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Abstract: The glucocorticoid receptor (GR) protein is a cytosolic ligand-depen-
dent transcription factor with numerous functions regulated by post-transla-
tional modifications, including phosphorylation/dephosphorylation. Among the
functions most extensively affected by GR phosphorylation are the modulation
of its transcriptional activity, alterations in its interaction pattern with cofac-
tors, nuclear translocation and selective gene transactivation. Intensive analysis
of the intracellular distribution of GR phosphoisoforms and their interaction with
proteins of other cellular signalling networks required the use of [ 32P]ATP as
a phosphate donor, and special laboratory protection measures to avoid external
irradiation and contamination. In the present study, simple and easy-to-use
non-radioactive protein mobility shift assays (NMS assays) were developed
using one- and/or two-dimensional gel electrophoresis based on differences in
the pI and molecular mass of GR phosphoisoforms. The GR isoforms were im-
munodetected with specific monoclonal or polyclonal anti-GR antibodies by
Western blot in three diverse systems, namely yeast BJ2168 cells expressing
wild-type rat GR, rat hepatoma GRH2 cells grown in culture and brain tissue
from Wistar rat experimental animals. The results obtained using the NMS as-
say were similar to previous results obtained with the [ %32P] ATP standard assay.
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INTRODUCTION
The glucocorticoid receptor (GR) protein is a ligand-dependent transcript-
tional factor which, in the absence of glucocorticoid hormones (GCs), is located
primarily in the cytoplasm of the target cell in the form of a hetero-oligomeric
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complex with heat shock proteins (HSPs).!-2 After binding to GCs, the GR un-
dergoes conformational changes, dissociates from the HSPs, homodimerizes and
translocates into the nucleus where it interacts directly with its specific DNA se-
quences in the promoter region of the target genes.! In addition, the activated GR
may interact with other transcription factors, such as the nuclear factor-xB, the
activator protein-1 and many others, via protein—protein interactions, thus influ-
encing indirectly the activity of these transcription factors on their target genes.34

Phosphorylation is a very important post-translational modification of GR,
regulated by cellular enzymes kinases and phosphatases, influencing and modu-
lating virtually all of the GR functions.3:¢ The N-terminal domain of rat GR con-
tains phosphorylation sites at the amino acids serine 224/232 and serine 246, acti-
vated by cyclin-dependent kinases (CDKs) and c-Jun-N-terminal kinase (JNK),
respectively.”-8 GR phosphorylation by these kinases affects its transcriptional
activity, protein stability and nucleo-cytoplasmic shuttling, thus modulating GR-me-
diated gene expression.%10 For an understanding of the physiological functions
of GR, it is of crucial importance to have simple and accurate method(s) for ana-
lysis of the phosphoisoforms of GR. Such methods would enable studies of intra-
cellular distribution of GR phosphoisoforms and their interaction with proteins of
other cellular signalling networks. Most of the recently used methods employed
radioactively labelled phosphate donor [232P]ATP to follow GR phosphorylation
in vivo or in vitro.”-10 Although powerful, these techniques required special labo-
ratory protection protocols due to possible external irradiation and contamination
by the high levels of [ }232P]ATP radioactivity.”-10

In the present study, simple and easy-to-use non-radioactive protein mobility
shift assays (NMS assays) were developed for the analysis of GR phosphoiso-
forms based on the differential mobility of GR phosphoisoforms separated by the
one- or two-dimensional gel electrophoresis. The hyperphosphorylated GR iso-
form was detected by highly specific monoclonal anti-GR antibodies or epitope
specific polyclonal antibodies by Western blot immunodetection assay. The NMS
assays were first established in vivo with yeast Saccharomyces cerevisiae BJ2168
strain expressing wild-type rat GR and thereafter successfully applied to test in
vivo phosphorylation of GR in rat hepatoma GRH2 cells grown in culture or
brain tissue from Wistar rat experimental animals. The obtained results suggest
that NMS assays can be used across very different biological systems from yeast
cell to in vivo animal models with high sensitivity and reproducibility and
provide an alternative way to study this subject and avoid using [-32P]ATP.710

EXPERIMENTAL

Baker’s yeast Saccharomyces cerevisiae strains and plasmids

The triple protease deficient yeast strain BJ2168 (a, pep 4-3, prc 1-417, prb 5-1122, ura
3-52, trp 1, leu 2)!! served as the parent for derivative strains containing various 2jl-origin-
-based expression and reporter vectors. Transformations were performed by the lithium ace-
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DETECTION OF GLUCOCORTICOID PHOSPHOISOFORMS 23 9

tate procedure.!? The yeast expression plasmid pG-N795!3:14 contained rat GR ¢cDNA driven
by the yeast glyceraldehyde-3-phosphate dehydrogenase promoter, residing on a 2| vector
(1040 copies per cell) bearing the TRP1 selectable marker. The 2l vector carries the URA3
selectable marker, a bacterial origin of replication and the bacterial ampicillin resistance
gene.!4 Yeast cultures were propagated at 30 °C in minimal yeast medium supplemented with
a standard mixture of amino acids and 2 % glucose.!?

Mammalian cells culture

The mammalian cell line GRH2, a derivative of transfected hepatoma HTC cells, ex-
pressing a high level GR was used in the study.!® Cells were grown in 90 % Dulbecco’s
modified Eagle’s medium H-16, supplemented with 10 % heat-inactivated FCS, 100 IU/mL
penicillin and streptomycin and 2 mM L-glutamine (all obtained from Sigma-Aldrich, Tauf-
kirchen, Germany) in 95 % humidity atmosphere of 95 % air and 5 % CO, at 37 °C.

Hormone treatment and preparation of yeast and GRH? cell extracts

Yeast and GRH2 cells were treated in vivo with 10 pM deoxycorticosterone (DOC, 3300
ng/mL medium) or 10 uM dexamethasone (Dex, 3900 ng/mL medium), respectively. The
yeast cell extract was prepared (1:2 mass/volume) at 4 °C by glass bead lysis in 45 mM Hepes
pH 7.4, containing 10 % glycerol, | mM Na,EDTA, 400 mM NaCl, | mM DTT and 0.5 %
Nonidet P40 followed by centrifugation at 13,000 rpm in a Beckman JA centrifuge. When
indicated, the supernatant was treated for 30 min at 25 °C with 20 IU/mL of calf intestine
phosphatase (Boehringer Mannheim). The GRH2 cell extract was prepared in the same
manner as the yeast extract except that the glass beads were omitted.

Preparation of cell extracts from brain cortex of experimental animals

Wistar males (2 months old, body mass 250 g) were exposed to acute stress (immobili-
zation),!” sacrificed by decapitation and the prefrontal brain cortex (PFC) was weighed and
homogenized (1:2 mass/volume) at 4 °C in 20 mM Tris HCI buffer pH 7.2, containing 10 %
glycerol, 1 mM Na,EDTA, 1 mM Na,EGTA, 50 mM NaCl, 2 mM DTT and protease inhi-
bitors.!” The homogenate was centrifuged at 38000 rpm for 60 min at 4 °C and the resulting
supernatant was used as cell cytosol.

The protein concentration in the yeast and mammalian cell extracts or brain cell cytosol
was determined by the method of Lowry.!8
Separation and analysis of samples by one-dimensional gel electrophoresis (1-DE) or
two-dimensional gel electrophoresis (2-DE)

For analysis by 1-DE, samples (60 pg of protein) were mixed (1:1) in denaturing buffer
according to Laemmli'® and separated by molar mass (My,) in 7.5 % slab polyacrylamide gels
for 45 min at 100 V under denaturing conditions. Standard mixture of My, marker proteins
(Sigma SDS6H2), containing: equine myosine (220000 g/mol), Escherichia coli [-galactosi-
dase (116000 g/mol), rabbit muscle phosphorylase B (97400 g/mol), bovine albumin (66000
g/mol) and egg white ovalbumin (45000 g/mol), was used for 1-D gel calibration.

In 2-DE, samples (100 pg of protein) were first mixed with isofocusing buffer (9 M urea,
2 % Triton X-100, 5 % S-mercaptoethanol, 2 % of ampholines (4 volumes of ampholine pH
5-7 plus 1 volume of ampholine pH 3—10) and 0.1 % Bromphenol Blue), and separated accor-
ding to isoelectric point (pl) in prefocused 4 % disk polyacrylamide gels. The gels were pre-
focused for 20 min at 200 V, then 20 min at 300 V and 20 min at 400 V before sample
isofocusing was run for 10 min at 500 V and then 3.5 h at 750 V. For pl calibration, the
following plI markers were run in parallel gel disks: soybean trypsin inhibitor (TL, pI = 4.6),
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bovine carbonyl anhydrase (CA, pl = 5.9) and equine myoglobin (Myo, pI = 7.0). The sample
disks were taken out of the glass tubes, incubated for 60 min in denaturing buffer according to
Laemmli'® and layered on top of 7.5 % slab polyacrylamide denaturing gels (the same those
used in 1-DE). The electrophoretic separation according to molar mass (My,) was performed
for 90 min at 120 V.

Western blot immunodetection of GR protein

Proteins separated by 1-DE or 2-DE were electrophoretically transferred to PVDF mem-
branes and blocked for 1 h at room temperature in phosphate buffered saline (PBS) containing
5 % non-fat dry milk. Immunopositive bands were detected either with GR-specific BUGR2
(gift from Professor Keith R. Yamamoto) monoclonal antibody or with M-20 (sc-1004, Santa
Cruz Biotechnology) polyclonal antibody, both prepared in PBST (PBS, 0.1 % Tween 20, 2.5 %
milk). After extensive washing (3—5 times for 10 min in PBST), the immunopositive bands
were visualized by secondary goat-anti mouse or goat-anti rabbit antibody linked to alkaline
phosphatase (ALP)2 or horseradish peroxidase chemiluminescences (ECL) detection system.!”

RESULTS AND DISCUSSION

An electrophoretic mobility shift assay, also called “gel shift assay”, is a com-
mon technique usually used to study protein—DNA or protein—RNA interactions by
1-D electrophoresis (1-DE). In the present report, it is shown that 1-DE and 2-DE
methods can also be successfully applied for monitoring the phosphorylation or
dephosphorylation of a single protein, i.e., glucocorticoid receptor (GR) isolated
from yeast Saccharomyces cerevisiae cells or mammalian cells. As may be ob-
served in Fig. 1A (lanes 1, 3 and 5), the native unliganded GR expressed in yeast
(S. cerevisiae strain BJ2168) resolved by 1-DE was detected by Western blot
using specific anti-GR monoclonal antibodies (BUGR) as a single protein band
corresponding to the position of the phosphorylase B marker at 97400 g/mol.
Upon addition of the yeast GR specific hormone analogue deoxycorticosterone
(10 pM, i.e., 3300 ng DOC/mL medium, Kgq 4 nM),15:2! a “smeared” GR pattern
appeared with a GR band corresponding to M, of about 99000 g/mol (99kGR)
(Fig. 1A, lanes 2, 4 and 6). The shift in the M;, of GR was observed in the inter-
val of 50-100 pg of total proteins assayed per lane (Fig. 1A, ALP detection) up
to 200 pg of total proteins assayed (Fig. 1B, ECL detection). Earlier studies3-10 in
S. cerevisiae BJ2168 mutant strains carrying the GR serine 232 site targeted by
CDK for phosphorylation mutated to alanine showed that the ligand-dependent
shift in the My, of GR corresponds to its hyper-phosphorylated form.3:10 In order
to check if the 99kGR was actually a hyper-phosphorylated form of the GR, a
control experiment in which BJ2168 extract was treated in vitro with 20 IU/mL
of calf intestine phosphatase was performed (Fig. 1B). As may be observed, the li-
gand-dependent 99kGR was not present after the phosphatase treatment (Fig. 1B,
lane 4). This fact complements and extends previous findings!? and provides a
strong indication that 99kGR band was indeed the hyper-phosphorylated isoform
of GR.
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Fig. 1. Western blot analysis of yeast BJ2168 ectopically expressing GR separated by 1-DE.
A) Titration of protein concentration 50, 75 or 100 pg and mobility shift: controls (lanes 1, 3,
and 5), and yeast GR after hormone treatment (lanes 2, 4 and 6). B) Mobility shift sensitivity
to phosphatase treatment: controls (lanes 1 and 3), yeast GR after hormone treatment (lanes 2
and 4) and after calf intestine phosphatase (lanes 3 and 4). The position of molar mass
standard (Std. My,) phosphorylase B (97400 g/mol) is indicated by an arrow.

When untreated or DOC treated BJ2168 extracts were resolved by 2-DE (1-
-isoelectrofocusing and 2-separation according to molar mass) and screened by
BUGR, both pl and M,, shifts were observed (Fig. 2, left and right panels, res-
pectively). The ligand-bound, hyper-phosphorylated and activated form of GR22
was shifted towards both higher M,,, and more acidic pl. The same 2-DE analysis
was performed with GRH2 cell extracts after in vivo treatment with 10 uM Dex
(3900 ng Dex /mL medium, K4 4nM,23 Fig. 3). A similar, although less pronoun-
ced, shift in the My, and pl of GR was observed, indicating that GR phosphoiso-
forms may be also analysed by the 2-DE of rat hepatoma GRH2 cells in culture.

Finally, GR phosphorylation was assayed by the 1-DE shift-assay in extracts
isolated from Wistar rat brain tissue. The prefrontal brain cortex extracts which
contain high levels of GR protein?4 were prepared from control animals in which
the natural hormone corticosterone (CORT) was at a low diurnal level, i.e., 130
ng/mL plasma (Fig. 4, lane 1). The cytosol was also prepared from stressed ani-
mal brain corresponding to 630 ng of CORT/mL plasma (Fig. 4, lane 2). The
1-DE analysis followed by Western blot detection of GR by specific M-20 poly-
clonal antibodies clearly showed the appearance of both 97.4kGR and 99kGR
hormone-dependent hyperphosphorylated isoform under high CORT conditions.
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These results provide evidence that the employed method may be successfully
applied to separate these phosphoisoforms in vivo in whole animal studies. More-
over, in recent publication in which serine 232 epitope specific anti-GR antibo-
dies were used, the hyperphosphorylated isoform with reduced mobility (99kGR)
was shown to be a CDK phosphorylated form of GR in Wistar rat brain.17

TI CA Myo TI CA Myo Fig. 2. Western blot analysis of yeast

46 59 7.0 46 59 7.0 BJ2168 ectopically expressing GR sepa-
v ¥ M v v v rated by 2-DE. Left panel: the control

pl—» 50 6. . sample; right panel: the sample treated
Std. Mm E E i with hormone. The positions of the pl
g/gol | | ' standards: soybean trypsin inhibitor (TI,
97400 '""?""? """""" Ji pl = 4.6), bovine carbonic anhydrase
: p ! (CA, pl = 5.9) and equine myoglobin
E : ' , , (Myo, pl = 7.0), and the position of the
Loy : _i_ : molar mass standard (Std. Mp,) phos-
; : ; ! ' phorylase B (97400 g/mol) are indicated

Hormone by dashed lines.

y das
TI CA Myo TI CA Myo

46 59 7.0 4.6 59 7.0 Fig. 3. Western blot analysis of the GR
v v v v v v from rat liver GRH2 cells separated by
2-DE. Left panel: the control sample;
pI> 5,' 0 6,’0 7',0 5',0 6:0 7,’0 right panel: the sample treated with hor-
Std. Mm o oo mone (10 UM Dex). The position of the
g/';“’l oo N pl standards: soybean trypsin inhibitor
97400 |---- oo g - -1 - - - - - - A - | (TI, pI = 4.6), bovine carbonic anhyd-
: : i i ' : rase (CA, pl = 5.9) and equine myoglo-
i : : : : : bin (Myo, pl = 7.0), and the position of
e —  — the molar mass standard (Std. My,) phos-
Himmione - + phorylase B (97400 g/mol) are indicated

by dashed lines.

S;(/ll.nl(\)’{m 1 2 Fig. 4. Western blot analysis by specific
M-20 antibodies of the GR from the pre-
frontal cortex of Wistar rat brain sepa-

97400 > - - ' rated by 1-DE: control sample with low

hormone level (130 ng/mL CORT) (La-
Hormone low high ne 1) and a stressed animal with a high
hormone level (630 ng/mL CORT), (La-
ne 2). The position of the molar mass
standard (Std. Mp) phosphorylase B
(97400 g/mol) is indicated by an arrow.

CONCLUSIONS

The non-radioactive electrophoretic protein mobility shift assays (NMS as-
says) used in the present study are equivalent to a standard radioactivity based as-
say using [232P]JATP as a phosphate donor. Instead of the radioactivity detection
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method, the NMS assay is based on Western blot immunodetection of GR phos-
phoisoform separated in one- and/or two dimensional gels according to differen-
ces in pl and molar mass. The GR forms are easily detected in all the studied
biological systems and GR undergoes hormone dependent phosphorylation in
yeast as well as in mammals, suggesting the importance and conservation of this
process. In addition, these GR isoforms can be detected and quantified with high
sensitivity and reproducibility, thus enabling the avoidance of the use of the
[#32P]ATP assay; and the method does not require special laboratory protection
measures. The NMS assay may be used to analyse GR from the diverse biolo-
gical systems: yeast cells, mammalian cells (rat hepatoma GRH2 culture) and brain
tissue from experimental animals.

Acknowledgement. The work was supported by the Grants No. 03E24 and No. 143042B
from the Ministry of Science and Technological Development of the Republic of Serbia.
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«WESTERN BLOT» AHAJIM3A ®OCPOU30DPOPMHU I'NTYKOKOPTUKONJIHOI
PELEIITOPA IIOMORY JEAHOAMMEH3MOHAJIHE 1 JIBOAMMEH3MOHAJIHE
EJIEKTPO®OPE3E

HATALIA IIOTIOBUR!, AHA HURU®OPOBUR!, MUPOCJIAB ALINR', MAPUIA B. PAJIOJUIR', CONSTANTINOS
DEMONACOS2 I MAPHJA KPCTUR-DEMONACOS?

! Uncimuitiyim 3a nykaeapre nayke “Bunua’, Jlabopaitiopuja 3a moaexyaany 6uoaozujy u endokpuroaozujy, beozpa,
2School of Pharmacy, University of Manchester, Manchester u >Faculty of Life Sciences, University of
Manchester, Manchester, United Kingdom

I'myxoxoptukonnau perentop (I'P) je uuTocomnn nuran-3aBUCHH TPAHCKPUIIIUOHK (HAKTOP
ynje OpojHe QYHKIHje Cy peryircaHe IOCT-TPaHCIAaInOHUM MoauuKanujama: Gpochopuarijom
u nedpocopunanujom. Mehy dynxmmjama ['P xoje cy HajoceTspuBHje Ha GOCHOPHIALIN]Y CY: MO-
JyJaluja BEeroBe TPAHCKPHUIILMOHE aKTHBHOCTH, NIPOMEHE Y HAauMHy HMHTEpakiuje ca Ko(hakTo-
puma, Tparciokanuja ['P y jenpo u cenekTHBHA TpaHCAKTUBALMja reHa. Y JHUTEpPaTypH Cy J0 caia
onucane OpojHe aHanu3e yHyTaphenujcke muctpudyimje I'P U merope MHTEpakiifje ca MpOTEH-
HHUMa JPYTUX CUTHAIHUX IMyTeBa, KOje Cy 3aCHOBaHE HA [y-3 2P]ATP Kao oHOpy (ocdaTHE TpyTIE.
3a oBakBe aHAIU3E IMOTPEOHE Cy clienyjaIHe JJabopaTOpUjCKe Mepe 3aIlTHTE Of 3padera M pajro-
aKTHBHE KOHTaMUHaNuje. Y MPHUKa3aHoj CTYAMj! pPa3BIIIA CMO jeJHOCTABAaH U JIaK HEPAaJHOAKTHBHU
tect («NMSy) 3a ananmuzy I'P docdonzodopmu koju ce 3acHHBA Ha POMEHH Y HHUXOBOj IMOKPET-
JbUBOCTHU Y jeJHOIMMEH3HOHAIHO] MM JBOAMMEH3UOHAIHO] elneKTpodopesu, Kao MOCIe U pa3-
mka y pl u monexyickoj macu. ®ochousodopme I'P cy ananusupane y Tpu pazianuura GHOIOLIKA
cucrema: y kBaciy BJ2186 ca muBmmum tHnoMm («wild-type») I'P, y hemmjama xematoma mamosa
GRH2 rajennM y KyaTypH U y MOXIAHOM TKUBY eKCIepuMeHTanHux Wistar maroBa. AHanmm3a
¢docthomzopopmu I'P je pahena mmyHONIOmKOM METOAOM MOMONY BHUCOKO-CHEIM(PHIHHX MOHO-
KJIOHCKHMX WM TOJHMKIOHCKHMX aHTHTena kopuihenux y «Western bloty tecry. Pesynratn no-
6ujern «NMSy» TecToM OMIM Cy CIIMYHM HALIMM MPETXOIHUM Pe3yiITaTHMa y KojuMa je KopuinheH
CTaHJapAHU [7432P]ATP TECT.

(ITIpumsbeHo 17. okto6pa 2007, peBuaupano 27. asrycra 2008)
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