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Abstract

Cellular effects of glucocorticoids can be separated into classical transcriptional regulation via
activation of the canonical nuclear glucocorticoid receptor and rapid actions mediated by
activation of one or more putative membrane-associated glucocorticoid receptors that regulate both
transcriptional and non-transcriptional signaling. Dexamethasone-bovine serum albumin (Dex-
BSA), is one of several membrane-limited steroid receptor agonists. Dex-BSA and other steroid
conjugates such as corticosterone-, estradiol- and testosterone-BSA have been used to study rapid
steroid effects initiated by a putative membrane receptor. The purity and stability of the steroid-
BSA conjugate is crucial, therefore, since any steroid that is not bound to or that dissociates from
the BSA conjugate could penetrate into the intracellular compartment and confound the
experiment. We used fluorine NMR to determine if free Dex could be detected over time in a
commercially available Dex-BSA dissolved in H,O. Non-covalently bound Dex was detected in
the Dex-BSA solution, but the level of free Dex remained constant over time and over a range of
temperatures, indicating that the free Dex was not a result of instability of the Dex-BSA conjugate.
The free Dex was lost when the Dex-BSA was denatured and subjected to dialysis, which
suggested that it was trapped in the Dex-BSA three-dimensional structure and not covalently
bound to the BSA. The purified, renatured Dex-BSA retained its rapid activity, which confirmed
that the observed effects of Dex-BSA are not caused by non- covalently-bound Dex. Therefore, the
Dex contaminant found in the Dex-BSA solution is likely to be tightly, but non-covalently, bound
to BSA, and the Dex-BSA activity remains membrane- limited. Our findings indicate that Dex-
BSA remains a suitable membrane-restricted glucocorticoid receptor agonist, but suggest that
denaturing purification is a useful control for the study of membrane-initiated steroid-BSA
actions.
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INTRODUCTION

Glucocorticoids are steroid hormones that regulate metabolic, immunological, and
neurological processes [1-3] through transcriptional regulation of a multitude of genes [4].
Glucocorticoids are lipophilic hormones that can pass through the plasma membrane to bind
to their cognate nuclear receptor, the glucocorticoid receptor (GR), which leads to nuclear
translocation and dimerization of the receptor [5]. The cellular actions of glucocorticoids
have been expanded recently to encompass rapid, transcription-independent effects on
cellular function, including, for example, endocannabinoid and nitric oxide production [6]
and regulation of ion channels [7]. The rapid nature and transcription independence of these
glucocorticoid effects suggest actions at a plasma membrane-associated receptor. As with
other steroid hormones, a membrane-impermeant GR ligand, dexamethasone (Dex)
conjugated to bovine serum albumin (Dex-BSA), is often used to determine if
glucocorticoids can act at a binding site constrained to the membrane. Dex-BSA was used in
a companion study to test whether glucocorticoid restricted to the membrane signals to the
intracellular GR to induce nuclear translocation and gene transcription in hypothalamic
neurons (Rainville et al.). The Dex-BSA available from a commercial source is synthesized
with between 8 and 40 molecules of Dex per BSA molecule, which raises the possibility that
relatively high levels of free Dex may be present if the purity and/or the stability of the
compound are not assured.

There has been little direct testing of the purity and stability of the Dex-BSA compound to
date. Due to the fluorine atom in the Dex molecule, we were able to use 1°F nuclear
magnetic resonance (NMR) to detect non-covalently bound Dex [8] in a commercially
available Dex-BSA compound. Additionally, we determined the biological relevance of a
Dex contamination detected in the Dex-BSA in an assay of rapid glucocorticoid actions, and
we describe a simple method for robust purification of the steroid-BSA conjugate via
denaturing and dialysis. The purification methods discussed here can also be applied to other
commonly used steroid conjugates, such as corticosterone-, estradiol- and testosterone-BSA.

EXPERIMENTAL

Nuclear Magnetic Resonance

All NMR experiments were performed on a Bruker 300 MHz NMR by BBO probe. A pulse
sequence with inverse gated proton decoupling was used to acquire 1°F NMR spectra at a
frequency of 282.4 MHz. 500 scans were accumulated. All acquisition parameters, including
receiver gain, were kept the same in order to compare the peak areas corresponding to Dex
concentration. A 100 uM Dex solution (in deuterated DMSQO) was an external standard to
quantify the non-covalently bound Dex in 40 uM Dex-BSA.
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Denaturing Purification

Dialysis was performed on Dex-BSA (40 uM) in HEPES buffer (10 uM) and Urea (8 M)
using a Slide-A-Lyzer (Thermo) dialysis cassette with a 3,500 Da exclusion limit. The filled
cassette was placed in 1 L HEPES buffer (10 mM) for two hours before changing to fresh
HEPES (10 mM) for overnight dialysis. Dialyzed Dex-BSA was then analyzed by NMR and
the same sample was used for subsequent GR trafficking experiments.

Cell Culture and Imaging

Immortalized hypothalamic cells mHypoE-N42 (N42) cells [9] were grown in DMEM 10%
fetal bovine serum (FBS, Atlas Biologicals) and transfected with GR-GFP (a generous gift
from Dr. Louis Muglia) using a Neon Transfection System (Invitrogen). 10° cells and 3.6 pg
of plasmid DNA were pulsed twice in the transfection tip at 1400 mV for 10 ms. The
transfected cells were seeded at 10° cells/mL and distributed into 35 mm culture dishes with
a No. 0 cover glass bottom (MatTek) to adhere overnight. The media was then washed and
changed to DMEM 5% charcoal-stripped FBS for 16 hours to eliminate any endogenous
steroids prior to imaging on a laser confocal microscope (Nikon Al+). Using a pinhole size
of 28 um, images were acquired every 15 seconds before and after drug treatment. The Dex-
BSA conjugate containing approximately 40 Dex molecules per BSA was obtained from
Steraloids (Newport, RI). Purified Dex-BSA (100 nM final concentration) was added after 5
minutes and GR-GFP was tracked for an additional 25 minutes. NIS-Elements analysis
software (Nikon) was used to determine average nuclear intensities of the GR-GFP signal,
based on a designated nuclear region of interest, before and after drug treatment.

RESULTS

Non-covalently-bound Dex in Dex-BSA

Using 19F NMR, a peak was observed at about -165 ppm in a sample of 40 uM Dex-BSA
(Fig. 1). The narrow peak indicates that the corresponding compound can freely rotate,
suggesting that it was caused by free Dex and not Dex covalently bound to BSA. To measure
stability of Dex-BSA over time, the samples in D,O were measured by 1°F NMR after 1, 5
and 20 hours at 25 C (Fig. 1A). The amplitude and shape of the peak at -165 ppm did not
change over the 20-hour time span tested. Similarly, the NMR peak at -165 ppm did not
change when the temperature was increased from 25°C to 37°C (Fig. 1B). These data
indicate that the Dex-BSA compound is stable, and that Dex molecules covalently bound to
BSA remain bound over an extended period in solution and at higher temperatures. To
quantify the amount of free Dex contamination represented by the spectral peak at -165
ppm, the integral of the peak was calculated and was compared to a standard concentration
of Dex (100 uM), which was a concentration estimated to be 6% of the mass of total Dex in
the Dex-BSA sample. While the mass of the Dex contaminant was relatively small compared
to the mass of Dex-BSA (0.8%), the molar concentration of the Dex contaminant was 1.785-
fold greater than the Dex-BSA concentration (Fig 1C). The narrow peak of Dex observed in
19r NMR was not covalently bound to BSA, indicating it could be free in the solution.
However, we found that no active Dex could be detected following size-exclusion filtration
of the Dex-BSA (see accompanying paper, Rainville et al.), and that Dex-BSA had no effect
on glucocorticoid response element (GRE)-induced transcription [10]. We then tested
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whether the resonance observed in the 19F NMR spectra is due to Dex that is restricted to,
but non-covalently bound to, the Dex-BSA.

Denaturing purification removed free Dex from Dex-BSA

To determine if Dex was bound non-covalently to the Dex-BSA, we used a procedure to
denature the Dex-BSA and release unbound Dex from any hydrophobic binding pockets
formed by the folding structure of the Dex-BSA. The Dex-BSA was denatured in 8 M urea
dissolved in 10 mM HEPES, and was then further purified by dialysis using a 3,500 Da
exclusion limit to remove any unbound Dex and the Urea. The gradual removal of urea
allows for BSA to return to its native confirmation, restoring membrane impermeability. The
renatured Dex-BSA was then analyzed by 19F NMR. The renatured Dex-BSA showed no
19F NMR peak at -165 ppm (Fig. 1D), indicating that the free Dex contamination was
removed from the Dex-BSA under denaturing conditions.

Dex-BSA retained rapid glucocorticoid actions following denaturation

If the Dex-BSA lost its rapid actions following denaturation purification, this would suggest
that the rapid effects were mediated by the free Dex contaminant within the Dex-BSA
compound. We tested whether the purified Dex-BSA retained its membrane-initiated rapid
actions using a GR nuclear translocation assay. We found that, like Dex, Dex-BSA (100 nM)
induced the intracellular GR to rapidly translocate to the nucleus in N42 hypothalamic cells
(Fig. 2B). Here, N42 hypothalamic cells that were transiently transfected with a GR-GFP
construct were analyzed using live imaging under a confocal microscope (Nikon Al+) to
track GR nuclear translocation in response to free Dex and to the denatured and purified
Dex-BSA. The nuclear fluorescence intensity due to GR-GFP increased within 5 minutes of
purified Dex-BSA application and the effect plateaued at 20 minutes (Fig. 2A). Frame-by-
frame analysis revealed that the kinetics of the GR nuclear translocation induced by purified
Dex-BSA was indistinguishable from that induced by unpurified Dex-BSA (Fig. 2B). These
data confirm that the rapid effect of Dex-BSA on GR translocation is not a result of free Dex
in the solution, but are due rather to the membrane-limited actions of Dex-BSA.

DISCUSSION

The use of Dex-BSA as a membrane-limited glucocorticoid has been met with some
skepticism, mainly for its assumed instability. Here we provide conclusive evidence that
Dex-BSA is stable in solution over an extended period of time and at high temperature (i.e.,
body temperature). It was surprising, however, to learn that Dex-BSA is manufactured with a
significant concentration of free Dex not covalently bound to the BSA, which we calculated
to be 4.5% of the total Dex. While the chemical purity by mass (98.2%) of commercially
available Dex-BSA is within what would appear to be acceptable standards, the molar
concentration of Dex well exceeded that of Dex-BSA, by nearly 2-fold. If these Dex
molecules were indeed free in solution and allowed to diffuse through the plasma
membrane, any effects of the Dex-BSA could, in fact, be due to the free Dex.

We found that the free Dex, non-covalently bound to the Dex-BSA, is not responsible for the
rapid effects of the Dex-BSA on GR nuclear trafficking, as denaturation-purified Dex-BSA

Steroids. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weiss et al.

Page 5

retained the rapid effect. Because the Dex contaminant could only be removed with
denaturing, it was likely trapped within hydrophobic pockets of the Dex-BSA molecule and
was not biologically available to penetrate the membrane and activate the cytosolic GR.
Commercial Dex-BSA remains, therefore, a suitable compound to study membrane-limited
glucocorticoid actions. However, given the relative ease of purification of the Dex-BSA by
denaturing and dialysis, future studies with the compound would benefit from the removal of
the free Dex contaminant to avoid a potential confound, especially if there is variability in
the stocks of the Dex-BSA obtained commercially.

Estradiol- and testosterone-BSA conjugates have also been shown to contain steroid
monomers, which are released more readily under denaturing conditions [11]. Dialysis of
the native sex steroid conjugates was ineffective in removing monomer contamination, but
dialysis of denatured conjugates was not attempted in that study. These compounds have not
been tested for stability over time, which is rendered difficult by their lack of fluorine
substrate for the NMR biochemical analysis. Nevertheless, as shown here with the Dex-BSA
compound, denaturation, dialysis and renaturation should provide a relatively easy and
viable way of ensuring the purity and stability of any steroid-BSA conjugate, including
corticosteroid and sex hormone conjugates.
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Figure 1.

Dex-BSA stability and effective purity. A. 1°F NMR peaks (~-165 ppm) of non-covalently
bound Dex in Dex-BSA (40 uM) solution are stable for 1, 5 and 20 hours. B. No change in
the 19F NMR peak was seen between 25 C and 37 C. C. Non-covalently bound Dex was
quantified by integration and comparison to Dex in DMSO (100 pM). Molecules of free Dex
in Dex-BSA were calculated to be approximately 78.5% more abundant than Dex-BSA
molecules. D. Denatured and dialysis-purified Dex-BSA showed no detectable peak at ~165

ppm.
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Figure 2.
Denaturation-purified Dex-BSA (100 nM) retained its effect on GR nuclear translocation. A.

N42 cells expressing GR-GFP were treated with purified Dex-BSA and imaged at 0, 5, and
20 min. Lower panels show magnifications of the boxed regions in the upper panels. B. Time
course of GR-GFP translocation to the nucleus, measured by fluorescence intensity in a
nuclear region of interest. The kinetics of GR nuclear translocation induced by the
unpurified (Dex-BSA) and the purified Dex-BSA were comparable to each other, but were
both slower than the free Dex-induced nuclear translocation of GR (Dex).
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