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Background: Activation function 1 (AF-1) is important for the activity of progesterone receptor (PR), but its functional
motif is not known.
Results: AF-1 of progesterone receptor (PR) is monomethylated at Lys-464. Lys-464 mutation markedly alters PR properties and
ligand sensitivity.
Conclusion: Lys-464 is critical for AF-1 function.
Significance: Lys-464 is a potential target for modulating AF-1 activity of PR.

Progesterone receptor (PR) exists in two isoforms, PRA and
PRB, and both contain activation functions AF-1 and AF-2. It is
believed that AF-1 is primarily responsible for the ligand-inde-
pendent activity, whereas AF-2 mediates ligand-dependent PR
activation. Although more than a dozen post-translational mod-
ifications of PR have been reported, no post-translational
modification on AF-1 or AF-2 has been reported. Using LC-MS/
MS-based proteomic analysis, this study revealed AF-1 mono-
methylation at Lys-464. Mutational analysis revealed the
remarkable importance of Lys-464 in regulating PR activity.
Single point mutation K464Q or K464A led to ligand-indepen-
dent PR gel upshift similar to the ligand-induced gel upshift.
This upshift was associated with increases in both ligand-depen-
dent and ligand-independent PR phosphorylation and PR activ-
ity due to the hyperactivation of AF-1. In contrast, mutation of
Lys-464 to the bulkier phenylalanine to mimic the effect of
methylation caused a drastic decrease in PR activity. Impor-
tantly, PR-K464Q also showed heightened ligand sensitivity,
and this was associated with increases in its functional interac-
tion with transcription co-regulators NCoR1 and SRC-1. These
results suggest that monomethylation of PR at Lys-464 probably
has a repressive effect on AF-1 activity and ligand sensitivity.

Progesterone is involved in the regulation of multiple physi-
ological processes including reproduction, immunity, and neu-
ral function. It is also essential for the normal mammary devel-
opment and has long been implicated in the development of
breast cancers (1). The pro-cancer role of progesterone has
been suggested by two clinical trials, the Women’s Health Ini-
tiative (2) and the Million Women study (3). A follow-up study
concluded that combined use of estrogen plus progestin was
associated with greater breast cancer incidence and more

aggressive disease compared with estrogen therapy alone (4).
Laboratory studies reported that progesterone can promote the
expansion of the cancer stem cell-like population in the hor-
mone-sensitive breast cancers and enabled these cells to escape
endocrine therapy (5, 6). This is believed to be mediated by
progesterone-induced down-regulation of miR-29 that nor-
mally targets Krüppel-like factor 4 (Klf4) that helps maintain
the pool of cancer stem cells (7). However, the therapeutic ben-
efit of anti-progestin for breast cancer is yet to be demon-
strated. On the other hand, progestin megestrol acetate has
been a second-line endocrine therapy with clinical benefit sim-
ilar to that of aromatase inhibitor latrozol in a phase III clinical
trial (8). This discordance reflects complexity in the modes of
progesterone action.

Progesterone receptor (PR)2 belongs to the superfamily of
nuclear receptors that are transcription factors. It exists in two
major isoforms, PRA and PRB. PRA lacks the first 164 amino
acids that are present at the N terminus of PRB. PRA is a weaker
transactivator than PRB but can repress the activity of PRB
because of its active inhibitory domain at the N terminus (9).
Variations in PRA/PRB ratios in breast tumors appear to affect
clinical outcome; breast tumors with high PRA/PRB ratios are
reportedly linked to a more aggressive disease and poorer dis-
ease-free survival (10, 11).

PR is characterized by a modular structure common to all
nuclear receptors including a variable N-terminal domain
(NTD), a highly conserved DNA-binding domain, a C-terminal
ligand-binding domain (LBD), and a hinge region that connects
the DNA-binding domain and LBD (12). PRs contain three
transactivation domains. AF-1 and AF-2 are present in both
PRA and PRB, whereas AF-3 is in the N-terminal domain
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unique to PRB. AF-1 mapped to the minimal region of amino
acids 456 –546 at the NTD, and AF-2 is within the LBD (13–15).
AF-1 is responsible for the ligand-independent activity of PR
(15), but it also synergizes with the ligand-dependent activation
function of AF-2. This was demonstrated by agonist-dependent
interaction between the AF-1-containing NTD and AF-2-con-
taining LBD using mammalian two-hybrid assays and by pro-
tein-protein interaction studies (16). There has also been evi-
dence that the AF-1 domain of the steroid hormone receptor is
an important element in mediating promoter- and tissue-selec-
tive activity (17–19). For example, a recent study with mice
reported that the AF-1 domain of estrogen receptor � (ER�) is
specifically required for the development of trabecular bone
and uterus but not cortical bone (18). The AF-1 domain also
significantly contributes to the hormone-independent growth
of breast cancer (20 –24).

The activities of AF-1 and AF-2 can be regulated at multiple
levels of the receptor activation pathways. These include the
input from cytoplasmic signaling, the activities of transcription
co-regulators, and promoter accessibility. Post-translational
modifications can regulate each of these steps by modifying the
protein’s property and altering its interaction with its ligand,
other proteins, and gene promoters (25). So far, sumoylation,
acetylation, and over a dozen phosphorylation sites on PR have
been reported (12, 26, 27). Notably, all but two post-transla-
tional modification sites (Ser-676 phosphorylation and acetyla-
tion in the region 638 – 641) are positioned on NTD. Using
LC-MS/MS-based proteomic analysis of immunoprecipitated
PR, this study provides the first evidence of PR monomethyla-
tion at lysine 464 of the AF-1 domain. Subsequent functional
analysis suggests that Lys-464 methylation is critical for PR
structure and the AF-1 domain activity. The results also high-
light the critical involvement of AF-1 in ligand-dependent
activity of PR, and mutation at Lys-464 would significantly
change the ligand sensitivity of PR.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF-7, MDA-MB-231, COS7, and HeLa can-
cer cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). T47D cells were kindly pro-
vided by Dr. Suet Fueng Ching (University of Cambridge).
ABC28 clone was derived by transfecting MDA-MB-231 cells
with PR expression vectors hPR1 and hPR2, which contain
human PR cDNA coding for PR isoform B and isoform A in
pSG5 plasmid (28). The cells were routinely maintained in phe-
nol red Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 7.5% fetal calf serum (FCS) (Sigma-Aldrich) and 2
mM L-glutamine. Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO2, 95% air. For experiments involving hor-
mone treatment, cells were cultured in phenol red-free DMEM
supplemented with 5% charcoal-stripped FBS and 2 mM L-glu-
tamine for 2 days prior to treatment with progesterone, RU486,
or R5020 (Sigma-Aldrich).

PR Immunoprecipitation (IP)—For MS identification of PR
methylation, T47D cell lysates with endogenously expressed PR
were prepared in IP buffer (50 mM HEPES, 150 mM NaCl, 1%
Triton X-100, 5 �g/ml pepstatin A, 5 �g/ml leupeptin, 2 �g/ml
aprotinin, 1 mM PMSF, 100 mM sodium fluoride, and 1 mM

sodium vanadate (pH 7.5)) and incubated overnight at 4 °C with
anti-PR antibody (H-190, Santa Cruz Biotechnology, Inc.) pre-
captured by protein A/G-agarose beads (Santa Cruz Biotech-
nology). For MS quantification of Lys-464 methylation, COS7
cell lysates with exogenously expressed FLAG-PRB were pre-
pared in IP buffer and incubated overnight at 4 °C with anti-
FLAG M2 affinity gel (Sigma-Aldrich). The immune complexes
were washed twice with IP buffer and twice with high salt (500
mM NaCl) IP buffer to remove nonspecific binding. Bound pro-
teins were eluted by boiling in Laemmli sample buffer. Immu-
nocomplexes were resolved by SDS-PAGE, fixed, and stained
by Coomassie Blue G-250 (Sigma-Aldrich).

In-gel Tryptic Digestion—The gel strips of PR bands were
excised, cut into small pieces, and transferred to Eppendorf
tubes. They were washed with Milli-Q water, and destained
three times with 50% ACN, 50% 25 mM NH4HCO3 via vigorous
shaking for 30 min each time. The gel was then dehydrated with
100% ACN until the gel particles became white. They were then
reduced with 10 mM DTT at 56 °C for 1 h and alkylated with 55
mM iodoacetamide for 45 min in the dark, followed by succes-
sive washes with 25 mM NH4HCO3 and 50% ACN, 50% 25 mM

NH4HCO3. Finally, they were dehydrated with 100% ACN and
dried in a vacuum. Trypsin (Trypsin Gold, Mass Spectrometry
Grade, Promega, Madison, WI) was added in a weight ratio of
1:30. After the trypsin solution was completely absorbed by gel
particles, 25 mM NH4HCO3 was added to completely cover the
particles. They were then incubated at 37 °C overnight. Tryptic
peptides were extracted from gel particles with 50% ACN con-
taining 0.1% formic acid under sonication for 20 min twice. The
combined extracts were dried in a vacuum dryer.

LC-MS/MS and Data Analysis—LC-MS/MS was carried out
as described previously (29). Briefly, peptides were separated
and analyzed on a liquid chromatograph (Dionex UltiMate
3000 Nano-LC Systems, Dionex, Singapore) at a 300 nl/min
flow rate coupled to an LTQ-FT Ultra mass spectrometer
(Thermo Electron, Bremen, Germany). Mobile phase A (0.1%
formic acid in H2O) and mobile phase B (0.1% formic acid in
ACN) were used to establish the 60-min gradient composed of
45 min of 8 –35% B, 8 min of 35–50% B, and 2 min of 80% B
followed by re-equilibration at 5% B for 5 min. Peptides were
then analyzed on the LTQ-FT system with an ADVANCETM

CaptiveSprayTM source (Michrom BioResources) at an electro-
spray potential of 1.5 kV. A gas flow of 2, ion transfer tube
temperature of 180 °C, and collision gas pressure of 0.85 milli-
torr were used. The LTQ-FT system was set to perform data
acquisition in the positive ion mode as described previously
except that the m/z range of 350 –1600 was used in the full MS
scan (30).

The MS/MS spectra in the raw data were first extracted into
the dta format using extract_msn (version 4.0) in Bioworks
Browser (version 3.3, Thermo Fisher Scientific, Inc.), and then
the dta files were converted into the Mascot generic file format
using an in-house program. Intensity values and fragment ion
m/z ratios were not manipulated. The IPI human protein data-
base (version 3.34, 67,758 sequences, 28,836,807 residues) was
used for database searches. The database search was performed
using an in-house Mascot server (version 2.2.07, Matrix Sci-
ence, London, UK) with MS tolerance of 10 ppm, 13C of 2, and
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MS/MS tolerance of 0.8 Da. Two missed cleavage sites of tryp-
sin were allowed. Carbamidomethylation (Cys) was set as a
fixed modification; and oxidation (Met), phosphorylation (Ser,
Thr, and Tyr), acetylation (Lys), monomethylation (Lys and
Arg), dimethylation (Lys and Arg), and trimethylation (Lys)
were set as variable modifications. The obtained database
search results were exported to Microsoft Excel using the
export_dat_2.pl script of Mascot for further analysis. Only pep-
tides with E-values of less than 0.05 and ion scores greater than
identity or homology scores were further manually analyzed.

Plasmid Construction—pcDNA3.1 expression vectors encoding
human PRB, PRA, and PRB�LBD have been described previ-
ously (31). Point mutations of the lysine residue at site 464 of PR to
glutamine, arginine, alanine, or phenylalanine were generated
using the QuikChange� XL site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s protocol. The site-directed
primers were designed using a Web-based program known as
QuikChange� Primer Design. The mutations were verified by full-
length cDNA sequencing. The sequences of mutagenic sense and
antisense primers used are as follows: K464A_fwd, 5�-agt gca tcc
tgt acg cag gga ggg cgc gc-3�; K464A_rev, 5�-gcg cgc cct ccg ctg cgt
aca gga tgc act-3�; K464Q_fwd, 5�-gtg cat cct gta cca ggc gga ggg
cgc gc-3�; K464Q_rev, 5�- gcg cgc cct ccg cct ggt aca gga tgc ac-3�;
K464R_fwd, 5�-ctg gag tgc atc tgt aca gag gga ggg c-3�; K464R_rev,
5�-gcc ctc cgc tct gta cag gat gca ctc cag-3�; K464F_fwd, 5�-gag tgc
atc ctg tac ttt gcg gag ggc gcg ccg-3�; K464F_rev, 5�-cgg cgc ccc tcc
gca aag tac agg atg cac tc-3�.

Transfection—COS7 or HeLa cells were plated in 35-mm
dishes at a density of 2.5 � 105 cells in antibiotic-free phenol
red-free DMEM. The cells were then transfected with vari-
ous plasmid expression vectors using polyethyleneimine
(CELLnTEC, Switzerland) as described in more detail in the
legends of Figs. 4 –7.

Protein Lysate Collection and Western Blotting Analysis—
Cells were lysed with cold lysis buffer (50 mM HEPES, 150 mM

NaCl, 1% Triton X-100, 5 �g/ml pepstatin A, 5 �g/ml leupep-
tin, 2 �g/ml aprotinin, 1 mM PMSF, 100 mM sodium fluoride,
and 1 mM sodium vanadate (pH 7.5)). Lysate was homogenized
using chilled 29-gauge syringes. Protein supernatants were col-
lected after centrifugation at 20,227 relative centrifugal force
for 12 min at 4 °C. Protein concentration was determined using
the BCATM protein assay kit (Pierce). Proteins were resolved by
SDS-PAGE before transferring onto a nitrocellulose membrane
(Amersham Biosciences). Anti-PR antibody, H-190 (Santa
Cruz Biotechnology), was used to probe for human PR iso-
forms, PRA and PRB. Phospho-Ser-294 was probed by Ser-294
antibody from Neomarkers, whereas phospho-Ser-400 was
probed by Ser-400 antibody, generously provided by Carol A.
Lange (University of Minnesota). The secondary anti-mouse
and anti-rabbit antibodies (GE Healthcare) were used in dilu-
tions of 1:1000 and 1:2000, respectively, in reference to the pri-
mary antibody used. Anti-�-actin (Santa Cruz Biotechnology)
was used to probe for �-actin as loading control. Signal detec-
tion was carried out using enhanced chemiluminescence (ECL)
(GE Healthcare) or Immobilon Western Chemiluminescent
HRP substrate (Millipore) according to the manufacturer’s pro-
tocol and exposed to x-ray film (Eastman Kodak Co.). Densi-

tometry readings were obtained using the Bio-Rad GS-800
scanning densitometer.

Dephosphorylation Assay—Dephosphorylation of PR was
carried out to diminish PR gel upshift due to phosphorylation
(32). Cells were harvested with cold lysis buffer as was described
earlier without phosphatase inhibitors (PI) sodium fluoride and
sodium vanadate. 30 �g of total protein lysate from each sample
was then incubated with 0.5 units of calf intestinal alkaline
phosphatase (CIP)/�g of protein in CIP buffer for 60 min at
37 °C before it was analyzed by Western blotting.

Luciferase Reporter Assay—Luciferase assay procedures were
adapted from the manufacturer protocol provided by the Dual-
Luciferase Reporter System kit (Promega). Briefly, HeLa cells
were seeded onto 60-mm dishes and were transfected with
polyethyleneimine and 5 ng of pcDNA3.1, pcDNA3.1-WT
PRB, or pcDNA3.1-PRB-K464Q/F/A in addition to reporter
plasmids, such as 1.5 �g of PRE2-TATA-Firefly luciferase
(PRE2-Luc) reporter plasmid and 5 ng of Renilla pRL-CMV
vector (both generously provided by Dr. M.-J. Tsai, Baylor Col-
lege of Medicine, Houston, TX). To study the functional inter-
action between PRB or its mutants and the co-regulators of
steroid receptors, 5 ng of PRB or mutant plasmids was trans-
fected with various amounts of pCR3.1-SRC-1 (generously pro-
vided by M.-J. Tsai), pSG5-Myc-NCoR1, or pSG5-Myc-SMRT
(kindly provided by Martin L. Privalsky, University of Califor-
nia, Davis, CA), together with 1.5 �g of PRE2-Luc and 1 ng of
Renilla plasmids as described in the legends of Figs. 5–7.

24 h post-transfection, the cells were treated with 0.1% eth-
anol (EtOH) or 10 nM R5020 for various durations before they
were lysed by 1� passive lysis buffer provided in the Dual-
Luciferase Reporter System kit (Promega). 20 �l of lysate was
analyzed using a computer-controlled microplate luminometer
(Thermo Scientific Fluoroskan� Ascent FL). Experiments were
done in either triplicates or quadruplicates.

Mammalian Two-hybrid Assay—Mammalian two-hybrid
assays were performed with minor modifications (33). Briefly,
HeLa cells were transfected with 500 ng of VP16/WT PRB or
VP16/PRB-K464Q/F in addition to 500 ng of GAL, GAL/
NCoR1-RID, or GAL/SMRT-RID and 500 ng of 5� GAL4-RE-
luc reporter plasmid. 24 h post-transfection, the cells were
treated with 0.1% EtOH or 10 nM R5020 for 24 h before they
were lysed by 1� reporter lysis buffer provided in the Lucif-
erase Reporter System kit (Promega). 20 �l of lysate was
analyzed using a computer-controlled microplate luminom-
eter (Thermo Scientific Fluoroskan� Ascent FL). Experiments
were done in triplicates. The relative light units (RLU) of each
sample are normalized against its protein concentration, as
determined by the BCATM protein assay kit (Pierce). -Fold
induction by R5020 is obtained by expressing the ratio of the
normalized value of R5020-treated samples against vehicle con-
trol samples.

RNA Extraction and Quantitative Real-time PCR—Total
RNA was extracted with TRIzol reagent (Invitrogen) based on
the manufacturer’s instructions. RNA was reverse transcribed
with SuperScript II reverse transcriptase (Invitrogen) based on
the manufacturer’s protocol. Quantitative real-time PCR was
carried out with SYBR Green master mix (Bio-Rad) on an ABI
Prism 7700 sequence detection system (Applied Biosystems)
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based on the manufacturer’s protocol. Real-time PCR for each
targeted gene was performed in triplicates. Human acidic ribo-
somal phosphoprotein P0 (RPLP0), 36B4, was included as an RNA
loading control for normalization of the quantity of cDNA sample
used in each experiment. The -fold induction or repression for
each gene expression between ethanol (vehicle control)- and hor-
mone-treated samples was calculated by normalizing Ct values
with 36B4 Ct values based on the formula, relative expression �
2x, where x � (Ct(control)gene X � Ct(hormone)gene X) �
(Ct(control)36B4 � Ct(hormone)36B4).

After the amplification process, melting curve analysis using
the LightCycler instrument was performed to verify the speci-
ficity of the PCR products. Primer sequences used in real-time
PCR are as follows: FKBP5_fwd, 5�-ccc ccg cgg cga cag gtt ctc
tac-3�; FKBP5_rev, 5�-cca atc atc ggc gtt tcc tca cca-3�; 11�-
HSD2_fwd, caa ggg gcc gca tcg tga ct; 11�-HSD2_rev, gca gca
gct ctt gag gca ggt tg; MUC1_fwd, aga cgt cag cgt gag tga tg;
MUC1_rev, cag ctg ccc gta gtt ctt tc; LUM_fwd, 5�-cga act ggc
tga tag tgg aa-3�; LUM_rev, 5�-caa gtt gat tga cct cca gg-3�;
PDLIM1_fwd, 5�-gtg acc ata tga ccc agg aat g-3�; PDLIM1_rev,
5�-cat gtt gtg gca tgt gtg agt a-3�; KIF11_fwd, 5�-att ccg gat gtg
gat gta gaa g-3�; KIF11_rev, 5�-cgc aga ggt aat ctg ctc ttt-3�;
CCNA2_fwd, 5�-tta ttg ctg gag ctg cct tt-3�; CCNA2_rev, 5�-ctc
tgg tgg gtt gag gag ag-3�.

Cell Growth—Cells (2 � 105) were seeded onto the 6-well
plates in phenol red-free DMEM supplemented with 5% DCC-
FCS. Two days later, cells were treated with 0.1% ethanol or 10
nM R5020. Treatment controls received 0.1% ethanol only. The
cell numbers were determined by counting on a hemocytome-
ter after 3 days of treatment.

Plasmid Immunoprecipitation—Plasmid immunoprecipita-
tion experiments were performed as described previously with
slight modifications (34). HeLa cells were grown in DMEM sup-
plemented with 5% charcoal-dextran-stripped serum for 1 day.
HeLa cells were transfected with 10 ng of WT PRB or PRB-
K464Q, in addition to 1.5 �g of PRE2-TATA luciferase reporter
plasmid. 24 h post-transfection, cells were treated with either
R5020 (10 nM) or vehicle control (0.1% EtOH) for 20 min. Cells
were subsequently cross-linked with formaldehyde (final con-
centration of 1%) for 10 min at room temperature. Cross-link-
ing was terminated by adding glycine to a final concentration
of 0.125 M. Cells were then harvested, and the remaining steps
followed standard protocols for ChIP experiments. Anti-PR
antibody (H-190, Santa Cruz Biotechnology) was used for
PR-PRE2-TATA-luciferase plasmid immunoprecipitation.
The resulting immunoprecipitated and input DNA was ana-
lyzed by PCRs with the following pair of primers used for the
detection of luciferase PREs: sense, 5�-cta gca aaa tag gct gtc
cc-3�; antisense, 5�-tat gtt ttt ggc gtc ttc cat-3�. PCR products
were analyzed by agarose gel (2%) electrophoresis.

Immunofluorescence—Wild-type PRB, PRB-K464Q, and
PRB-K464F MDA-MD-231 stable clones were seeded at a den-
sity of 8 � 104 cells in 35-mm dishes covered with a glass cov-
erslip each in phenol-free media stripped of hormones. After
hormone starvation for 2 days, the cells were then treated with
either 0.1% EtOH or 10 nM R5020 for 24 h. After hormone
treatment, the cells were then washed with PBS, fixed with 3.7%
formaldehyde, and permeabilized with 0.2% Triton X-100 for

10 min each before blocking for 1 h with blocking agent (2% FBS
in PBS). The cells were subsequently incubated with anti-pax-
illin (Transduction Laboratories) (Fremont, CA) antibody
diluted with the blocking agent in a dilution of 1:300 at 37 °C for
2 h. Thereafter, the coverslips were incubated with DAPI, phal-
loidin-FITC (Sigma-Aldrich), and DyLight594TM (Jackson
ImmunoResearch Laboratories Inc.) diluted with blocking
agent in dilutions of 1:2000, 1:20, and 1:250, respectively. The
coverslips were then mounted with fluorescent mounting
medium (Dakochromatin).

Cell Image Analysis—Analysis and quantification of the focal
adhesions and cell surface area of WT PRB and various Lys-464
mutant MDA-MB-231 stable cells (n � 12–18 from each
group) were conducted using Adobe Photoshop software. The
cells’ surface areas were quantified as the number of pixels
within the cells.

Statistical Analysis—Differences in activities between WT
PRB and Lys-464 mutants were analyzed using unpaired, two-
tailed Student’s t test using the program GraphPad Prism 5. The
data for the number of focal adhesions and cell surface area
were analyzed using a Mann-Whitney non-parametric test with
95% confidence using GraphPad Prism 6 software.

RESULTS

Identification of PR Methylation by LC-MS/MS Analysis—In
this study, we exploited proteomics techniques to determine if
PR is methylated at lysine or arginine residues. Large scale
immunoprecipitations of endogenously expressed PRA and
PRB from breast cancer T47D cells were carried out. The
immunoprecipitated proteins were resolved by SDS-PAGE,
and protein bands corresponding to PRA and PRB at 81 and 116
kDa were excised and then processed for LC-MS/MS analysis.

Lys-464 monomethylation was consistently identified in
both PRA and PRB isoforms in two unique peptides, ATPSRP-
GEAAVTAAPASASVSSASSSGSTLECILYK464(Me) and ATP-
SRPGEAAVTAAPASASVSSASSSGSTLECILYK464(Me)AEG-
APPQQGPFAPPPCK, in eight replicate experiments. Fig. 1A
shows the representative MS spectra from one experiment of
the unmodified peptide ATPSRPGEAAVTAAPASASVSSASS-
SGSTLECILYK (ion score of 102 and expect value of 4.4 e�008)
and modified peptide ATPSRPGEAAVTAAPASASVSSASSS-
GSTLECILYK(Me) (ion score of 76 and expect value of
0.00015), both identified in the 3� charge state when the
MS/MS spectra were searched with the IPI human database.
The figure depicts a positive mass shift of 14 Da, indicating the
incorporation of one methyl group to the Lys residue of the
peptide. The monomethylation of peptide was further con-
firmed by observing the retention time shift in the XIC of
the unmodified and modified peptides. Fig. 1B is the XIC of the
unmethylated peptides (top) integrated within 5 ppm at the
monoisotopic peaks showing the relative abundances of
the peptides and a shift to longer retention time of the methy-
lated peptide (middle). The methylation at lysine slightly
increases the overall hydrophobicity of the peptide, which
enhances the interaction of the peptides with the stationary
phase of the C18 HPLC column, resulting in the increase in the
retention time of the modified peptide. Another longer peptide
which contains Lys-464 in the middle, ATPSRPGEAAVTAA-
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FIGURE 1. Identification of Lys-464 as site of methylation by LC-MS/MS. A, MS spectrum showing a pair of unmodified and Lys-464-monomethylated
ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK peptides from cells cultured in medium. B, extracted ion chromatogram of ATPSRPGEAAVTAAPASASVSSAS-
SSGSTLECILYK (top) and ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK(Me) (middle) peptides integrated within 5 ppm at the monoisotopic peaks showing the
relative abundances of the peptides and the shift in retention time of the methylated peptide due to the increase in hydrophobicity. Bottom, extracted ion
chromatogram of ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK(Me)AEGAPPQQGPFAPPPCK.
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PASASVSSASSSGSTLECILYK464(Me)AEGAPPQQGPFAPP-
PCK, characterized by its 4� charge state (ion score of 68 and
expect value of 0.00074), was also detected in the later retention
time of the LC-MS/MS run (bottom). The detailed results of
these three peptides from a Mascot search are provided in Mas-
cot Peptide View in supplemental Data 1–3, respectively.

Figs. 2 and 3 show the MS/MS spectra and the fragment ion
assignments by the Mascot database search engine for the
methylated and unmethylated peptides from Fig. 1B. The y5, y6,
y8, y10, y11, y13, and y16 ions of the modified peptide (Fig. 2B)
demonstrated 14-Da positive mass shifts as compared with the
corresponding ions of the unmodified peptide from Fig. 2A,
indicating the modification by monomethylation of the pep-
tide. Furthermore, both the modified and unmodified peptides
have the same m/z values of b2� ions (b12

2� through b35
2�), sug-

gesting that the monomethylation took place at the C-terminal
Lys-464. Because the Lys-464 monomethylation is found at the
end of the tryptic peptide, there is no b ion, and y ion sand-
wiched the modification site (Fig. 2). However, the confidence
of correct assignment of Lys-464 monomethylation is signifi-
cantly increased when the methylation site is detected in the
middle of the second long tryptic peptide (Fig. 3). As shown in
Fig. 3 and supplemental Data 3, the Lys-464 methylation site is
sandwiched by a series of b and y ion fragments in the MS/MS
spectrum of the long peptide. Manual inspection of the b ion
series flanking the Lys-464 site of the longer peptide confirmed
the site of methylation to be at Lys-464. For example, the posi-
tive mass shifts of 14 Da do not occur until b36

2�; the mass dif-
ference between b34

2� (m/z � 1586.78) and b36
2� (m/z � 1739.36)

is 305.16 Da, which corresponds to the mass of tyrosine and
lysine modified by monomethylation.

Taken together, the LC-MS/MS results showed that both
PRA and PRB are endogenously monomethylated at Lys-464 in
T47D cells. Lys-464 monomethylation was also abundantly
detected in ectopically expressed PR from breast cancer MDA-
MB-231 cells and monkey kidney fibroblast cell line COS7.

To determine if the Lys-464 methylation is regulated by the
ligand, COS7 cells transfected with FLAG-PRB were grown in
media with and without progestin R5020 for 1 h before the cell
lysates were collected by IP for LC-MS/MS analysis. In addition
to PRB, PRA was also expressed from the second ATG of PRB
cDNA in detectable amounts on a Coomassie Blue-stained gel.
Both PRA and PRB bands were exercised and processed for
LC-MS/MS analysis of Lys-464 methylation. The XICs of the
unmodified and modified ATPSRPGEAAVTAAPASASVSSA-
SSSGSTLECILYK peptides were extracted within 5 ppm at the
corresponding monoisotopic peaks. Both PRA and PRB were
found to be methylated. The ratio of the area of the XIC of
the unmodified peptide and the Lys-464 monomethylated pep-
tide is about 1:1, and the ratio does not change in response to
ligand treatment, indicating that the Lys-464 monomethylation
probably is not regulated by the ligand (supplemental Data 4).

Lys-464 Mutants PR-K464Q and PR-K464A Exhibit Ligand-
independent Gel Upshift—Lys-464 lies within the minimal
region of AF-1 that was originally mapped to amino acids 456 –
546 (14, 15). AF-1 is known to mediate the ligand-independent
PR activation and to synergize with the ligand-dependent activ-
ity of AF-2 (15, 16, 35, 36). In order to define the functional

importance of Lys-464 methylation in regulating AF-1 activity,
we first searched for the lysine methyltransferase that methyl-
ates Lys-464 but found no candidate. We then generated four
PRB-Lys-464 mutants (PRB-K464A, PRB-K464Q, PRB-K464R,
and PRB-K464F) that would enable us to deduce the functional
role of Lys-464 and its methylation. The choice of amino acid
was based on the understanding that lysine methylation
increases both the local bulkiness and hydrophobicity of the
distal R group (37). The hydrophilic lysine was replaced with
the smaller, hydrophobic alanine to introduce maximal change
of local structure so as to demonstrate if Lys-464 is important
for PR function. Although glutamine is widely regarded as an
amino acid mimic for lysine acetylation, it is in fact similar to
unmodified lysine based on the size (both have a molecular
mass of �128 Da) and Kyte-Doolittle hydrophobicity scores
(�3.5 versus �3.9) (38). The difference is that Gln is zwitteri-
onic, whereas Lys is positively charged at physiological pH. Gln
has been suggested as a mimic for unmethylated lysine in the
study of methylation of retinoic acid receptor (39). Arginine, on
the other hand, resembles methylated lysine the most because
of the bulky guanidinium group and of its positive charge. In
fact, the steric structure of arginine is similar to the dimethyl-
ated lysine, so the K464R mutant was expected to mimic the
function of wild type PR. We also tested the effect of replacing
Lys-464 with a bulkier and hydrophobic phenylalanine, which
was reported to mimic the effect of lysine trimethylation or
arginine monomethylation (39, 40).

PR can be phosphorylated at more than a dozen serine
residues within NTD, and the majority of the phosphorylation
is ligand-induced (12). Progestin-induced phosphorylation
causes PR “gel upshift” on denaturing SDS-PAGE due to a
decrease in the electrophoretic mobility of the phosphorylated
PR (12, 41). The band upshift on a Western gel is therefore a
hallmark of PR activation. Interestingly, both PRB-K464Q and
PRB-K464A displayed ligand-independent gel upshift akin to
that of ligand-induced WT PRB (Fig. 4A). The gel upshift was
also clearly observed in PRA mutants, a minor product result-
ing from the second ATG of the PRB cDNA. Following R5020 (a
synthetic progestin) treatment, K464Q and K464A mutants
exhibited a further gel upshift that is higher than that of WT
PRB. In contrast, K464R and K464F mutants, which have
increased local bulkiness and hydrophobicity, did not display
PR band upshift (Fig. 4B). Because protein gel upshift is com-
monly associated with protein phosphorylation, it is plausible
that K464Q or K464A replacement may have caused changes in
the protein structure that is accessible for PR phosphorylation
by kinases.

Because the ligand-independent gel upshift of PRB-K464Q
and PRB-K464A resembles the ligand-induced PR gel upshift as
a result of PR phosphorylation, we tested if there is an increase
of ligand-independent PR phosphorylation at serine 294 and
400, the two most well studied PR phosphorylation sites. Phos-
phorylation at both sites can be ligand-induced, although PR
phosphorylation at Ser-400 is also evident in the absence of
ligand (42, 43). Indeed, both PRB-K464Q and PRB-K464A dis-
played higher basal levels of phosphorylation than PRB at Ser-
294 and Ser-400 in the absence of ligand (Fig. 4C). Furthermore,
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FIGURE 2. MS/MS spectra and fragment ions assignments by Mascot of Lys-464-unmethylated peptide and Lys-464-monomethylated PR peptides.
ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK (A) and ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK(Me) (B) were both identified in the 3� charge state
when the MS/MS spectra were searched with the IPI human database. The labeled peaks correspond to masses of the detected y, b, and b2� ions in peptide
fragments. The y5, y6, y8, y10, y11, y13, and y16 ions of the modified peptide showed mass shifts of �14 Da (marked in red) when compared with the correspond-
ing ions in the unmodified peptide from A. In addition, both the corresponding b2� ions (b12

2� through b35
2�) of modified and unmodified peptide shared the

same m/z values in the almost completed b2� ion series spanning the peptide in opposite orientation. Common m/z values of corresponding b2� ions shared
in both modified and unmodified peptide were underlined in red. The manual inspection of the y ions and b2� series suggested the modification of mono-
methylation took place at the C-terminal Lys-464. The detailed Mascot Peptide View of the peptides is provided in supplemental Data 1 and 2, respectively. The
labeled peaks correspond to masses of b and y ions of peptide fragments.

FIGURE 3. MS/MS spectra and fragment ion assignments by Mascot of Lys-464-methylated long peptide ATPSRPGEAAVTAAPASASVSSASSSGSTLECI-
LYK(Me)AEGAPPQQGPFAPPPCK. The detailed Mascot Peptide View is provided in supplemental Data 3. The labeled peaks correspond to masses of b and y
ions of peptide fragments. Positive mass shifts of �14 Da (marked in red) started from b36

2�. Manual inspection of fragmented b and y ion series flanking Lys-464
of this spectrum confirms the site of monomethylation to be at Lys-464.
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both mutants also displayed higher levels of ligand-induced
phosphorylation at both sites.

To further verify if the ligand-independent band upshift of
the K464Q mutant is due to phosphorylation, we determined if
a dephosphorylation reaction would abolish the band upshift.
Protein dephosphorylation can be conveniently brought about
by collecting cell lysates in buffer without PI that are routinely
added to the lysis buffer for preserving protein phosphorylation
and with the addition of CIP. As expected, the gel upshift of PRB-
K464Q was visibly reduced in the dephosphorylation buffer (Fig.
4D). The gel upshift of the PRA-K464Q form (derived from PRB
cDNA) was also evidently reduced in the dephosphorylation
buffer. These results suggest that the ligand-independent gel
upshift of PRB-K464Q and PRB-K464A mutants was to a large
extent due to the increases in ligand-independent phosphoryla-
tions. This notion is further substantiated by the observation that
the gel upshift of PRB-K464Q�LBD (minus LBD) was also
reduced under dephosphorylation conditions (Fig. 4E).

K464Q Mutant Exhibits Heightened Ligand-independent
AF-1 Activity—Because PR band upshift and phosphorylation
are associated with ligand-induced PR activation, we deter-
mined if PRB-K464Q is more active than WT PRB in the
absence of ligand using a PRE-luciferase assay. Although there
were no consistent increases in the ligand-independent activity
of the full-length PRB-K464Q compared with WT PRB, the
ligand-independent activity of PRB-K464Q�LBD was 3 times
that of PRB�LBD in HeLa cells (Fig. 5A), confirming that
K464Q mutation led to higher ligand-independent AF-1 activ-
ity. The observed difference in activity was not due to unequal

protein expression, as demonstrated by the corresponding PR
protein immunoblot of the two plasmids (Fig. 5B).

PR-K464Q and PR-K464A Exhibit Heightened Ligand-depen-
dent Activity—Lys-464 mutations also have a significant effect
on the ligand-induced activity of PR. Following treatment with

FIGURE 4. K464Q and K464A mutants display slower gel electrophoresis mobility. A, unliganded PRB-K464Q and PRB-K464A mutants exhibit slower gel
mobility that is similar to that of ligand-treated WT PRB. COS7 cells transfected with 100 ng of WT PRB, PRB-K464Q, or PRB-K464A plasmids were treated with
0.1% EtOH or 10 nM R5020 for 1 h before lysates were collected for Western blotting analysis using specific antibody against PRB. B, PRB-K464R and PRB-K464F
mutants did not exhibit ligand-independent gel upshift. C, higher levels of Ser-294 and Ser-400 phosphorylation were detected in PRB-K464Q or PRB-K464A
than in WT PRB treated with (�) or without (�) R5020. COS7 cells transfected with 100 ng of WT PRB and Lys-464 mutant plasmids were treated with either 0.1%
EtOH or 10 nM R5020 for 1 h before lysates were collected for Western blotting analysis using specific antibodies against PRB, phospho-Ser-294, or phospho-
Ser-400 on PRB. �-Actin was probed as a loading control. The immunoblots were analyzed by densitometry. The numbers below the blots depict the relative
densitometry ratios of phospho-PR to total PR. D, the ligand-independent gel upshift of PRB-K464Q was diminished in cell lysates collected in the absence of
PI. The samples collected without PI were also treated with CIP. E, K464Q mutant truncation PRB-K464Q�LBD also displayed gel upshift that was diminished in
lysis buffer with CIP and without PI.

FIGURE 5. Ligand-independent transcriptional activity of K464Q�LBD is
heightened. A, K464Q�LBD exhibits higher transcriptional activity. HeLa
cells were transfected with 5 ng of either WT PRB�LBD or PRB-K464Q�LBD
vector, in addition to fixed amounts of PRE2-TATA-luciferase (1.5 �g) and
Renilla (1 ng) expression vectors. All PRE-driven luciferase activity was normal-
ized to Renilla and expressed as the average RLU of triplicate readings 	 S.E.
(error bars) Relative PRE-luc activity was calculated as the ratio of the RLU of
WT PRB�LBD- or PRB-K464Q�LBD-transfected samples divided by the RLU of
vector control (pcDNA3.1)-transfected samples. Asterisks denote statistical
significance (****, p 
 0.0001) determined by unpaired Student’s t tests. B,
K464Q�LBD expressed in HeLa cells exhibits gel upshift in Western blotting
analysis. �-Actin was probed as a loading control.
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10 nM R5020 for 12 h, PRE-Luc activities in cells transfected
with PRB-K464Q and PRB-K464A were 3– 4 times that of the
WT PRB (Fig. 6A). Hence, the ligand-induced increase of PR
activity is similar to the ligand-independent increase of PRB-
K464Q�LBD activity. Furthermore, this increase in ligand-in-
dependent activity of PRB-K464Q�LBD was due to the hyper-
activity of AF-1 rather than AF-3 because the K464Q mutant of

PRA, which does not contain AF-3, also exhibited a similar
increase of activity compared with WT PRA (supplemental
Data 5).

We further characterized the effect of the K464Q mutation
on PRB activity under different experimental conditions. First,
it was found that PRB-K464Q was consistently more active than
WT PRB when transfected with various amounts (1, 2, and 5 ng)

FIGURE 6. PRB-K464Q and PRB-K464A are transcriptionally hyperactive, whereas PRB-K464F is transcriptionally hypoactive. A, enhanced ligand-
induced transcriptional activity of PRB-K464Q and PRB-K464A. HeLa cells were transfected with 5 ng of PRB, PRB-K464Q, or PRB-K464A, in addition to 1.5 �g of
PRE2-TATA-luciferase and 1 ng of Renilla expression vectors. Cells were then treated with either vehicle (0.1% EtOH) or 10 nM R5020 for 12 h. PRE-driven
luciferase activity was normalized to the Renilla reading and expressed as the average RLU of triplicate measures 	 S.E. (error bars). -Fold induction by R5020
was calculated as the ratio of the RLU of R5020-treated samples divided by the RLU of corresponding EtOH-treated samples. B, PRB-K464Q is more active than
WT PRB at different amounts of plasmids. HeLa cells were transfected with various amounts of WT PRB or PRB-K464Q plasmids (1, 2, 5 ng), in addition to reporter
plasmids as described in A. -Fold induction is calculated as described in A. All results are shown to be significant (p 
 0.0001). C, activity of WT PRB and
PRB-K464Q to ligand stimulation at different time points. HeLa cells were transfected with plasmids described in A. Cells were then induced with 10 nM R5020
for various times (0.5, 1, and 2 h). -Fold induction at each time point was calculated as described in A. Asterisks denote statistical significance (***, p 
 0.001). D,
PRB-K464Q shows increased affinity to progesterone-responsive element sequences. HeLa cells were plated in 5% charcoal-stripped phenol-free serum
overnight. Cells were transfected with 10 ng of pcDNA3.1 vector control, WT PRB, or PRB-K464Q, in addition to 1.5 �g of PRE2-TATA-luciferase vector. Cells were
then treated with vehicle (0.1% EtOH) or 10 nM R5020 for 20 min at 37 °C. Fixed DNA-protein complex was immunoprecipitated with specific antibodies against
PR (H190, Santa Cruz Biotechnology). Relative levels of PR-PRE promoter interaction were measured by PCR, and 1% DNA input was included as a loading
control. E, PRB-K464F exhibits reduced transcriptional activity. HeLa cells were transfected with WT PRB, PRB-K464F, or PRB-K464R and reporter plasmids and
then treated as described in A. Asterisks denote statistical significance (****, p 
 0.0001) determined by unpaired Student’s t tests. F, activity of WT PRB,
PRB-K464Q, and PRB-K464F in response to different concentrations of R5020. PR-negative HeLa cells were transfected with plasmids as described in A. Cells
were then treated with various concentrations of R5020 (0.01, 0.1, 1, and 10 nM) for 12 h before they were collected for luciferase activity. All results are shown
to be significant (between WT PRB and PRB-K464Q or PRB-K464F at the same R5020 dosage) with unpaired Student’s t test, two-tailed (****, p 
 0.0001).
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of the expression vectors (Fig. 6B). Second, a short time course
experiment showed that the ligand-induced activity of PRB-
K464Q initiated earlier than WT PRB. After 1 h of R5020 treat-
ment, PRB-K464Q activity was increased by 7.5-fold, whereas
the activity of WT PRB remained at the basal level (Fig. 6C).
This accelerated ligand-induced activity of PRB-K464Q is
probably related to the ligand-independent phosphorylation, so
the journey to activation may be shorter. Indeed, the plasmid
immunoprecipitation assay showed that more PRB-K464Q was
already bound to canonical 2XPRE sequences in the absence of
ligand than WT PRB (Fig. 6D). There was also a marked
increase in PRB-K464Q-PRE binding upon ligand treatment
compared with WT PRB. This phenomenon is in concordance to
its enhanced ligand-independent and ligand-dependent transcrip-
tional activity, as observed in various luciferase reporter assays
(Figs. 5A and 6 (A–C)).

Although both arginine and lysine are positively charged,
arginine is bulkier sterically due to the quanidinium group and
therefore resembles the methylated lysine. Accordingly, the
transcriptional activity of PRB-K464R was similar to that of WT
PRB (Fig. 6E). On the other hand, replacement of Lys-464 with
the bulkier and highly hydrophobic phenylalanine resulted in
more than 50% reduction of PR activity.

Lys-464 Mutation Modifies Ligand Sensitivity—The results
presented so far suggest that Lys-464 is critical for both the
ligand-independent and ligand-dependent activity of AF-1.
Lys-464 methylation may exert a repressive role. We next
examined if Lys-464 mutation modifies PR sensitivity to PR
ligand. Transcriptional activities of WT PRB, PRB-K464Q, and
PRB-K464F in response to various concentrations of R5020
(0.01, 0.1, 1, and 10 nM) were measured by a PRE-Luc assay in
HeLa cells. Fig. 6F shows that PRB-K464Q was consistently
more sensitive to progestin than WT PRB and PRB-K464F.
For example, PRB-K464Q demonstrated similar activity in
response to 0.1 nM R5020 as WT PRB to 1 nM R5020. In con-
trast, PRB-K464F required 10 times more R5020 (10 nM) than
PRB (1 nM) to display similar activity. This suggests that Lys-
464 methylation at AF-1 may regulate ligand sensitivity.

Lys-464 Affects the Recruitment of PR Co-activators—PR
activity can be regulated through its ability to recruit transcrip-
tion co-regulators, which in turn modify chromatin structure to
facilitate the recruitment of basal transcription machinery.
Nuclear receptor corepressor 1 (NCoR1) and silencing media-
tor of retinoid and thyroid hormone receptor (SMRT) are well
known NR co-repressors (44 – 46). We asked whether the
heightened effect of K464Q mutation on PR activity resulted
from an inhibition of recruitment of NCoR1 and SMRT. Sur-
prisingly, co-transfection of 10 or 50 ng of NCoR1 expression
vector with 5 ng of WT PRB stimulated the transcriptional
activity of both WT PRB and the mutants in response to 0.1 nM

R5020 (Fig. 7A). Furthermore, PRB-K464Q was more respon-
sive, whereas PRB-K464F less responsive to the co-activating
effect of NCoR1 than WT PRB. The absolute -fold increase of
PRB activity due to 10 ng NCoR1 was 50-fold. In contrast,
increased activity of PRB-K464Q was 180-fold, and that of PRB-
K464F was merely 8-fold (Fig. 7A). It is also interesting that the
increase of PR activity due to NCoR1 overexpression was pro-
portional to the activities of PR and Lys-464 mutants in the

absence of NCoR1 overexpression. We speculate that in the
absence of overexpression, endogenous NCoR1 also played a
role in the heightened or weakened activity of the Lys-464
mutants. Although SMRT was also a co-activator to PRB and
Lys-464 mutants in this experimental setting, the absolute -fold
increase of PR activity due to SMRT was not markedly different
between PRB and the Lys-464 mutants (Fig. 7B). The data thus
indicate that Lys-464 is critical for the functional interaction
with NCoR1, which apparently functioned as a co-activator of
PR under our experimental conditions. Other studies have also
reported that NCoR1 could be recruited by either agonist- or
antagonist-bound PR (47, 48) and acted like a co-activator in
response to low doses of R5020 (49).

We also examined if Lys-464 mutation alters functional
interaction with SRC-1 (steroid receptor coactivator), a bona
fide nuclear receptor co-activator that is known to functionally
interact with both AF-1 and AF-2 of PR (16, 50, 51). There was
an about 600-fold increase of R5020-induced PRB-K464Q
activity in cells co-transfected with 10 ng of SRC-1 compared
with empty vector control. This is in contrast to a 300-fold
increase of WT PRB activity and a 100-fold increase of PRB-
K464F in response to SRC-1. With a larger amount of SRC-1
vector (50 ng), the difference among PRB and the mutants was
reduced. The effect of a large amount of SRC-1 overexpression
may have achieved a saturation effect such that the effect dif-
ference between PR and Lys-464 mutants was narrowed (Fig.
7C).

Co-repressors (e.g. NCoR1 and SMRT) are known to interact
via their receptor interaction domains (RIDs) with the LBD in
the C-terminal half of steroid/nuclear receptors (52). It is also
reported that, other than LBD, the AF-1 domain of glucocorti-
coid receptors and PR is also important for mediating the inter-
action with the RID of co-repressors NCoR1 and SMRT (33). In
particular, it was shown that PR N-terminal amino acids 468 –
508 are critical for PR interaction with the RID of NCoR1 or
SMRT (33). Because Lys-464 is directly adjacent to the frag-
ment and could participate in the interaction with the RIDs, we
determined whether Lys-464 mutations (PRB-K464Q and
PRB-K464F) alter PR interaction with RID of NCoR1 or SMRT.
A modified mammalian two-hybrid analysis was conducted as
was described in the above mentioned study. Chimeras of
NCoR1-RID and SMRT-RID fused to the GAL4 DNA-binding
domain were used in the assays to detect the association of
co-repressors with either wild-type PRB or PRB-Lys-464
mutants fused with the VP16 activation domain. The interac-
tions between the RIDs and PRB or the mutants were indicated
by the ligand-induced GAL4-regulated luciferase activity. Fig.
7D shows that R5020 induced significant (p 
 0.001) interac-
tion between NCoR1-RID and WT PRB. The magnitude of the
interaction is similar to what was reported previously (33). In
accordance with the co-activating effect of NCoR1 on PRB-
K464Q, GAL4/NCoR1-RID interaction with PRB-K464Q was
significantly more (p 
 0.001) than that with WT PRB. On the
other hand, PRB-K464F demonstrated no detectable interac-
tion with GAL4/NCoR1-RID (Fig. 7D), although NCoR1 did
increase the activity of PRB-K464F marginally shown in Fig. 7A.
We also tested the interactions of GAL4/SMRT-RID with PRB
and Lys-464 mutants. As was expected, PRB-K464Q interacted
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with GAL4/SMRT-RID more than WT PRB did, whereas PRB-
K464F interacted less (Fig. 7E). Western blotting analysis indi-
cates that equal amounts of VP16/PRB, VP16/PRB-K464Q, and
VP16/PRB-K464F were expressed in HeLa cells (Fig. 7F). Col-
lectively, the data from the mammalian two-hybrid assay sup-
port the notion that Lys-464 of PR AF-1 plays a key role in PR
physical and functional interaction with NCoR1 and SMRT.
K464Q mutation facilitates, whereas K464F mutation hinders,
the interaction. The altered interaction explains at least partly
the mechanisms by which K464Q mutation heightens, whereas
K464F mutation weakens, PR activity. Consistent with the

effect on PR activity in the PRE-Luc assay, Lys-464 mutation
interferes with the interaction of PR with NCoR1 to a greater
extent than with the interaction with SMRT in the mammalian
two-hybrid assays.

Lys-464 Mutations Alter Markedly PR-mediated Progestin
Response in Breast Cancer Cells—The PR reporter gene assay
measures the ability of PR to interact with PRE and recruit
transcription machinery. This assay may not reflect the whole
cellular effect of PR because many target genes of PR do not
contain the typical palindromic PRE sequence, and the biolog-
ical effects of PR are also significantly attributed to PR interac-

FIGURE 7. PRB-K464Q and PRB-K464F display differential sensitivity to the co-regulator’s effects of NCoR1. HeLa cells were transfected with 5 ng of WT
PRB, PRB-K464Q, or PRB-K464F together with various amounts of NCoR1, SMRT, or SRC1 in addition to fixed amounts of PRE2-TATA-luciferase (1.5 �g) and
Renilla (1 ng) expression vectors. Cells were then treated with either vehicle control (0.1% EtOH) or 10 nM R5020 for 12 h. PRE-driven luciferase activity was
measured and calculated as was described in the legend to Fig. 5. Results are means 	 S.E. (error bars). A, effects of NCoR1 co-transfection (0, 10, and 50 ng) on
WT PRB, PRB-K464Q and PRB-K464F transcriptional activity. B, effects of SMRT co-transfection (0 and 10 ng) on WT PRB, PRB-K464Q, and PRB-K464F transcrip-
tional activity. C, effects of SRC1 co-transfection (0, 10, and 50 ng) on WT PRB, PRB-K464Q, and PRB-K464F transcriptional activity. All results are shown to be
significant with unpaired Student’s t test, two-tailed (p 
 0.01). D, PRB-K464Q demonstrated enhanced NCoR1-RID interaction with R5020 induction. HeLa cells
were transfected with 500 ng of VP16/WT PRB or VP16/PRB-K464Q/F, in addition to 500 ng of NCoR1-RID and 5� GAL4-RE-luc reporter plasmid. After
transfection, the cells were incubated with either 0.1% ethanol or 100 nM R5020 for 24 h and subsequently harvested for luciferase and protein assays. The data
are presented as -fold induction by expressing the normalized RLU (against the respective protein concentrations) of R5020-treated samples as a ratio of the
normalized RLU of 0.1% ethanol control samples. The data from a representative experiment are shown. Error bars, S.E. E, PRB-Lys-464 mutants displayed similar
SMRT-RID interaction as WT PRB. Cells were transfected with VP16/WT PRB or VP16/PRB-Lys-464 mutations in addition to 500 ng of NCoR1-RID and 5�
GAL4-RE-luc, treated, and analyzed as in D. F, relative protein levels of VP16/WT PRB/PRB-K464Q/F as was detected by PR-specific antibody H190. �-Actin was
probed as a loading control. Asterisks denote statistical significance (*, p 
 0.05; **, p 
 0.01; ***, p 
 0.001; ****, p 
 0.0001) determined by unpaired Student’s
t tests. n.s., not significant.
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tion with other transcription factors, such as activator protein 1
NF-�B, through a tethering mechanism (53–56). To assess the
whole cellular effect of K464Q mutation, we generated multiple
clones of stably transfected pcDNA3.1, WT PRB, PRB-K464Q,
and PRB-K464F MDA-MB-231 cells, and three clones of simi-
lar levels of PR protein (Fig. 8A) from each group were selected
and pooled during the experiment to evaluate the effect of Lys-
464 mutations on gene expression, cell adhesion, and growth.
Fig. 8, B–D, shows the effect of Lys-464 mutation on progestin-
induced mRNA expression of three PR target genes, mucin 1
(MUC1) (Fig. 8B), FK506-binding protein 5 (FKBP5) (Fig. 8C),
and 11�-hydroxysteroid dehydrogenase (11�-HSD2) (Fig. 8D),
all known to contain PRE in their promoters (57–59). In con-
cordance with observations from PRE luciferase reporter

assays, the PRB-K464Q mutant was significantly more potent
than WT PRB in up-regulating these genes, whereas PRB-
K464F was significantly less active.

It was reported previously that progestins were able to inhibit
cell cycle progression in PR-transfected MDA-MB-231 cells
(28, 60). We assessed the effects of Lys-464 mutations on the
growth-inhibitory effects of R5020 using MDA-MB-231 cells
expressing the different PRB-Lys-464 mutants. Consistent with
previous studies, progestin inhibited the growth of WT PRB-
transfected MDA-MB-231 cells by 38% after 72 h of treatment.
PRB-K464Q mutation heightened PR-repressive activity on cell
growth, and the total cell number was reduced by 65% (p 

0.001). On the other hand, PRB-K464F mutant exhibited simi-
lar activity in growth inhibition (36%) as WT PRB (Fig. 8E). We

FIGURE 8. PRB-K464Q displayed higher PR-mediated R5020 induced cellular activity, whereas PRB-K464F exhibited lower activity in breast cancer
cells. A, relative protein levels of WT PRB/PRB-K464Q/PRB-K464F in various MDA-MB-231 stable clones as was detected by PR specific antibody H190. �-Actin
was probed as a loading control. MDA-MB-231 cells stably expressing pcDNA3.1, WT PRB, PRB-K464Q, or PRB-K464F were serum-starved for 48 h, followed by
treatment with 10 nM R5020 or 0.1% ethanol for 24 h. MUC1 (B), FKBP5 (C), 11�-HSD2 (D), or 36B4 (internal control) mRNA levels were analyzed by real-time PCR.
E, R5020-induced growth inhibition of PRB- and Lys-464 mutants- transfected clones. Equal numbers of cells (2 � 105) of three clones from each group
(pcDNA3.1, WT PRB, PRB-K464Q, and PRB-K464F) were serum-starved in phenol red-free DMEM supplemented with 5% DCC-FCS for 2 days. Cells were then
treated with either vehicle control (0.1% EtOH) or 10 nM R5020. The cells were harvested after 3 days of treatment, and cell numbers were determined by
counting on a hemocytometer. The results are expressed as the absolute cell numbers (mean 	 S.E., n � 3). KIF11 (F) and CCNA2 (G) or 36B4 (internal control)
mRNA levels were analyzed by real-time PCR. Asterisks indicate statistical significance (*, p 
 0.05; **, p 
 0.01; ****, p 
 0.0001; unpaired Student’s t test). Error
bars, S.E.
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also examined the effects of PRB-Lys-464 mutations on proges-
tin repression of mRNA expression of two cell cycle-regulatory
genes, kinesin-like protein 1 (KIF11) (Fig. 8F) and cyclin A2
(CCNA2) (Fig. 8G), in the MDA-MB-231 clones. The treatment
of progestin reduces the gene expression of CCNA2 and KIF11
in WT PRB and PRB-Lys-464 mutation clones. In concordance
with the observations from the proliferation assay, PRB-K464Q
exhibits the greatest reduction of mRNA levels of CCNA2 and
KIF11, but PRB-K464F represses CCNA2 and KIF11 mRNA
levels similarly to WT PRB. The data seem to suggest that,
whereas the K464Q mutation heightens PR activity on growth
inhibition, the K464F mutation does not alter PR activity on
growth inhibition significantly.

It is known that progestin induces remarkable focal adhesion
and cell spreading in PRB-transfected MDA-MB-231 cells (62).
We evaluated if there is any difference in progestin-induced
focal adhesion and cell spreading between PRB and PRB-Lys-
464 mutants (K464Q and K464F). All clones exhibited similar
cellular morphology and diameter under control conditions
(Fig. 9, A and B). Upon treatment, PRB-K464Q clones exhibit a
greater degree of spreading and occupied a greater surface area
than WT PRB cells (p 
 0.05), whereas PRB-K464F cells have a
lesser degree of spreading (statistically insignificant because of
high variation) with WT PRB (Fig. 9, A and B). The morphology
of the K464Q cells and WT PRB was then further evaluated by
visualizing using phalloidin-FITC conjugate while the focal
adhesions were stained with anti-paxillin antibody. In response
to R5020, PRB-K464Q-transfected cells showed a significantly
greater degree of increase of stress fibers and focal adhesions
than WT PRB-transfected cells (Fig. 9, A and C). In contrast,
cells transfected with PRB-K464F had a significantly lesser
number of focal adhesions (p 
 0.01).

A genome-wide expression study has reported that proges-
terone modulates genes involved in cell adhesion and motility
in PR-transfected MDA-MB-231 cells (63). Lumican (LUM)
and PDZ and LIM domain 1 (PDLIM1) are among the cell adhe-
sion genes up-regulated by progesterone in these cells. LUM
and PDLIM1 (Fig. 9, D and E) were selected to test the effects of
PRB-Lys-464 mutations on their regulation by progestin
because of their functional involvement in cell adhesion. LUM
is an extracellular matrix protein and belongs to the family of
small leucine-rich proteoglycans. In addition to regulating col-
lagen fibrillogenesis, LUM has been reported to inhibit cell
migration in melanoma cells and human mesenchymal stem
cells via integrin �1 (64, 65). PDLIM1/Elfin binds to filamen-
tous actin-associated proteins and regulates organ develop-
ment (66, 67). In agreement with its heightened activity on cell
spreading, PRB-K464Q mediated greater induction of LUM
and PDLIM1 by R5020 as compared with WT PRB (Fig. 9, D and
E). In contrast, PRB-K464F mediated less induction of LUM
and PDLIM1 (Fig. 9, D and E). These gene expression analyses
provide the molecular basis for the hyper- and hypoactivity of
K464Q and K464F mutants on cell adhesion.

DISCUSSION

It has been increasingly recognized that lysine and arginine
methylation of nuclear receptors plays pivotal roles in regulat-
ing both the nuclear and cytoplasmic signaling (68 –71). The

first report was on trimethylation of retinoic acid receptor at
Lys-347 in the ligand binding domain (39). Mutation of Lys-347
to alanine or glutamine disrupted the interaction of retinoic
acid receptor with cofactors p300/CBP and with its het-
erodimer partner RXR. Subsequently, ER� was found to be
methylated at lysine 302 and arginine 260 (69, 71). Lys-302
methylation by SET7 is necessary for efficient promoter bind-
ing, whereas arginine methylation at Arg-260 of the DNA-bind-
ing domain is critical for the cytoplasmic signaling of ER�. The
present study reports the first evidence of PR methylation at
Lys-464 of AF-1 by LC-MS/MS analysis of both endogenous PR
expressed in T47D cells and transfected PR in MDA-MB-231
and COS7 cells. The methylation site was sandwiched by a
series of b and y ions from collisional activated dissociation of
the longer peptide precursor ion, indicating the methylation
site was identified with very high confidence. Assuming that the
methylation is not lost during the sample preparation, about
50% of PR carries the monomethylation mark at Lys-464 based
on the XIC area. This may represent a subclass of PR that is
regulated by Lys-464 methylation.

Although the lysine methyltransferase responsible for Lys-
464 methylation remains elusive, the functional characteriza-
tion of four different Lys-464 mutants has shed light on the
functional significance of Lys-464 methylation. The results
argue for a repressive role of Lys-464 methylation on PR activity
based on the understanding that lysine methylation increases
the local bulkiness and hydrophobicity. Replacement of Lys-
464 with bulkier arginine, which resembles methylated lysine
because of the bulky quanidinium group and its positive charge,
mimicked the activity of WT PRB. PRB-K464F mutation, which
introduced a bulkier phenylalanine, significantly inhibited PR
activity. On the other hand, mutation of Lys-464 to glutamine
and alanine, which are either similar to or smaller than lysine,
led to heightened PR activity. Nonetheless, there is no bona fide
amino acid mimic of lysine monomethylation. Knowledge of
specific lysine methyltransferase for Lys-464 will help to further
verify the role of PR methylation.

It is remarkable that the single amino acid at position Lys-464
dominates the structural organization of PR such that PRB-
K464Q or PRB-K464A, but not PRB-K464R or PRB-K464F,
resulted in ligand-independent PR gel upshift (Fig. 4) that is
commonly seen in ligand-activated PR (12, 41). Lys-464 resides
within ER-interacting domain II, mapped to amino acids 456 –
546. ER-interacting domains I and II flank a proline-rich motif
(amino acids 421– 428) responsible for PR binding to the Src
homology 3 domain of various cytoplasmic signaling proteins,
including c-Src (72, 73), which is involved in progestin-induced
PR phosphorylation (54). It is plausible that Lys-464 is an
important part of the interaction interface, and Lys-464 meth-
ylation hinders the interaction between the proline-rich motif
and Src homology 3 domain-containing signaling molecules.
K464Q or K464A mutations overcome this hindrance, leading
to an increase in ligand-independent PR phosphorylation and
AF-1 activation. On the other hand, there is probably other
post-translational modification-associated change that con-
tributes to the gel upshift of PRB-K464Q or PRB-K464A
mutants because the dephosphorylation reaction reversed
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some but not all of the gel upshift of these mutants (Fig. 4, D
and E).

The study of Lys-464 mutants has provided intriguing evi-
dence that AF-1 of PR is also involved in regulating the ligand

sensitivity. PRB-K464Q required nearly 10 times less R5020
than WT PRB and 100 times less R5020 than PRB-K464F to
display similar levels of activities (Fig. 6F). This implies that
gene polymorphism/mutation at Lys-464 could significantly

FIGURE 9. PRB-K464Q displayed higher activity than WT PRB in R5020-induced spreading and focal adhesion of MDA-MB-231 cells stably transfected
with WT PRB or PRB-K464Q. A, R5020-induced focal adhesions and cytoskeletal structure in WT PRB-, PRB-K464Q-, and PRB-K464F-expressing MDA-MB-231
cells. Cells grown on coverslips were treated with 0.1% ethanol or 10 nM R5020 for 24 h before they are fixed, permeabilized, and stained for focal adhesions and
stress fibers. The stress fibers were stained with phalloidin-FITC conjugate, whereas the focal adhesions were stained with anti-paxillin antibody followed by
DyLight 594 fluorescent secondary antibody. The phalloidin-FITC conjugate and secondary antibody were then incubated with DAPI. The cells were imaged at
40� magnification using an Olympus laser fluorescent microscope. B, PRB-K464Q clones occupied a greater surface area than WT PRB cells. Measurements of
the cell surface area were analyzed using Adobe Photoshop software and expressed as the number of pixels within the cells. C, PRB-K464Q clones had a greater
increase of focal adhesions formations than WT PRB clones. Numbers of the focal adhesions were analyzed using Adobe Photoshop software. LUM (D) or
PDLIM1 (E) or 36B4 (internal control) mRNA levels were analyzed by real-time PCR. Asterisks indicate statistical significance (*, p 
 0.05; **, p 
 0.01; ****, p 

0.0001; unpaired Student’s t test). Error bars, S.E.
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alter tissue response to progesterone. Progesterone hypersen-
sitivity or resistance is known to cause serious clinical condi-
tions. For example, autoimmune progesterone dermatitis, in
which patients experience skin disorders such as eczema and
angioedema during the luteal phase of the menstrual cycle, is
associated with progesterone hypersensitivity (74, 75). On the
other hand, progesterone resistance is common in cases of
endometriosis and infertility (76 –78). To our knowledge, there
has been no report on gene polymorphism or mutation involv-
ing Lys-464, and this is an interesting area for future
investigation.

One of the mechanisms by which Lys-464 mutations modify
the activity of PR seems to be mediated by changes in the func-
tional interaction between PR and transcription co-regulators.
Both NCoR1 and SRC-1 are known to interact with AF-1 of PR
to enhance the AF-1 activity (33, 50). In the present study,
heightened activity of liganded PRB-K464Q was associated
with increased co-activating effect by NCoR1 and SRC-1 and to
a less extent by SMRT (Fig. 7). Conversely, decreased PRB-
K464F activity was associated with weakened effect of NCoR1,
SMRT, and SRC-1 (Fig. 7). More interestingly, a mammalian
two-hybrid assay showed that Lys-464 is critical for physical
interaction between PRB and NCoR1/SMRT. Consistent with
their activities, PRB-K464Q interacted with NCoR1 more than
WT PRB, whereas PRB-K464F interacted less with NCoR1.
Accordingly, SMRT interacted more with PRB-K464Q but less
with PRB-K464F than with PRB, which is also consistent with
its co-activating potential on the PRB and mutants. It is likely
therefore that Lys-464 methylation modulates PR interaction
with NCoR1 and SMRT, which function as PRB co-activators in
HeLa Cells.

Altered functional interaction between SRC-1 and PR Lys-
464 mutants may also be responsible for the changes in proges-
tin sensitivity of the mutants. SRC-1 is known to be important
for receptor response to steroid hormones. SRC-1 knock-out
mice displayed attenuated decidual response in response to
progesterone treatment (79). It is known that agonist-induced
PR activation involves direct intramolecular association
between the N terminus of AF-1 and the C terminus of AF-2.
SRC-1 can facilitate the interaction by binding simultaneously
both the N- and C-terminal domains (16). Lys-464 may be crit-
ical for SRC-1 and AF-1 interaction that in turn facilitates the
interaction between AF-1 and AF-2.

PR-transfected MDA-MB-231 cells demonstrate remarkable
morphologic change (e.g. cells become more spread out and
flattened) upon progestin treatment. Such morphologic
changes are associated with the decrease in cell migration and
metastatic ability of breast cancer cells (80). Progesterone treat-
ment is also found to induce the reversion of the mesenchymal
phenotypes of basal phenotype breast cancer cell to epithelial
phenotypes via PI3K/Akt pathway (81). Our data indicate that
Lys-464 mutation of the AF-1 domain affects markedly the
response to progestin-induced focal adhesion. In accordance
with their activity on gene expression and promoter binding,
PRB-K464Q mutant exhibited greater activity in inducing focal
adhesion and cell adhesion genes (LUM and PDLIM1), whereas
PRB-K464F mutant exhibited less activity (Fig. 9). Interestingly,
although PRB-K464Q exhibited stronger growth-inhibitory

activity in response to progestin, the activities of PRB-K464F on
growth and growth-related genes are similar to that of WT PRB.
This raises an interesting possibility that AF-1 in general (and
Lys-464 specifically) is important in the pathway-selective
activity of PR. Although the K464F mutation impaired PRB
activity upon the induction of cell adhesion genes and PRE-
containing genes (MUC1, FKBP5, and 11�-HSD2), the muta-
tion did not exhibit significant effect on cell cycle-related genes.

In summary, the present study provides the first evidence of
PR methylation at Lys-464 of AF-1. This is also the first identi-
fication of a critical functional motif in PR AF-1. We highlight
three significant features of the findings. First, the evidence that
a single mutation at Lys-464 (K464Q or K464A) led to a ligand-
independent gel upshift of PR and ligand-independent PR
phosphorylation supports the notion that Lys-464 is critical for
NTD folding and interaction with other proteins under cellular
conditions. Future identification of interacting proteins with
the unliganded mutants will shed light on the mechanisms of
the ligand-independent phosphorylation. Second, despite the
increase of ligand-independent phosphorylation, the func-
tional impact of Lys-464 mutation is largely on the ligand-de-
pendent PR activity. We showed that the PRB-K464Q mutation
heightened progestin-induced PRB activity on promoter bind-
ing, gene expression, and cell adhesion characteristics, whereas
the PRB-K464F mutation impaired it. This implies that AF-1
plays a key role in ligand-induced PR activity at the whole cel-
lular level, including the regulation of cell adhesions and cyto-
skeletal structure formation of breast cancer cells. Last, the
findings set the stage for further functional delineation of AF-1
in different tissues and in breast cancer. It is known that AF-1 of
steroid receptors is important for their promoter and tissue-
selective functions (18, 61, 82). The relative involvement of
AF-1 of PR in its target tissues (e.g. mammary gland and uterus)
and in breast cancer has not been clarified. The findings of this
study provide an important basis for future studies of AF-1 in
vivo. Conceivably, knowledge of cell/tissue-selective molecular
function of AF-1 will shed light on how PR mediates both stim-
ulatory and inhibitory effects of progestin on breast cancer.
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Supplementary data 1.  
Mascot  Peptide  view  of  triply  charged  unmethylated  PR  peptide 
ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK464 with an ion score 102 and expect value of 
4.4 e-008. PR was isolated from T47D cells treated with 100 nM Progesterone. The y and b ions of the 
peptide detected by LC-MS/MS are indicated in red. Comparison of the y and b ions profiles of the 
peptides in supplementary data 1 and 2 suggests that the positive mass shift of 14 Da takes place at 
K464 in the C-terminal end of the peptide. 







Supplementary data 2. 
Mascot  Peptide  view  of  triply  charged  methylated  peptide 
ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK464(Me) with an ion score 76 and expect value 
of 0.00015. PR was isolated from T47D cells treated with 100 nM Progesterone. The y and b ions of 
the peptide detected by LC-MS/MS are indicated in red. Comparison of the y and b ions profiles of 
the peptides in supplementary data 1 and 2 suggests that the positive mass shift of 14 Da takes place at 
K464 found in the C-terminal end of the peptide. 
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 Mascot Search Results

Peptide View

MS/MS Fragmentation of ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK
Found in sp|P06401|PRGR_HUMAN, Progesterone receptor OS=Homo sapiens GN=PGR PE=1 SV=4

Match to Query 4494: 3494.729262 from(1165.917030,3+) intensity(16352.4150) scans(3353) rtinseconds(1823) index(2371)
Title: File1482 Spectrum2410 scans: 3353
Data file X:\\HwaHwa\\MascotResult\\20111116_ValLin_PRdata\\RAW2mgf6000\\111116_ValLin_PCPR_04.mgf

Click mouse within plot area to zoom in by factor of two about that point

Or, Plot from   300  to  2000  Da       Full range

Label all possible matches     Label matches used for scoring 

Monoisotopic mass of neutral peptide Mr(calc): 3494.7199
Fixed modifications: Carbamidomethyl (C) (apply to specified residues or termini only)
Variable modifications: 
K36    : Methyl1kr (KR)
Ions Score: 76  Expect: 0.00015
Matches : 68/400 fragment ions using 136 most intense peaks   (help)

# b b++ b* b*++ b0 b0++ Seq. y y++ y* y*++ y0 y0++ #

1 72.0444 36.5258     A       36

2 173.0921 87.0497   155.0815 78.0444 T 3424.6901 1712.8487 3407.6635 1704.3354 3406.6795 1703.8434 35

3 270.1448 135.5761   252.1343 126.5708 P 3323.6424 1662.3248 3306.6158 1653.8116 3305.6318 1653.3195 34

4 357.1769 179.0921   339.1663 170.0868 S 3226.5896 1613.7984 3209.5631 1605.2852 3208.5790 1604.7932 33

5 513.2780 257.1426 496.2514 248.6293 495.2674 248.1373 R 3139.5576 1570.2824 3122.5310 1561.7692 3121.5470 1561.2771 32

6 610.3307 305.6690 593.3042 297.1557 592.3202 296.6637 P 2983.4565 1492.2319 2966.4299 1483.7186 2965.4459 1483.2266 31

7 667.3522 334.1797 650.3257 325.6665 649.3416 325.1745 G 2886.4037 1443.7055 2869.3772 1435.1922 2868.3931 1434.7002 30

8 796.3948 398.7010 779.3682 390.1878 778.3842 389.6958 E 2829.3822 1415.1948 2812.3557 1406.6815 2811.3717 1406.1895 29

9 867.4319 434.2196 850.4054 425.7063 849.4213 425.2143 A 2700.3397 1350.6735 2683.3131 1342.1602 2682.3291 1341.6682 28

10 938.4690 469.7381 921.4425 461.2249 920.4585 460.7329 A 2629.3025 1315.1549 2612.2760 1306.6416 2611.2920 1306.1496 27

11 1037.5374 519.2724 1020.5109 510.7591 1019.5269 510.2671 V 2558.2654 1279.6364 2541.2389 1271.1231 2540.2549 1270.6311 26

12 1138.5851 569.7962 1121.5586 561.2829 1120.5745 560.7909 T 2459.1970 1230.1021 2442.1705 1221.5889 2441.1864 1221.0969 25

13 1209.6222 605.3148 1192.5957 596.8015 1191.6117 596.3095 A 2358.1493 1179.5783 2341.1228 1171.0650 2340.1388 1170.5730 24

14 1280.6593 640.8333 1263.6328 632.3200 1262.6488 631.8280 A 2287.1122 1144.0597 2270.0857 1135.5465 2269.1017 1135.0545 23

15 1377.7121 689.3597 1360.6856 680.8464 1359.7015 680.3544 P 2216.0751 1108.5412 2199.0486 1100.0279 2198.0645 1099.5359 22

16 1448.7492 724.8782 1431.7227 716.3650 1430.7387 715.8730 A 2119.0223 1060.0148 2101.9958 1051.5015 2101.0118 1051.0095 21

17 1535.7812 768.3943 1518.7547 759.8810 1517.7707 759.3890 S 2047.9852 1024.4963 2030.9587 1015.9830 2029.9747 1015.4910 20

18 1606.8184 803.9128 1589.7918 795.3995 1588.8078 794.9075 A 1960.9532 980.9802 1943.9266 972.4670 1942.9426 971.9750 19

19 1693.8504 847.4288 1676.8238 838.9156 1675.8398 838.4236 S 1889.9161 945.4617 1872.8895 936.9484 1871.9055 936.4564 18
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20 1792.9188 896.9630 1775.8923 888.4498 1774.9082 887.9578 V 1802.8841 901.9457 1785.8575 893.4324 1784.8735 892.9404 17

21 1879.9508 940.4791 1862.9243 931.9658 1861.9403 931.4738 S 1703.8156 852.4115 1686.7891 843.8982 1685.8051 843.4062 16

22 1966.9829 983.9951 1949.9563 975.4818 1948.9723 974.9898 S 1616.7836 808.8954 1599.7571 800.3822 1598.7730 799.8902 15

23 2038.0200 1019.5136 2020.9934 1011.0004 2020.0094 1010.5083 A 1529.7516 765.3794 1512.7250 756.8662 1511.7410 756.3741 14

24 2125.0520 1063.0296 2108.0255 1054.5164 2107.0414 1054.0244 S 1458.7145 729.8609 1441.6879 721.3476 1440.7039 720.8556 13

25 2212.0840 1106.5457 2195.0575 1098.0324 2194.0735 1097.5404 S 1371.6824 686.3449 1354.6559 677.8316 1353.6719 677.3396 12

26 2299.1161 1150.0617 2282.0895 1141.5484 2281.1055 1141.0564 S 1284.6504 642.8288 1267.6239 634.3156 1266.6399 633.8236 11

27 2356.1375 1178.5724 2339.1110 1170.0591 2338.1270 1169.5671 G 1197.6184 599.3128 1180.5918 590.7996 1179.6078 590.3075 10

28 2443.1696 1222.0884 2426.1430 1213.5751 2425.1590 1213.0831 S 1140.5969 570.8021 1123.5704 562.2888 1122.5864 561.7968 9

29 2544.2172 1272.6123 2527.1907 1264.0990 2526.2067 1263.6070 T 1053.5649 527.2861 1036.5383 518.7728 1035.5543 518.2808 8

30 2657.3013 1329.1543 2640.2747 1320.6410 2639.2907 1320.1490 L 952.5172 476.7622 935.4907 468.2490 934.5067 467.7570 7

31 2786.3439 1393.6756 2769.3173 1385.1623 2768.3333 1384.6703 E 839.4332 420.2202 822.4066 411.7069 821.4226 411.2149 6

32 2946.3745 1473.6909 2929.3480 1465.1776 2928.3640 1464.6856 C 710.3906 355.6989 693.3640 347.1856   5

33 3059.4586 1530.2329 3042.4321 1521.7197 3041.4480 1521.2277 I 550.3599 275.6836 533.3334 267.1703   4

34 3172.5427 1586.7750 3155.5161 1578.2617 3154.5321 1577.7697 L 437.2758 219.1416 420.2493 210.6283   3

35 3335.6060 1668.3066 3318.5794 1659.7934 3317.5954 1659.3014 Y 324.1918 162.5995 307.1652 154.0863   2

36       K 161.1285 81.0679 144.1019 72.5546   1

 

NCBI BLAST search of ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK

(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways

All matches to this query

Score Mr(calc): Delta Sequence

76.2 3494.7199 0.0094 ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK

11.2 3494.7609 -0.0316 IISAASEGGANVFTVSYFKNNAYLAQSPQLYK

10.5 3493.7234 1.0058 CNECGKVFNQISHLAQHQRIHTGEKPYK

10.5 3493.7234 1.0058 CNECGKVFNQISHLAQHQRIHTGEKPYK

10.2 3492.7394 1.9898 CNECGKVFNQISHLAQHQRIHTGEKPYK

10.1 3494.7425 -0.0133 GEMMDLQHGSLFLQTPKIVADKDYSVTANSK

10.1 3494.7425 -0.0133 GEMMDLQHGSLFLQTPKIVADKDYSVTANSK

9.8 3492.7168 2.0125 HAFRPTNAAAATSHSTASRSNSLVSTFTMEKR

9.8 3492.7168 2.0125 HAFRPTNAAAATSHSTASRSNSLVSTFTMEKR

9.8 3492.7168 2.0125 HAFRPTNAAAATSHSTASRSNSLVSTFTMEKR

Mascot:  http://www.matrixscience.com/



Supplementary data 3 
Mascot Peptide view of methylated peptide 
ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK464 (Me)AEGAPPQQGPFAPPPCK identified 
in its 4+ charge state with an ion score of 68 and expect value of 0.00074. PR was isolated from T47D 
cells treated with 100 nM Progesterone. The y and b ions of the peptide detected by LC-MS/MS are 
indicated in red. Manual inspection of b2+ ions flanking K464 of the peptide confirms that the site of 
methylation is at K464. 
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 Mascot Search Results

Peptide View

MS/MS Fragmentation of ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYKAEGAPPQQGPFAPPPCK
Found in sp|P06401|PRGR_HUMAN, Progesterone receptor OS=Homo sapiens GN=PGR PE=1 SV=4

Match to Query 5083: 5224.538336 from(1307.141860,4+) intensity(8810.8643) scans(4079) rtinseconds(2097) index(2987)
Title: File1482 Spectrum3026 scans: 4079
Data file X:\\HwaHwa\\MascotResult\\20111116_ValLin_PRdata\\RAW2mgf6000\\111116_ValLin_PCPR_04.mgf

Click mouse within plot area to zoom in by factor of two about that point

Or, Plot from   300  to  2000  Da       Full range

Label all possible matches     Label matches used for scoring 

Monoisotopic mass of neutral peptide Mr(calc): 5224.5445
Fixed modifications: Carbamidomethyl (C) (apply to specified residues or termini only)
Variable modifications: 
K36    : Methyl1kr (KR)
Ions Score: 68  Expect: 0.00074
Matches : 84/584 fragment ions using 133 most intense peaks   (help)

# b b++ b* b*++ b0 b0++ Seq. y y++ y* y*++ y0 y0++ #

1 72.0444 36.5258     A       53

2 173.0921 87.0497   155.0815 78.0444 T 5154.5147 2577.7610 5137.4881 2569.2477 5136.5041 2568.7557 52

3 270.1448 135.5761   252.1343 126.5708 P 5053.4670 2527.2371 5036.4405 2518.7239 5035.4564 2518.2319 51

4 357.1769 179.0921   339.1663 170.0868 S 4956.4142 2478.7108 4939.3877 2470.1975 4938.4037 2469.7055 50

5 513.2780 257.1426 496.2514 248.6293 495.2674 248.1373 R 4869.3822 2435.1947 4852.3557 2426.6815 4851.3716 2426.1895 49

6 610.3307 305.6690 593.3042 297.1557 592.3202 296.6637 P 4713.2811 2357.1442 4696.2546 2348.6309 4695.2705 2348.1389 48

7 667.3522 334.1797 650.3257 325.6665 649.3416 325.1745 G 4616.2283 2308.6178 4599.2018 2300.1045 4598.2178 2299.6125 47

8 796.3948 398.7010 779.3682 390.1878 778.3842 389.6958 E 4559.2069 2280.1071 4542.1803 2271.5938 4541.1963 2271.1018 46

9 867.4319 434.2196 850.4054 425.7063 849.4213 425.2143 A 4430.1643 2215.5858 4413.1377 2207.0725 4412.1537 2206.5805 45

10 938.4690 469.7381 921.4425 461.2249 920.4585 460.7329 A 4359.1272 2180.0672 4342.1006 2171.5539 4341.1166 2171.0619 44

11 1037.5374 519.2724 1020.5109 510.7591 1019.5269 510.2671 V 4288.0901 2144.5487 4271.0635 2136.0354 4270.0795 2135.5434 43

12 1138.5851 569.7962 1121.5586 561.2829 1120.5745 560.7909 T 4189.0216 2095.0145 4171.9951 2086.5012 4171.0111 2086.0092 42

13 1209.6222 605.3148 1192.5957 596.8015 1191.6117 596.3095 A 4087.9740 2044.4906 4070.9474 2035.9773 4069.9634 2035.4853 41

14 1280.6593 640.8333 1263.6328 632.3200 1262.6488 631.8280 A 4016.9368 2008.9721 3999.9103 2000.4588 3998.9263 1999.9668 40

15 1377.7121 689.3597 1360.6856 680.8464 1359.7015 680.3544 P 3945.8997 1973.4535 3928.8732 1964.9402 3927.8892 1964.4482 39

16 1448.7492 724.8782 1431.7227 716.3650 1430.7387 715.8730 A 3848.8470 1924.9271 3831.8204 1916.4138 3830.8364 1915.9218 38

17 1535.7812 768.3943 1518.7547 759.8810 1517.7707 759.3890 S 3777.8099 1889.4086 3760.7833 1880.8953 3759.7993 1880.4033 37

18 1606.8184 803.9128 1589.7918 795.3995 1588.8078 794.9075 A 3690.7778 1845.8926 3673.7513 1837.3793 3672.7673 1836.8873 36
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19 1693.8504 847.4288 1676.8238 838.9156 1675.8398 838.4236 S 3619.7407 1810.3740 3602.7142 1801.8607 3601.7301 1801.3687 35

20 1792.9188 896.9630 1775.8923 888.4498 1774.9082 887.9578 V 3532.7087 1766.8580 3515.6821 1758.3447 3514.6981 1757.8527 34

21 1879.9508 940.4791 1862.9243 931.9658 1861.9403 931.4738 S 3433.6403 1717.3238 3416.6137 1708.8105 3415.6297 1708.3185 33

22 1966.9829 983.9951 1949.9563 975.4818 1948.9723 974.9898 S 3346.6082 1673.8078 3329.5817 1665.2945 3328.5977 1664.8025 32

23 2038.0200 1019.5136 2020.9934 1011.0004 2020.0094 1010.5083 A 3259.5762 1630.2917 3242.5497 1621.7785 3241.5657 1621.2865 31

24 2125.0520 1063.0296 2108.0255 1054.5164 2107.0414 1054.0244 S 3188.5391 1594.7732 3171.5126 1586.2599 3170.5285 1585.7679 30

25 2212.0840 1106.5457 2195.0575 1098.0324 2194.0735 1097.5404 S 3101.5071 1551.2572 3084.4805 1542.7439 3083.4965 1542.2519 29

26 2299.1161 1150.0617 2282.0895 1141.5484 2281.1055 1141.0564 S 3014.4750 1507.7412 2997.4485 1499.2279 2996.4645 1498.7359 28

27 2356.1375 1178.5724 2339.1110 1170.0591 2338.1270 1169.5671 G 2927.4430 1464.2251 2910.4165 1455.7119 2909.4325 1455.2199 27

28 2443.1696 1222.0884 2426.1430 1213.5751 2425.1590 1213.0831 S 2870.4216 1435.7144 2853.3950 1427.2011 2852.4110 1426.7091 26

29 2544.2172 1272.6123 2527.1907 1264.0990 2526.2067 1263.6070 T 2783.3895 1392.1984 2766.3630 1383.6851 2765.3790 1383.1931 25

30 2657.3013 1329.1543 2640.2747 1320.6410 2639.2907 1320.1490 L 2682.3418 1341.6746 2665.3153 1333.1613 2664.3313 1332.6693 24

31 2786.3439 1393.6756 2769.3173 1385.1623 2768.3333 1384.6703 E 2569.2578 1285.1325 2552.2312 1276.6193 2551.2472 1276.1272 23

32 2946.3745 1473.6909 2929.3480 1465.1776 2928.3640 1464.6856 C 2440.2152 1220.6112 2423.1886 1212.0980 2422.2046 1211.6060 22

33 3059.4586 1530.2329 3042.4321 1521.7197 3041.4480 1521.2277 I 2280.1845 1140.5959 2263.1580 1132.0826 2262.1740 1131.5906 21

34 3172.5427 1586.7750 3155.5161 1578.2617 3154.5321 1577.7697 L 2167.1005 1084.0539 2150.0739 1075.5406 2149.0899 1075.0486 20

35 3335.6060 1668.3066 3318.5794 1659.7934 3317.5954 1659.3014 Y 2054.0164 1027.5118 2036.9899 1018.9986 2036.0058 1018.5066 19

36 3477.7166 1739.3619 3460.6901 1730.8487 3459.7060 1730.3567 K 1890.9531 945.9802 1873.9265 937.4669 1872.9425 936.9749 18

37 3548.7537 1774.8805 3531.7272 1766.3672 3530.7432 1765.8752 A 1748.8425 874.9249 1731.8159 866.4116 1730.8319 865.9196 17

38 3677.7963 1839.4018 3660.7698 1830.8885 3659.7857 1830.3965 E 1677.8054 839.4063 1660.7788 830.8930 1659.7948 830.4010 16

39 3734.8178 1867.9125 3717.7912 1859.3993 3716.8072 1858.9072 G 1548.7628 774.8850 1531.7362 766.3717   15

40 3805.8549 1903.4311 3788.8283 1894.9178 3787.8443 1894.4258 A 1491.7413 746.3743 1474.7148 737.8610   14

41 3902.9077 1951.9575 3885.8811 1943.4442 3884.8971 1942.9522 P 1420.7042 710.8557 1403.6776 702.3425   13

42 3999.9604 2000.4838 3982.9339 1991.9706 3981.9499 1991.4786 P 1323.6514 662.3293 1306.6249 653.8161   12

43 4128.0190 2064.5131 4110.9924 2055.9999 4110.0084 2055.5079 Q 1226.5987 613.8030 1209.5721 605.2897   11

44 4256.0776 2128.5424 4239.0510 2120.0292 4238.0670 2119.5371 Q 1098.5401 549.7737 1081.5135 541.2604   10

45 4313.0990 2157.0532 4296.0725 2148.5399 4295.0885 2148.0479 G 970.4815 485.7444 953.4550 477.2311   9

46 4410.1518 2205.5795 4393.1253 2197.0663 4392.1412 2196.5743 P 913.4600 457.2337 896.4335 448.7204   8

47 4557.2202 2279.1137 4540.1937 2270.6005 4539.2097 2270.1085 F 816.4073 408.7073 799.3807 400.1940   7

48 4628.2573 2314.6323 4611.2308 2306.1190 4610.2468 2305.6270 A 669.3389 335.1731 652.3123 326.6598   6

49 4725.3101 2363.1587 4708.2835 2354.6454 4707.2995 2354.1534 P 598.3017 299.6545 581.2752 291.1412   5

50 4822.3629 2411.6851 4805.3363 2403.1718 4804.3523 2402.6798 P 501.2490 251.1281 484.2224 242.6149   4

51 4919.4156 2460.2114 4902.3891 2451.6982 4901.4051 2451.2062 P 404.1962 202.6017 387.1697 194.0885   3

52 5079.4463 2540.2268 5062.4197 2531.7135 5061.4357 2531.2215 C 307.1435 154.0754 290.1169 145.5621   2

53       K 147.1128 74.0600 130.0863 65.5468   1

 

NCBI BLAST search of ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYKAEGAPPQQGPFAPPPCK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)

Other BLAST web gateways

All matches to this query

Score Mr(calc): Delta Sequence

67.7 5224.5445 -0.0062 ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYKAEGAPPQQGPFAPPPCK
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39.9 5224.5445 -0.0062 ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYKAEGAPPQQGPFAPPPCK

32.5 5224.5656 -0.0273 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

30.1 5223.5816 0.9567 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

30.1 5223.5816 0.9567 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

23.8 5224.5656 -0.0273 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

23.8 5224.5656 -0.0273 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

22.0 5223.5816 0.9567 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

22.0 5223.5816 0.9567 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

22.0 5223.5816 0.9567 GQEAGALVMEVDHDRQVVHVETLGLTLQEPETLLAAMRPSEEHVASR

Mascot:  http://www.matrixscience.com/
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Supplemental Data 4. Ligand does not regulate the level of K464 methylation.
Quantitation of K464 methylation by LC-MS/MS analysis of 3 independent
experiments. Each 100 mm dish of COS7 cells was transfected with 1 µg of
pcDNA3.1 Flag-PR and was treated with either vehicle (0.1% EtOH) or 10 nM
R5020 for 1 hr before harvesting for immunoprecipitation. Equal amounts of protein
from the vehicle control or R5020 treated samples were utilized for Flag-PR
immunoprecipitation by anti-Flag M2 affinity gel. Protein bands corresponding to
PRB and PRA were excised and analyzed by LC-MS/MS. The XIC of the
unmodified and modified ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK
peptides were extracted within 5ppm at the corresponding monoisotopic peaks.
Ratio of the area of XIC of the unmodified peptide and the K464 monomethylated
peptide was calculated for each data set. Effect of ligand on K464 methylation is
indicated by the fraction of methylated K464 of the R5020 treated samples over the
fraction of methylated K464 of untreated samples. Data shown is the average of 3
independent experiments (mean SEM).
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Supplemental Data 4. Ligand does not regulate the level of K464 methylation.
Quantitation of K464 methylation by LC-MS/MS analysis of 3 independent
experiments. Each 100 mm dish of COS7 cells was transfected with 1 µg of
pcDNA3.1 Flag-PR and was treated with either vehicle (0.1% EtOH) or 10 nM
R5020 for 1 hr before harvesting for immunoprecipitation. Equal amounts of protein
from the vehicle control or R5020 treated samples were utilized for Flag-PR
immunoprecipitation by anti-Flag M2 affinity gel. Protein bands corresponding to
PRB and PRA were excised and analyzed by LC-MS/MS. The XIC of the
unmodified and modified ATPSRPGEAAVTAAPASASVSSASSSGSTLECILYK
peptides were extracted within 5ppm at the corresponding monoisotopic peaks.
Ratio of the area of XIC of the unmodified peptide and the K464 monomethylated
peptide was calculated for each data set. Effect of ligand on K464 methylation is
indicated by the fraction of methylated K464 of the R5020 treated samples over the
fraction of methylated K464 of untreated samples. Data shown is the average of 3
independent experiments (mean � SEM).
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Supplemental Data 5 . K464Q mutation heightens PRA activity. (A) Protein
expression of wt-PRA and PRA-K464Q mutants are similar with β-actin as loading
control. (B) PRA-K464Q mutant displays higher ligand-dependent transcriptional
activity. HeLa cells were transfected with either 5 ng of wt-PRA and PRA-K464Q
expression vector vector, in addition to the fixed amounts of PRE2-TATA-luciferase
(1.5 µg) and Renilla (1 ng) reporter plasmids. Cells were then treated with either
vehicle control ( 0.1% EtOH) or 10 nM R5020 for 12 hr. PRE-driven luciferase
activity was normalized to Renilla and expressed as the average relative light units
(RLU) of triplicate readings (±SEM). Fold induction by R5020 was calculated as
the ratio of the relative luciferase activity (RLU) of R5020-treated samples divided
by the RLU of corresponding EtOH-treated samples. Asterisks denote statistical
significance (****, P<0.0001) determined by unpaired Student’s t test.
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