contrast to temperature gradients of affinity
constants Kd, not substantial.

The power coefficients h and hi in Eqs. (1) and (2) did not show
any regular change with the temperature: In the absence of the
GTP analog they amounted in average (� standard error) to
1.1 � 0.05 and 1.5 � 0.03 for the high and low affinity sites,
respectively, and in the presence of 10�4 M GTP-gS to 1.2 � 0.05
and 1.1 � 0.03 (low affinity site).

3.3. Thermodynamic descriptors of binding sites–ligand interactions

3.3.1. Analytical functions and computational procedures

Fig. 3 presents temperature functions of the Gibbs free energy
(free enthalpy) change DG for oxytocin and atosiban binding
site interactions, obtained by conversion of Kd-values in Table 1,

DG ¼ R T ln Kd; (5)

where R is the gas constant (8.314 J K�1 mol�1) and T the absolute
temperature. Temperature dependences of thermodynamic
parameters DS (standard reaction entropy change) and DH

(standard reaction enthalpy change), DH(T) and DS(T), follow
from Kirchhoff’s law:

DHðTÞ ¼ DHt þ
Z T

t
DC pðTÞdT; (6)

DSðTÞ ¼ DSt þ
Z T

t

1

T
DC pðTÞ dT; (7)
n on sheep myometrial cell membranes: temperature dependence of dissociation

Oxytocin + 10�4 M GTP-gS Atosiban

Site 1b

Kd� 109

Site 2b

Kd� 108

Site 1b

Kd� 107

Site 2b

Kd� 106

20.3 12.9 � 5.50 0.28 � 0.10 1.92 � 0.88

15.3 � 1.06 47.6 0.63 � 0.08 2.13 � 0.84

18.8 � 5.48 34.2 0.60 � 0.06 4.13 � 2.22

5.60 � 0.46 44.4 1.40 � 0.49 3.80 � 0.44

3.00 76.1 1.38 16.8

0.83 � 0.17 224.4 3.41 � 1.37 25.3

0.28 � 0.40 336.5 17.7 32.9 � 4.76

al powers of the geometric means (10log Kd ), standard errors are estimated from the

ere less than 3 measurements.

atistics.



Fig. 3. Temperature change of free enthalpy of binding for individual clusters of sites

(cf. Tables 1 and 2 for abbreviations). Oxytocin sites in the absence (solid lines) or

presence (dashed lines) of GTP-gS; dash-dot lines: atosiban binding. Symbols are

listed on the right-hand side of the panel.
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t stands for a selected reference temperature (usually a T-value at
the middle of the temperature range used in a particular
experiment), DHt, DSt and DCp,t for parameter values at the
reference temperature t, DCp for the change of heat capacity Cp of
the system at constant pressure. Its temperature function, DCp(T),
was approximated by a polynomial of (T–t) terms (‘‘standardized’’
temperature)

DC pðTÞ ¼ DC p;t þ a1ðT � tÞ þ a2ðT � tÞ2þ 	 	 	 þ aiðT � tÞiþ 	 	 	 (8)

After combining Eqs (6), (7), (8) and subsequent integration,
temperature dependencies suitable for nonlinear regression
analysis run

DHðTÞ ¼ DHt þ DC p;tðT � tÞ þ a1
1

2
ðT � tÞ2 þ a2

1

3
ðT � tÞ3

þ 	 	 	 þ ai
1

i þ 1
ðT � tÞi þ 	 	 	 (9)

DSðTÞ ¼ DSt þ DC p;tln
T

t
þ a1 ðT � tÞ � tln

T

t

� �

þ a2
1

2
ðT � tÞ2 � 2t ðT � tÞ þ t2ln

T

t

� �

þ a3
1

3
ðT � tÞ3 � 1

2
tðT � tÞ2 þ t2ðT � tÞ � t3ln

T

t

� �

þ 	 	 	 þ ai

Xi

j¼1

1

j
ti� jðT � tÞ j þ ð�tiÞln T

t

0
@

1
Aþ 	 	 	 (10)

Computation of constants DHt, DSt DCp,t, a1, a2 . . . was
described in detail earlier [31].1 They were then used to express
temperature functions DH(T), DS(T) as defined by Eqs. (9) and (10).
In order to support nonlinear regression analysis, DG(T) data sets
containing less than 7 data pairs (e.g., in cases of large temperature
intervals between two neighboring values) were extended by
interpolated auxiliary values. Piecewise cubic Hermite interpola-
tion procedure of the MATLAB R2012a software package (function
‘interp10) was employed for this purpose.2
1 SYSTAT 13 command codes can be requested by the first author.
2 http://www.mathworks.com/access/helpdesk/help/techdoc/ref/interp1.html.
3.3.2. Standard thermodynamic parameters and driving forces of

interactions

Enthalpic (DH) and entropic (DS) contributions to the Gibbs
free energy change, and changes of heat capacity (DCp) for the
reference temperature 25 8C together with their asymptotic errors
are shown in Table 2. In the temperature range used in our
measurements DCp is roughly constant for the most part of ligand–
binding site interactions. In general, the effect of heat capacity on
the Gibbs free energy change of oxytocin–binding site interactions
is low; considerably higher changes are associated with the
binding of atosiban and, in the presence of 10�4 M GTP-gS, of
oxytocin on the low affinity-binding site.

Driving forces of the interactions at 25 8C are shown in the last
two columns of Table 2. DH values associated with interactions of
oxytocin on the high affinity site, both in the presence and absence
of the GTP analog (see below), are positive: the reaction is entropy
driven. Obviously, GTP-gS alters proportionally both entropic and
enthalpic contributions but does not substantially lower the free
energy of oxytocin interaction with this site. In the absence of GTP
the low affinity site, on the other hand, is enthalpy–entropy driven;
entropy and enthalpy contribute in roughly equal proportion to the
driving forces. The presence of the GTP analog shifts the entropic
contribution toward a highly negative value; under these
circumstances the interaction becomes uniquely enthalpy-driven
and the affinity is lowered more strongly than at the high affinity
site. The very low affinity site (site 3), exhibits a similar profile as
the low affinity site, but a much lower overall DG value.

Temperature functions of entropy, enthalpy and heat capacity
changes (estimates resulting from nonlinear regression using
Eqs. (8)–(10) are shown in Fig. 4. In the narrow range of biologically
relevant temperatures between 0 and 378, DH for oxytocin high
affinity sites holds constant, DS exhibits a slightly positive linear
course. Low affinity sites, of both oxytocin and atosiban, display a
decrease of the two parameters with increasing temperature, thus
reflecting the negative signs of the corresponding DCp [31].
Interactions at the high affinity sites are entropy driven in the
whole temperature range. At the lower affinity sites driving forces
are changing with increasing temperature from entropy thru
entropy–enthalpy to enthalpy, showing quite a regular pattern.
Heat capacity change, if at all non-zero and significant, remains
largely constant over the whole temperature range.

4. Discussion

4.1. Interaction models

The reported results, along with the outcome of recent
pharmacological studies, reveal some particular features of
oxytocin interaction with its myometrium binding sites. They
enable us to propose a plausible model of myometrium response to
this peptide, and – perhaps – also similar peptides.

First, affinity spectra exhibiting several affinity peaks (as in this
instance) indicate a system of several independent and mutually
non-interacting binding sites, i.e., a system whose steady-state
description includes more than one conservation equation;
otherwise, sites of different affinity constants would yield a
unique peak in the affinity spectra. Consequently, the low and the
high affinity sites in our instance are structurally different, not
conjointly associated in a (rapid) equilibrium. Since no substantial
binding of arginine vasopressin in the concentration range 10�10 to
10�6 M was detected, the low affinity binding does not go back to a
potential interaction with the V1 receptor that is apparently absent
in sheep but postulated in pregnant women and in guinea pig
myometrium [32,33]. Second, the antagonist of oxytocin used in
this study – atosiban – is bound primarily to the low affinity site of
oxytocin, as suggested from the remarkable similarities with

http://www.mathworks.com/access/helpdesk/help/techdoc/ref/interp1.html


Table 2
Binding sites of oxytocin (in the absence and in the presence of GTP-gS) and atosiban on sheep myometrial cell membranes: computed thermodynamic descriptors (25 8C).

Substancea DH [kJ mol�1]b TDS [kJ mol�1]b DGc [kJ mol�1] DCp [kJ K�1 mol�1]b Driving forced (per

cent)

H S

OTC-1 49.1 � 12.9 100.9 � 12.8 �51.8 �0.03 � 1.3 100

OTC-2 �23.6 � 5.6 17.0 � 5.8 �40.6 �1.0 � 1.2 58.2 41.8

OTC-3 �13.5 � 6.6 20.9 � 6.7 �34.5 39.3 60.7

OTCgtp-1 86.5 � 9.7 134.8 � 9.6 �48.4 6.8 � 1.2 100

OTCgtp-2 �109.7 � 12.8 �75.3 � 12.7 �34.4 �3.2 � 1.3. 100

ATO-1 �135.9 � 10.5 �97.8 � 10.4 �38.1 �3.2 � 1.3 100

ATO-2 �118.0 � 6.7 �90.6 � 6.7 �27.4 4.3 � 1.5 100

OTC (1–2) 64.9 � 18.9 76.3 � 18.7 �11.3 �1.0 � 2.2 100

OTCgtp (1–2) 196.1 � 20.5 201.1 � 20.4 �13.9 9.4 � 2.5 100

OTCgtp/OTC-1 31.3 � 17.5 28.3 � 17.3 3.0 5.5 � 2.1 100

OTCgtp/OTC-2 �94.2 � 14.8 �100.3 � 14.6 6.2 �3.7 � 1.7 100

a Numbers denote individual binding sites (see text and Table 1) of oxytocin (OTC), oxytocin in the presence of 10�4 M GTP-gS (OTCgtp), and atosiban (ATO). OTC (1-2) and

OTCgtp (1-2) stand for DG-difference of sites 1 and 2, OTCgtp/OTC-1 and OTCgtp/OTC-2 for the DG-difference in the presence and absence of GTP-gS (sites 1 and 2,

respectively).
b Estimated means � asymptotic errors obtained by nonlinear regression. Values in italics result from insignificant regression coefficients (p > 0.05).
c Expected (regression analysis) value computed as DH–TDS.
d Percent of enthalpy (H) and entropy (S) contribution to the driving force of the interaction.
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affinity constants and temperature profiles of oxytocin. Particu-
larly conspicuous is the similarity in profiles of the two sites if
oxytocin binding takes place in the presence of GTP-gS. Third, since
antagonists inhibit the response to oxytocin, both high and low
sites ought to be linked together functionally.

An adapted ‘‘membrane catalysis’’ interaction model (Fig. 5)
originally described for opioid peptide receptors [18] may reflect
these deductions. The model assumes a ligand transfer from the
aqueous environment to a membrane ‘‘pre-receptor’’ site M

(formation of a ligand–catalyst complex X) and from here to the
receptor binding domain. In a subsequent step, the ligand is
transferred from X to the corresponding receptor (R) and forms a
ligand–receptor complex (Y). An extended interaction model
(middle panel) assumes that the molecular state (most likely:
conformation) of the ligand is changed within the ‘‘catalytic’’ step
Fig. 4. Temperature profiles of individual sites. Left ordinate: enthalpic (solid lines) and e

roughly constant within the temperature range considered (arrow). Shading depicts in
and that the ‘‘activated’’ ligand (Ha)–receptor interaction proceeds
without a direct participation of the mediator. A further extension
(lower panel) postulates the activation step already at the level of
the mediator step (X/Xa). Analytical forms of model parameters
(Greek letters) and their relationships to the empirically estimated
affinity descriptors (KM, KR) are shown in Table 3.

In contrast to the ‘‘catalytic’’ model by Sargent and Schwyzer, in
which the mediator step was linked with the artificial membrane,
we assume that the mediator site M is either a part of a receptor-
independent component, probably associated with the outer site of
the cell membrane, or a structural segment of the receptor itself.
The latter model presumes two mutually independent binding
domains since they appear in binding spectra as separate binding
entities. The process of ligand transfer between such two sites
might be obviously accompanied with a conformation change of
ntropic changes (dashed lines). Right ordinate: heat capacity change, in all instances

tervals of single driving forces (cf. lower right-hand panel).



Fig. 5. Models of stepwise ligand–receptor interactions. In the presumed steady-

state binding mechanisms, free ligand is considered to be distributed among several

compartments within and around the cell membrane: distant space (H), membrane

environment (He), and inside membrane (Hm). M stands for mediator (‘‘catalyzer’’)

molecule, R for receptor, X for ligand–mediator and Y for ligand–receptor

complexes. Greek symbols (kM, kR, kA, kXA) are intrinsic constants of individual

steps. Upper part: interaction with a ‘‘catalytic’’ model suggested by Sargent and

Schwyzer [18]. Middle part: mechanism assuming a ligand-activation model

yielding an activated ligand Hafor the final ligand–receptor binding. Lower part:

extended activation model (transition to activated state assumed at the mediator

level). For mathematical description cf. Table 3.
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one or both of them. In our case, however, low values of Hill
coefficients (see Section 3.2) rather indicate an absence of
allosteric changes in the course of the interaction, and thus, the
mutual independence of the sites. The fact that atosiban,
structurally very similar to oxytocin, obviously interacts with
the same low affinity site as oxytocin without eliciting a noticeable
oxytocic respose and thus acting as an independent part of the
myometrial responding system [34], might speak in favor of this
hypothesis.

4.2. Assessment of oxytocin concentration in the receptor environs

Equilibrium constants resulting from binding experiments
reflect the ‘‘bulk’’ ligand concentration (c) in a space distant from
the membrane which in general differs from that around a
negatively charged cellular membrane involved in the receptor
binding (‘‘receptor compartment’’; ce). Concentration gradient
c ! ce is a function of the net charge of the ligand molecule and
Gouy–Chapman potential (F) at the interphase [35,36]. Employing
the recently reported apparent pKa’s of oxytocin at its isoelectric
Table 3
Definitions and descriptors of stepwise ligand–receptor interaction models (cf. Fig. 6)

Parameters Model 1

mediator (catalytic) step

Overall binding (experimental data)

Mediator site 

Receptor site 

Estimates (reported data)

Partition

membrane/bulk

Intrinsic constants

KM
cm m

x 
 KMDmw

KA –

KXA – 

KR
x�r
y�m 


KR
KM

a Symbols (cf. Fig. 6): c and cm are free ligand concentrations – or densities – in the ‘

denotes concentration of ligand in an active state in the receptor vicinity (models 2 and 

ligand–mediator and ligand–receptor complexes; KM, KR are corresponding empiric affin
point, pI = 7.0 [37] and pI = 7.7 [38], net charges z of oxytocin
molecule at pH 7.4 (cell medium) estimated by means of the
Henderson–Hasselbach equation indicate ce/c ratios between 0.25
and 0.77 for F = �20 and �50 mV, respectively.

It is further assumed that oxytocin is transferred to its
membrane receptor from the membrane–solvent interphase into
the membrane where it reaches a concentration cm [36]. When no
active transport mechanisms are involved, the process depends
virtually upon the overall hydrophobicity of the ligand. Data on
oxytocin distribution within this system, as well as its partition
coefficient in water-n-octanol system (Pow), commonly considered
as mimicking distribution features of a cell surface, are not
assessable. Conversion of data reported in older publications
[39,40] enable rough estimates of Pow; it yields for the practically
non-ionized oxytocin Pow-values 0.40–0.48. Somewhat lower
values, 0.18–0.24, were obtained by extrapolation of thin layer
chromatographic data in pyridine-buffered 1-butanol–water
solvent system [41,42]. Considering both effects, i.e., the electro-
static accumulation and the membrane partitioning, the estimate
of distribution coefficient Dmw (Table 3) for oxytocin in membrane
distant space (‘‘bulk’’ medium) and membrane amounts values
from 0.11 to 0.34 (mean value 0.17).

4.3. Intrinsic ligand-receptor affinity constant (kR)

Analytical functions describing relationships between distinct
states in the models in Fig. 5 are summarized in Table 3. In the
simplest suggested model 1, the free energy contribution of the last
step (formation of the ligand–receptor complex) follows from the
DG-difference (DDG) of high and low affinity sites (Table 2). At
298 K it amounts only �11.4 kJ mol�1 (Table 2, line OTC (1-2)).
Hence, the intrinsic ligand–receptor equilibrium constant is then
rather low, kR = KR/KM � 1.0 � 10�2. The value of the intrinsic
mediator (low affinity) site constant kM is a function of Dmw

(Table 3), and reaches a high value of about 10�8. This proves the
conclusion of Sargent and Schwyzer [18] that ‘‘the binding energy of

the hormone-receptor interaction is very modest’’: in their case about
17%, in our case about 22% of the total DG associated with this step.
On the other hand, enthalpic and entropic contributions to its DDG

are rather high (Table 2); their temperature profiles (Fig. 6) are
quantitatively akin to those of the high affinity oxytocin site.

When considering model 2 as a probable reaction scheme, DDG

consists virtually of energy contributions associated with the
conformational changes of both ligand and receptor molecules. As
far as the former change is concerned, the occurrence of several
a.

Model 2

ligand-activation step

Model 3

mediator-activation step

x ¼ BM c
KMþc

y ¼ BRc
KRþc

Dmw ¼ cm
c

cm m
x 
 KM ð1þkAÞDmw

kA

x
ca m

x
xa

– xa
cam

ca r
y 


KR
kAKM

ca r
y 


KR
kXAKM ð1þkAÞ

‘bulk’’ solution (distant space) and in the membrane compartment, respectively, ca

3). m and r stand for densities of free mediator and receptor, x and y for densities of

ity constants, BM, BR capacity constants. Intrinsic constants k are depicted in Fig. 6.



Fig. 6. Left-hand panel: temperature profiles (cf. Fig. 4) of the intrinsic oxytocin-receptor binding in the absence (OTC) or presence (OTCgtp) of GTP-gS estimated from the DG

differences of high and low affinity sites (DDG). Symbols cf. legend to Fig. 4. Right-hand panel: Enthalpy–entropy plots (HS-plots) of oxytocin high (OTC-1) and low (OTC-2)

affinity site, intrinsic receptor binding (OTC(1-2)), in the absence and presence of GTP-gS (subscript gtp), and atosiban (ATO). Dotted arrows indicate a shift caused by the

presence of the GTP analog.
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clusters of stabile oxytocin conformations was identified, both in
vacuo and in the hydration-shell, in several molecular dynamics
studies [43–45]. In a recent study (in preparation), we employed the
Replica Exchange MCMC (Markov chain Monte Carlo) sampling
(‘‘parallel tempering’’) [46] which indicates two stabile conforma-
tions of oxytocin. The method enables, in addition, estimates of DH

and DS for the transfer at simulated temperatures in a given
temperature range. Values of DH at 298 K in the exergonic direction
were found between 1.8 and 3.2 kJ mol�1, that of entropy contribu-
tion (TDS) between 3.4 and 4.8 kJ mol�1; DCp was insignificantly low
(<0.05 kJ mol�1 K�1). The process at temperatures around 298 K is
entropically favorable. The resulting value of DG at 298 K was
�1.6 � 0.2 kJ mol�1. This, indeed, is a very low change compared to
those associated with DDG. Assuming that the activation proceeds as a
change between the two ligand conformations, the corresponding
equilibrium constant is roughly kA � 0.52. Accordingly, ligand activa-
tion contributes only little to the superimposed free energy change of
the last interaction step. A similar value follows also from the mediator-
activation model 3 (kR � 1.3 � 10�2), when supposing the two
‘‘activation’’ constants kA, kXA to be of the same order of magnitude.
From this, one can infer that the major contribution is associated with
changes of the receptor protein itself, most likely with the state of its
hydration [47], for which a free energy change can be estimated from
the oxytocin and vasopressin conformation energies in vacuo and in the
hydration-shell as roughly �9 to �10.5 kJ mol�1 [43].

In summary, all three models considered here yield roughly the
same values of the intrinsic equilibrium constants: for oxytocin-
mediator kM � 1 � 10�8 and for oxytocin-receptor kR � 2.0 � 10�2.
Whereas kM is only approximately represented by the correspond-
ing measured constant KM, the computed kR is independent of the
Dmw, i.e., of the actual, experimentally not attainable concentration
of the ligand in the receptor compartment (cf. Table 3)

4.4. Oxytocin binding on GTP-gS pre-incubated membranes

Oxytocin is supposed to stabilize the OXTR-G protein complex
by docking to the ligand binding domain of OXTR, thereby
initiating the signal transduction pathway in the myometrium
cells [48]. The latter authors have shown that the OXTR–Gi
complex initiates the oxytocin signal transduction pathway in
pregnant rat myometrial cells. Results presented in this commu-
nication document a distinctive effect of a hydrolysis-resistant
GTP-analog upon thermodynamics of oxytocin–OXTR interaction
in sheep myometrium. At a temperature around 20 8C, GTP-gS
causes only a minor shift of DG toward less negative values in both
binding site populations (Table 2), and DH and DS are also not
substantially changed. However, a distinct difference is found
between temperature profiles of non-treated and treated mem-
branes, caused predominantly by alteration of the heat capacity
change (Table 2, Fig. 4, right ordinate). In case of the low affinity
site, temperature functions of DH and DS are dislodged to deeply
negative values in the presence of GTP-gS, into a region of fully
enthalpy dominated driving forces (Fig. 4). As for the high affinity
site, the alteration of the temperature profile is quite remarkable:
positive DH and DS at 298 K are enhanced by roughly 80 and 35%,
respectively, the DCp raises from zero to a highly positive value,
and consequently a propensity to a shift toward enthalpy
controlled driving forces at lower temperatures occurs. Neverthe-
less, the interaction remains entropy-driven over most of the
temperature range. GTP-treatment also influences the derived
intrinsic constant kR. Fig. 6 (left-hand panel) shows results of a
thermodynamic analysis obtained for not treated and GTP-gS
treated membranes (rows OTC-(1-2) and OTCgtp-(1.2) in Table 2).
H and TDS profiles resemble those of the high affinity site, both in
the shape and in numeric levels but the entropic drift are
considerably stronger.

Effects of GTP are summarized in Fig. 6 (right-hand panel). GTP
intensifies the prevailing driving forces of individual steps in the
corresponding directions, by essentially unknown molecular
mechanisms. As for the intrinsic binding, thermodynamic profiles
described in this communication confirm differences in oxytocin
binding to GTP-coupled and -uncoupled receptor, as shown earlier
in another experimental setup by Strakova and Soloff [48].
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