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Semmary—A rapid filtration assay employing dextran-coated charcoal as acceptor particles
for free hormone was used to measure the rates of dissociation of dihydrotestosterone (DHT),
testosterone (T), and estradiol (E,) from their binding proteins in human serum at 37°C.
Because measurements were begun after each hormone had fully (>99%) dissociated from
albumin, the observed rates of dissociation correspond to the rates of dissociation of the sex
hormone-binding globulin (SHBG)-hormone complexes. The dissociation rate constants of
the hormone-SHBG complexes were determined to be 0.016 - 0.001, 0.056 + 0.002, and
0.083 + 0.003 s~! for DHT, T, and E,, respectively, corresponding to half-times of dissociation
(,2) of 43, 12 and 8.4 s, respectively. The physiological significance of these findings can best
be appreciated by comparing these ¢),5 with the capillary and sinusoidal transit times of
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various tissues (<1s to ~10s).

INTRODUCTION

General models of hormone transport in vive
can be used to make predictions about which
fraction(s) of hormone in plasma (i.e. free or
protein-bound) affects biological response [1].
Such models require knowledge of not only
the equilibrium constants but also the kinetics
constants governing the hormone-protein inter-
actions in the plasma. Previous determinations
of the dissociation rate constant at 37°C for the
testosterone (T)-sex hormone-binding globulin
(SHBG) complex have been in general agree-
ment [2, 3]. Unfortunately, the small dis-
crepancy between these results (0.032s' [2] vs
0.056 s~ [3]*) falls within a range that is critical
for the interpretation of certain biological data
(see Discussion). In addition, the literature
apparently contains no well-validated measure-
ments of the dissociation rate constant of the
estradiol (E,)-SHBG complex at 37°C. The
present investigation was designed to determine
(or redetermine) these rate constants.

MATERIALS AND METHODS

Materials

[1,2,6,7,16,17-*H(N)]Testosterone (135-180 Ci/
mmol) and [2,4,6,7-* H(N)]estradiol (85-115 Ci/

*The reported value of Lata et al. [3] was for the dissociation
rate constant at 37.5°C.
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mmol) were purchased from New England
Nuclear (Boston, Mass). Sa-Dihydro-
[1,2,4,5,6,7-*H]testosterone (100-150 Ci/mmol)
was purchased from Amersham (Arlington
Heights, Ill.). Each was purified before use
by celite chromatography (companion paper).
Activated charcoal (Norit-A), dextran (average
mol. wt 60,000-90,000), ovalbumin (grade V),
and fatty acid-free human serum albumin
(product No. A-3782) were purchased from
Sigma (St Louis, Mo.). The pool of pregnant
serum used had been obtained from healthy
women in their third trimester of pregnancy and
was a generous gift of Drs James T. Murai and
Pentti K. Siiteri. It had been stored at —70°C
for approx. 2 yr.

Methods

The rates of dissociation of DHT, T, and E,
from serum binding proteins were determined
from the rates of transfer of each to acceptor
particles (dextran-coated charcoal)(4, 5]. The
theoretical basis and details of this method have
been described in detail elsewhere [6). Briefly,
Sul of undiluted human serum (adjusted to
pH 7.4 with 0.1 N HCI) that had been pre-
incubated with 0.1-0.2 pmol of radiolabeled
hormone for 30 min at 37°C was rapidly injected
into 20ml of a vigorously stirred slurry of
dextran-coated charcoal (0.2%, w/v) in Krebs—
tricine buffer (pH 7.4, 37°C) containing 1 mg/ml
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ovalbumin. The rate of transfer of hormone to
the charcoal was then determined by periodic
(5-s intervals) rapid filtration (GF/C glass fiber
filters, Whatman Inc., Clifton, N.J.) of 1-ml
aliquots of this slurry. 500-ul portions of each
filtrate were assayed for radioactivity by liquid
scintillation counting, and compared with the
radioactivity in an unfiltered sample of the
slurry.* Dissociation rate constants were esti-
mated by fitting the sum of one or more expo-
nential functions to the data by computerized
nonlinear least-squares analysis. Data for repli-
cate experiments were analyzed separately, and
the resulting parameter values were averaged to
determine the mean and SD values presented in
the text.

The dissociation assay was validated for each
hormone by the following studies: (1) When
the amount of serum added to the slurry was
doubled, the apparent dissociation rate constant
was unchanged. This indicates that the serum
binding proteins added to the slurry did not
significantly compete with the charcoal for free
hormone. (2) When the hormones were added to
the charcoal slurry in the absence of binding
proteins, the rate constants describing the bind-
ing of each hormone to the charcoal were all
greater than 0.5 s~!. Because this rate of binding
is rapid compared with the sampling intervals,
and is much more rapid than the dissociation
rates observed for the complexes (see Results),
it can be concluded that the observed rate of
transfer of hormone to the charcoal was not
significantly limited by the rate of binding of
free hormone to the charcoal. Under both of
these sets of conditions, the observed rate
of transfer of hormone to the charcoal should
represent the rate of dissociation of hormone
from binding proteins. In addition, it was
shown that various serum hormone-binding
proteins (['**TJalbumin (human) and ['*I]corti-
costeroid-binding globulin (both rat and
human), prepared as previously described [5])
did not bind (<5%) to the charcoal under the
experimental conditions employed, and that
none of the hormones (DHT, T, E,) were
bound by 0.1% ovalbumin (added to the buffer

*Because of the strong quenching effect of the charcoal,
radioactivity was determined (in pentuplicate) in 25-ul
aliquots of the unfiltered slurry (with 475 ul of aqueous
solution added to each sample to maintain the same
quenching as in the filtrates). This amount of charcoal
caused <2% quenching of the samples. The volume
change caused by the addition of the charcoal (0.2%) to
the buffer was <1%.
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in the dissociation assay to prevent non-
specific binding), as assessed by ultrafiltration-
dialysis {7].

All glassware was treated with dimethyl-
dichlorosilane (Pierce, Rockford, IlL.). as pre-
viously described[5). No (<5%) binding of
the hormones to glassware or pipet tips could
be detected under the experimental conditions
employed. Dextran-coated charcoal (dextran:
charcoal, 1:10 w/w) was prepared as described
previously [5).

RESULTS

The rates of dissociation of DHT, T, and E,
from binding proteins in human serum were
examined at 37°C. Serum collected during the
third trimester of pregnancy was used in these
studies to maximize the binding of each of these
hormones to SHBG [8]. The first time-point for
sampling was at 5s. Because the dissociation
rate constants of DHT, T, and E, from human
serum albumin at 37°C are all greater than
157![9], more than 99% of each of these hor-
mones initially bound to albumin is expected to
have dissociated by this time. Thus, the rates of
dissociation of hormone from serum proteins
observed from 5s on should correspond to the
rates of dissociation of the hormone-SHBG
complexes.

The dissociation rate constants from
SHBG for DHT, T, and E, at 37°C were
0.016 + 0.001 (£SD, n = 4), 0.056 + 0.002 and
0.083 +0.003s~!, respectively, corresponding
to half times of dissociation of 43, 12 and 8.4s,
respectively (Fig. 1). The exponential com-
ponents of the curves corresponding to these
rate constants disappeared when the serum
was heated to 60°C for 1h (data not shown),
as would be expected if they represented binding
to SHBG [10]. The second exponential com-
ponent observed in each curve (accounting
for 10% or less of the total radioactivity)
has been observed previously in these types
of experiments[4,6,11] and likely reflects
the equilibrium distribution of hormone be-
tween the buffer and the charcoal[11]. The
composite curves (Fig. 1) can be extrapolated
back to time 0 to yield the fraction of hormone
in third trimester pregnant serum carried by
SHBG. This value was 88, 84 and 70% for
DHT, T, and E,, respectively. These values are
slightly lower than those predicted by Dunn
et al.[8].



Dissociation rates from human SHBG

Fraction
Remaining
Bound o1

Seconds

Fig. 1. Dissociation of DHT (A), T(B), and E, (C) from
binding proteins in (pregnant) human serum at 37°C. Under
the experimental conditions employed, the observed dis-
sociation rates represent rates of dissociation from SHBG
(sce Methods). Each point shown is the mean + SD of data
obtained in four separate experiments. For some points
the SD bars were too small to show. For each curve,
two components (dashed lines) were defined by nonlinear
regression analysis; the steeper component corresponds to
the dissociation rate constant (see Results).

DISCUSSION

The rate constant for the dissociation of T
from SHBG at 37°C determined in the present
study (0.056 + 0.002s~") is in close agreement
with the corresponding value of 0.053 + 0.006s~!
previously reported by Lata et al.* [3] using an
entirely different method. It is greater than the
value of 0.032s~! reported by Heyns and De
Moor [2], however. The rate constant for the
dissociation of DHT from SHBG at 37°C deter-
mined in the present study (0.016 + 0.001s~!)
is similarly greater than the corresponding
value of 0.007s~' reported by Heyns and De
Moor [2]. The reason for these discrepancies is
not entirely clear. The method used by Heyns
and De Moor, ammonium sulfate precipitation

*The reported value of Lata et a/. (3] was for the dissociation
rate constant at 37.5°C.

TIn particular, it scems likely that there was a great deal of
unrecognized rebinding of dissociated hormone to serum
proteins in that system.
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of SHBG-bound hormone in serum at timed
intervals following the addition of excess un-
labeled hormone, was carefully and appropri-
ately validated in that study. Nevertheless, it
seems possible that some free hormone was
trapped in the (bulky) ammonium sulfate pre-
cipitate, leading to overestimation of the
amount of hormone bound to SHBG. This
overestimation would be quantitatively more
important at later time points, when much less
of the hormone is bound to SHBG and much
more is free. Thus, such an effect would be
expected to cause a flattening of the dissociation
curve and, thereby, underestimation of the dis-
sociation rate constant.

The rate constant for the dissociation of E,
from SHBG at 37°C was determined in the
present study to be 0.083 +0.003s~'. Heyns
and De Moor [2] previously determined this rate
constant at 0°C to be 0.0035 s~'. Assuming that
the E.-SHBG complex had the same activation
energy as the T-SHBG complex, they extrapo-
lated this value to 37°C and suggested that the
dissociation rate constant of the E,~SHBG com-
plex at 37°C might be approx. 0.14s~!, a value
remarkably similar to the presently reported
value. To my knowledge, the only other pre-
viously reported value for this rate constant at
this temperature is the study of Vigersky et
al.[12], in which the methods used were not
extensively validated,} and the rate constants
obtained for the dissociation of DHT, T, and E,
from serum binding proteins were orders of
magnitude smaller than those reported here.

It is of interest to recall that Westphal [13]
observed that for those hormones that
bound progesterone-binding globulin with equi-
librium association constants (K,) greater than
10* M~'s~!, the association rate constants were
fairly constant, yielding an inverse relationship
between the dissociation rate constants and the
K, values. Although it cannot be concluded that
this relationship must hold for complexes of
hormones with other binding proteins [14], it is
nevertheless of interest to note that the ratios of
the K, values for the binding of T and E, to
SHBG reported by several (but not all) groups
are very similar to the ratio of the dissociation
rate constants of E, and T for SHBG (1.5)
reported in the present study (Table 1).

Because of the wide species variation of not
only the serum concentration but also various
physicochemical parameters (including the K,
value at 37°C) of SHBG [19], it is important not
to extrapolate the present results obtained using
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Table 1. Equilibrium association constants (nM~') for sex steroid
hormone complexes with human SHBG at 37°C

DHT T E, T/E, Ref. No.
19 0.6 32 15
099 035 0.22 1.6 16
038 0.6 13 17
5.5 1.6 0.68 2.4 8
0.76 0.45 17 10
0.45 027 0.22 12 18

Adapted from Westphal [19). Only studies in which equilibrium
association constants were determined at 37°C for both T and
E, are included here.

human SHBG to the SHBGs of other species.
In this regard, we have recently shown, for
example, that the dissociation rate constant
for thyroxine from human thyroid hormone-
binding prealbumin (TBPA) is approx. 5-fold
greater than the corresponding dissociation rate
constant from rat TBPA (C. M. Mendel and
R. A. Weisiger, manuscript in preparation).

Knowledge of the rates of dissociation of
hormone-protein complexes is important in at
least two contexts. The question of whether
hormones are taken up by tissues exclusively
via the free pool (the free hormone transport
hypothesis [1]) or also via one or more protein-
bound pools has been actively debated in recent
years. Predictions about how much tissue up-
take of hormone can be accounted for by the
free pool cannot be made without knowledge of
the relevant dissociation rate constants. For
example, in a recent review [1] I pointed out that
in no published study had the rate of tissue
uptake of hormone exceeded the rate of spon-
taneous dissociation of hormone from its
plasma binding proteins. I used this observation
to argue in favor of the free hormone transport
hypothesis. However, one possible exception
was a study in which the fractional uptake by
rat liver of DHT in human female serum was
reported to be 34%, whereas the maximal pre-
dicted uptake via the free pool (based on rates
of dissociation of the hormone-protein com-
plexes in serum) was calculated as being only
26% (see Table 3 of Ref. [1]). Although I
considered these two numbers to be within
experimental error of each other, it is of interest
to note that when these calculations[1] are
repeated using the presently obtained value for
the rate constant for the dissociation of DHT
from SHBG, rather than the value of Heyns and
De Moor(1, 2], the maximal predicted uptake
via the free pool becomes 32%, which is much
more clearly within experimental error of
the measured value of 34% reported in that
study.
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Another context in which knowledge of hor-
mone-protein dissociation rate constants is criti-
cal is in the use of general models of hormone
transport in vivo. Such models can be used to
make predictions about which fraction(s) of
hormone in plasma affects biological response,
but require knowledge of these (and other) rate
constants to do so [1]. Thus, using the value of
Heyns and De Moor for the rate constant for
the dissociation of T from SHBG, I recently [1]
concluded that the hepatic uptake of T from
plasma in humans is likely to be limited by the
rate of dissociation of T from SHBG. Under
dissociation-limited conditions, the free hor-
mone hypothesis, which states that intracellular
hormone concentrations are affected by the free
rather than the protein-bound hormone concen-
tration in the plasma, will not hold [1]. How-
ever, if the presently determined value for the
rate constant for the dissociation of T from
SHBG is used in these calculations instead, it
becomes less certain that the hepatic uptake of
T in humans in vive is dissociation-limited.
Thus, the free hormone hypothesis may hold for
T with respect to the liver, as it seems to with
respect to other tissues [1, 20].
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