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Quantitative Nanoproteomics for Protein
Complexes (QNanoPX) Related to Estrogen

Transcriptional Action*s

Pai-Chiao Chengt, Hsiang-Kai Chang§, and Shu-Hui Chent§f]

We developed an integrated proteomics approach using
a chemically functionalized gold nanoparticle (AuNP) as
a novel probe for affinity purification to analyze a large
protein complex in vivo. We then applied this approach
to globally map the transcriptional activation complex of
the estrogen response element (ERE). This approach
was designated as quantitative nanoproteomics for pro-
tein complexes (QNanoPX). In this approach, the posi-
tive AUNP-ERE probes were functionalized with polyeth-
ylene glycol (PEG), and the consensus sequence of ERE
and negative AuNP-PEG probes were functionalized
with PEG without the ERE via a thiolated self-assembly
monolayer technique. The AuNP-ERE probe had sub-
stantially low nonspecific binding and high solubility,
which resulted in a 20-fold enrichment of the factor
compared with gel beads. In addition, the surface-only
binding allows the probe to capture a large protein com-
plex without any restrictions due to pore size. The affin-
ity purification method was combined with MS-based
quantitative proteomics and statistical methods to re-
veal the components of the ERE complex in MCF-7 cells
and to identify those components within the complex
that were altered by the presence of 17p-estradiol (E2).
Results indicated that a majority of proteins pulled down
by the positive probe exhibited significant binding, and
approximately one-half of the proteins, including estro-
gen receptor « (ERa), were slightly but significantly af-
fected by a 24-h treatment with E2. Based on a combi-
nation of bioinformatics and pathway analysis, most of
the affected proteins, however, appeared to be related
to the transcriptional regulation of not only ER« but also
c-Myc. Further confirmation indicated that E2 enhanced
the ERE binding of c-Myc by 14-fold, indicating that
c-Myc may play a major role, along with ERe, in E2-
mediated transcription. Taken together, our results
demonstrated a successful QNanoPX approach toward
new pathway discovery and further revealed the impor-

tance of cross-interactions among transcription
factors. Molecular & Cellular Proteomics 9:209-224,
2010.
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Estrogen signaling is complex, involving two different iso-
forms of the estrogen receptor, a (ERa)' and B (ERB), as well
as several different pathways that affect the expression of a
number of genes either directly or indirectly. When activated
by 17B-estradiol (E2), the ERs are translocated from the cy-
tosol to the nucleus where the nuclear ERs bind to ERE and
recruit other proteins in a complex by promoting, as an acti-
vator, or blocking, as a repressor, the recruitment of RNA
polymerase to the target genes. The ER-ERE complex con-
trols the transcription of genetic information from DNA to RNA
as well as the translation from RNA to proteins. This process,
which is known as the genomic pathway, is significantly in-
volved with many diseases, including various cancers. A non-
genomic pathway that involves membrane receptors and pro-
tein kinases to send the transduction signals to the nucleus
has also been described (1, 2). Although there have been
studies involving proteomics profiling to identify estrogen-
responsive proteins (3, 4), the analysis of protein complexes
based on a proteomics approach could provide more insights
into specific signaling pathways and cross-interactions, which
are rarely explored by other approaches.

In recent years, the analysis of affinity-purified protein com-
plexes in immunoprecipitation (IP) experiments coupled with a
proteomics approach using tandem LC-MS/MS for the iden-
tification of proteins has become particularly attractive (5, 6).
In principle, all the components, even of large complexes, can
be identified in a single LC-MS experiment. Furthermore,
quantitative proteomics approaches that are based upon sta-
ble isotope labeling, when performed along with appropriate
control experiments, can distinguish background contamina-
tion or nonspecific binding from true interactors or differenti-
ating effects that are caused by different biological states
(7-9). Improvements in affinity purification that can be cou-
pled with quantitative proteomics have also been developed,
and most of these methods focus on the use of single/dual
affinity tags (10, 11) or chemical reactions (12), such as the
use of in vivo cross-linking agents. In contrast, most of the IP

" The abbreviations used are: ER, estrogen receptor; QNanoPX,
quantitative nanoproteomics for resolving protein complexes; AuNP,
gold nanoparticle; ERE, estrogen response element; SAM, self-as-
sembly monolayer; E2, 17B-estradiol; IP, immunoprecipitation; PEG,
polyethylene glycol; dsERE, double-stranded ERE; cERE, comple-
mentary ERE; NHS, N-hydroxysuccinimidyl.
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assays are still performed using gel-coupled antibodies (12).
These gel beads have high binding capacity because of their
porous nature. There are, however, major disadvantages also
associated with the porous nature of gel beads composed of
agarose or Sepharose. One such disadvantage involves a
limitation on the ability of large complexes (13) to diffuse into
the pores, which further renders an increase in nonspecific
binding as more species could stick on the surface of the
beads nonspecifically. Moreover, gel beads can precipitate
quickly, which leads to incomplete interactions, even under
continuous rotation. The >1-um size of gel beads necessi-
tates that a minimum quantity of beads be used for each
experiment that is typically in the range of 25-50 ul of beads
per IP. Monodispersed, superparamagnetic beads (14) in mi-
cro or nano sizes are available as a support material that could
minimize sample loss and accelerate the processing speed
via magnet-assisted separation. Magnetic beads, however,
are likely to aggregate, possibly as a result of magnetism or
non-homogeneous surface modifications, which therefore
leads to incomplete recovery.

Alternatively, gold nanoparticles (AuNPs) can easily be
modified with a large selection of functional motifs by the use
of self-assembly monolayer (SAM) technology to increase the
solubility of the AuNPs, which could greatly improve interfa-
cial interactions. These AuNPs could then be utilized in a
variety of applications (15). We previously demonstrated that
monodispersed AuNPs are useful for concentrating proteins
from a relatively large volume of dilute biological fluids by
aggregation. This ability opens up new avenues of research
because the traditional TCA precipitation method is ineffec-
tive under those conditions (16). Modified AuNPs have been
successfully used by other groups for the detection of DNAs
(17) and proteins (18) as well as for the fabrication of biosen-
sors. In addition, the surface-only binding of AuNPs imposes
no limitation on the size of protein complexes and eliminates
the requirement for pore penetration, both of which are useful
for IP experiments. Thus, AuNPs have several advantages
that can be utilized to develop an efficient affinity purification
method. Unlike nanomagnetic beads, AuNPs do need to be
separated by centrifugation under conditions that require
careful optimization. We investigate the protein-DNA interac-
tome associated with ERE motifs located in the promoter
region of a target gene. EREs are known to be regulated by
ERa and ERB, which are transcription factors that bind to the
ERE itself. We proposed to functionalize AuNPs with the
consensus sequence of ERE using the SAM technique and
combine the affinity purification method with stable isotope
dimethyl labeling (19-21), statistics, and informatics to iden-
tify the pulled down proteins that are associated with the ERE
complex. This approach has been designated as quantitative
nanoproteomics for protein complexes (QNanoPX). QNanoPX
is expected to improve the ways that protein complexes can
be analyzed by MS and to help resolve complexes that are
related to the transcriptional action of estrogen.

EXPERIMENTAL PROCEDURES

Materials and Chemicals—HAuCl,-3H,O was purchased from Alfa
Aesar (Johnson Matthey Co., London, UK). Thiolated polyethylene
glycol (HS-PEG) and amine-modified polyethylene glycol (NH,-PEG)
with molecular weight 750 were obtained from Rapp Polymere GmbH
(Tubingen, Germany). Thiolated DNA containing the ERE sequence
(HS-T,sERE) (HS-5'-T,5-GGTCAGAGTGACC-3’), amine-modified
DNA with the ERE sequence (NH,-T,sERE) (NH,-5'-T,5-GGTCA-
GAGTGACC-3’), and their complementary sequences without (CERE)
(5'-GGTCACTCTGACC-3') and with Cy5 modification (Cy5-cERE)
(Cy5-5'-GGTCACTCTGACC-3') were synthesized by MDBio, Inc.
(Taipei, Taiwan). Antibodies against human ER« were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), antibodies against
TIF1B and c-Myc were from Cell Signaling Technology (Beverly, MA),
and antibodies against AN32A and BZW1 were purchased from Ab-
nova (Taipei, Taiwan). The secondary antibody was from Jackson
ImmunoResearch Laboratories. Sequence grade modified trypsin
was from Promega (Madison, WI), and the E2 compound was from
Sigma. The following buffers were prepared: binding buffer, which
contains 10 mm Tris, 50 mm NaCl, and 1 mm EDTA at pH 7.5; PBST
buffer, which contains 0.05% Tween 20 in PBS buffer; radioimmuno-
precipitation buffer, which contains 1% Nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS with 0.5 mm PMSF, 1 mm sodium
orthovanadate, and 25 ug/ml leupeptin; lysis buffer, which contains
10 mm HEPES, 10 mm KCI, 0.5 mm EDTA, 0.5 mm EGTA, 1 mm DTT,
0.5 mm PMSF, 1 mm sodium orthovanadate, and 25 pg/ml leupeptin
at pH 7.9; and nuclear buffer, which contains 20 mm HEPES, 10 mm
KCI, 1 mm EDTA, 1 mm EGTA, 1 mm DTT, 0.5 mm PMSF, 1 mm sodium
orthovanadate, and 25 ug/ml leupeptin.

Probe Fabrication—AuNPs, at a concentration of ~10 nm, were
prepared by sodium citrate reduction following the procedures
reported earlier (16). For the fabrication of the AUNP-PEG negative
probe, a volume of 10 ul of 500 um HS-PEG (molecular weight, 750)
was added to 1 ml of synthesized AuNPs. After an overnight incuba-
tion at 4 °C, the negative probe was washed and resuspended in
PBS. For the fabrication of AuNP-ERE positive probes, double-
stranded ERE (dsERE) was first prepared by mixing 5 ul of 500 um
HS-T,sERE and 5 ul of 500 um complementary ERE (cERE) in 60 ul of
binding buffer for the hybridization reaction. After heating at 90 °C for
4 min, the solution was cooled slowly to 40 °C for 20 min, and the
formation of dsERE was confirmed by agarose gel electrophoresis
(Fig. S1 in Supplement 1). The solution containing the HS-dsERE and
1 ul of 500 um HS-PEG (0.2:1 for PEG:ERE) was then added to 1 ml
of the AuNP solution, and the mixture was incubated for 2 h at room
temperature. Sodium chloride was added to a final concentration of
0.1 m. After overnight incubation at 4 °C, the fabricated probes were
washed and resuspended in PBS buffer. Gel-PEG negative probe was
fabricated by adding 10 ul of 500 um NH,-PEG into 1 ml of gel-NHS
(N-hydroxysuccinimidyl-agarose, Sigma), which was resuspended in
PBS buffer. The mixture was continuously rotated overnight at 4 °C.
For the fabrication of the positive gel-ERE probes, a volume of 60 ul
of the solution containing NH,-dsERE and NH,-PEG at a PEG:ERE
molar ratio of 0.2:1 was added to 1 ml of gel-NHS solution, and the
mixture was rotated for 2 h at room temperature. Sodium chloride
was added to a final concentration of 0.1 m. After an overnight
reaction at 4 °C, the fabricated probes were washed and resus-
pended in PBS buffer. Gel electrophoresis, UV-visible spectroscopy,
dynamic light scattering, and fluorescence titration were used to
characterize the homogeneity and the size of the probe as well as the
number of bound ERE molecules on the probe. These procedures are
described in Supplement 1.

Cell Culture and Nuclear Extraction—Human breast cancer cells
(MCF-7) were cultured in phenol red-free Dulbecco’s modified Eagle’s
medium (Sigma) that was supplemented with 10% fetal bovine serum
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(Invitrogen), 17.8 mm NaHCO,, and 1% antibiotic-antimycotic (Invitro-
gen) at pH 7.2. Cells were grown in a 37 °C humidified incubator
containing 5% CO, until confluence. For E2 treatment, the cells were
starved for 18 h followed by the addition of E2 to reach a final
concentration of 1078 M. The solution was then incubated for 24 h at
37 °C. After washing with PBS, the cells were collected using a
volume of 200 ul of radioimmunoprecipitation buffer/10-cm dish. The
collected cells were lysed for 2 h by gentle rotation at 4 °C. After
centrifugation at 13,800 X g for 15 min at 4 °C, the supernatant,
containing the whole cell lysate, was carefully collected. For nuclear
extraction, the cells were washed with PBS buffer after a 24-h treat-
ment and then collected with trypsin. After washing with ice-cold PBS
two to three times, the pellets were resuspended in a 10X cell volume
of lysis buffer followed by continuous rotation of the solution for 15
min at 4 °C. This sample was then centrifuged at 1000 X g for 15 min
at 4 °C to separate the nuclear from the non-nuclear fraction. The
pellet was resuspended with a 10X cell volume of the nuclear buffer,
and the solution was continuously rotated for 2 h at 4 °C. The result-
ing supernatant contained the nuclear extract.

Affinity Purification Assay—A 100-ul volume of the probe solution
was diluted with PBS buffer up to a 1-ml total volume and then
incubated with the cell lysate containing 100 ng of total protein
overnight at 4 °C. After a PBST wash, the pulled down proteins were
boiled with the loading dye and directly loaded onto a 10% SDS-
polyacrylamide gel for Western blotting. In addition, the pulled down
proteins were also eluted by 1% SDS followed by stable isotope
dimethyl labeling, TCA precipitation, trypsin digestion, and HPLC
fractionation for analysis by LC-MS/MS for protein identification.

Western Blotting Analysis— After electrophoresis, the separated
proteins were transferred to a 0.22-um PVDF membrane (Stratagene,
La Jolla, CA). The membrane was first blocked with 5% nonfat milk
and then incubated with the primary antibodies followed by the sec-
ondary antibodies. The blot was developed using an enhanced
chemiluminescence detection reagent (Amersham Biosciences ECL
Plus, GE Healthcare), and the spot intensity was digitized using a
computerized image analyzer (UVP, Upland, CA).

Trypsin Digestion and Dimethyl Labeling—The pulled down pro-
teins were first reduced with 10 mm DTT and 1% SDS and boiled for
5 min. The resulting free cysteine residues were alkylated with 50 mm
iodoacetamide at room temperature in the dark for 30 min. The salts
were removed by TCA precipitation, and the pellet was digested with
trypsin at an enzyme to protein ratio of 1:100 in 100 mmM ammonium
bicarbonate, pH 8 at 37 °C for 18 h. Stable isotope dimethyl labeling
was performed as described before (19) for comparative quantifica-
tion. Briefly, the tryptic peptides were dissolved in 100 mm sodium
acetate buffer, pH 5-6 and then added to 5 ul of H,- or D,-formal-
dehyde (4% in water) and 5 ul of freshly prepared 600 mm sodium
cyanoborohydride. After vortexing, this mixture was allowed to react
for 10 min, and after the reaction, 5 ul of ammonium hydroxide (7%
in water) was added to quench the unreacted formaldehyde. The
tryptic digest of the eluted proteins from the AuNP-ERE and the
AuNP-PEG probe were labeled with D,- or H,-formaldehyde, respec-
tively, and the combined mixture was then injected into a HPLC
system (Model L-7100, Hitachi, Tokyo, Japan) equipped with UV
detection and a C,5 column (VYDAC, 5-um inner diameter, 300-A
pore size, 4.6 X 250 mm) for fractionation. Mobile phase A consisted
of 0.1% TFA in 98% acetonitrile solution, and mobile phase B
consisted of 0.1% TFA in 2% acetonitrile solution. The elution
gradient was as follows: 0-10 min, 100% B; 10-40 min, 100-80%
B; 40-80 min, 80-60% B; 80-100 min, 60-40% B; 100-110 min,
40-10% B; 110-125 min, 10-100% B; and 125-130 min, 100-
100% B at a flow rate of 1 ml/min. The collected fractions were
dried by vacuum and redissolved in a buffer composed of 2% ACN
and 0.1% formic acid.

Nano-LC/MS Analysis—The ESI-MS data were obtained using a
Q-TOF micro instrument (Micromass, Manchester, UK) equipped with
a nanoflow HPLC system (LC Packings, Amsterdam, Netherlands). A
25-ul sample fraction was injected, concentrated by a C,4 nanopre-
column cartridge (300-um inner diameter X 1 mm, 5-um Cyg,
P/N160458, LC Packings), and then separated by a C,g column
(75-pm inner diameter, 280-um outer diameter X 15 cm, 3-um C,g,
LC Packings). Mobile phase A consisted of 0.1% formic acid in 5%
acetonitrile solution, and mobile phase B consisted of 0.1% formic
acid in 80% acetonitrile solution; a linear gradient from 5 to 90% B
over a 90-min period at a flow rate of 250 nl/min was applied. For
identification, the MS/MS spectra were obtained by performing sur-
vey scans; the MassLynx 4.0 Global ProteinLynx software was used
to produce the peak list from raw data, and all sequential scans with
the same precursor were combined. The survey scan was from m/z
400 to 1600, and the MS/MS scan was from m/z 50 to 2000. A Quality
Assurance score of 10 was used to filter MS/MS signals with poor
quality, and the settings to generate the pkl files were as follows:
background subtraction using a polynomial order of 15 and 20% peak
curve, peak smoothing using Savitzky-Golay mode with 3.00 chan-
nels and two smooths, and peak centroid using a minimum of four
peak widths at half-height and 80% centroid top. Proteins were
identified using the in-house MASCOT v2.2.1 search engine on the
Swiss-Prot 51.6 (human) protein database (257,964 sequences;
15,720 human protein sequence entries). The false positive rate was
determined by searching on a reversed protein database and calcu-
lated automatically by choosing the “decoy” function from MASCOT
web site. The mass tolerance was set to be 0.2 Da for precursor and
0.2 Da for product ions. Dimethyl (Lys), dimethyl (N terminus), dimeth-
yl:2H(4) (Lys), and dimethyl:2H(4) (N terminus) were chosen as vari-
able modifications; carbamidomethyl (Cys) was chosen as a fixed
modification; and one missed cleavage on trypsin was allowed. We
set the cutoff score to 20 to eliminate low score peptides, and only
“rank1” (best match for each MS/MS) peptides were included. Only
proteins within the significant hit lists (p < 0.05) were regarded as
identified proteins. Under these criteria, the cutoff score is 37 and 20
for proteins and peptides, respectively. Manual inspections to ex-
clude false identifications and a reversed database search for the
false identification rate were further performed.

For quantification, in-house software specifically designed for
quantifying dimethylated peptides was applied. All of the spectra
containing both mass peaks of D,- and H,-labeled peptides were
combined to produce a composite MS spectrum. The ratios of the D ,-
and H,-labeled peptides in the composite MS spectra were calcu-
lated from the sum of the peak heights of the first three isotopic
peaks. The quantification ratio of proteins was calculated by averag-
ing the intensity ratios of peptide ions that matched to the same
protein, and a Q test was applied to discriminate outliers.

Biostatistics—Quantitative data deduced from the pulldown by the
positive (D,) and the negative (H,) probe from the total lysate of
MCF-7 cells as well as those identified from the nuclear fractions with
and without E2 treatment were evaluated by the Student’s t test (22)
using the free software R Package to decide whether each protein
quantification ratio significantly differed from the control protein (BSA)
within a stated confidence level.

RESULTS

AuNP-ERE Probes—As depicted in Fig. 1A, the AuNP-ERE
probe was fabricated by modifying the surface of AUNPs with
HS-PEG (molecular weight 750) and dsERE molecules. The
bare AuNP was characterized with an approximate diameter
of 19.2 nm in hydrated form and increased to 22.5 and 25.9
nm for the negative (AuNP-PEG) and positive (AuNP-ERE)
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Fig. 1. A, molecular scheme of the AUNP-ERE probe. B, suspension and precipitation of the AuNPs and gel probes. C, centrifugation and

redispersion of the pulldown for affinity purification.

probes, respectively, as determined by dynamic light scat-
tering (Table S1 in Supplement 1). Fluorescence titration
(Fig. S5 in Supplement 1) revealed that there were an esti-
mated seven ERE molecules bound to one AuNP-ERE
probe, and the modification was complete (near 100% yield)
and homogeneous as indicated from gel electrophoresis
(Fig. S3 in Supplement 1).

Compared with gel beads, AuNP probes have a much
higher solubility, which could potentially enhance any interfa-
cial interactions. Although gel beads easily precipitate when
incubated for a period longer than 50 s (Fig. 1B), the modified
AuNP probes remain suspended, as indicated by the red
color, for months. These suspended AuNPs can also be col-
lected by centrifugation and easily redispersed in an SDS
elution buffer that denatures proteins and releases them from
the AuNPs (Fig. 1C).

The ability of the AUNP-ERE probe for affinity capture of its
binding factors was investigated through affinity purification.
ERa was pulled down from the recombinant protein solution
with no detectable amount left in the supernatant (Fig. 2A).
Moreover, the amount of ERa that was eluted from the AuNP-

ERE probe increased with the percentage of SDS with the
recovery yield estimated to be greater than 80% at 1% SDS.
The eluted proteins were digested and identified as ER« by its
four tryptic peptides via MS/MS sequencing (Supplement 2)
with a representative spectrum of the tryptic peptide, GEVG-
SAGDMR, shown in Fig. 2B.

The nonspecific binding and loading capacities associated
with AuNPs were compared with those of the gel beads
through an examination of the ratio of highly abundant pro-
teins, which are likely to bind nonspecifically to ERa pulled
down by the probes. Using equivalent amounts of MCF-7 cell
lysate (100 ng) and probe volume (100 ul), Coomassie Blue
staining indicates that many more nonspecifically binding pro-
teins were pulled down by the negative gel-PEG probe than
by the negative AUNP-PEG probes (Fig. 3A). The positive
gel-ERE probe also appeared to have more nonspecific bind-
ing than the positive AUNP-ERE probe. The data from the ER«
Western blot analyses also indicate that a lot more ERa was
pulled down nonspecifically by the negative gel-PEG probe
than by the negative AUNP-PEG probe (Fig. 3B). The loading
capacity was calculated by subtracting the amount of ER«
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Fic. 2. Affinity capture of ERa by the AuNP-ERE probe from 0.15 ng/ul recombinant ERa (rER) solution. A, the pulldown and
supernatant (sup) detected without elution or detected after elution from AuNPs by various compositions of SDS buffer. B, MS/MS spectra of

the tryptic peptide, GEVGSAGDMR, derived from the eluted ERa.

pulled down by the negative probe from the amount pulled
down by the positive probe, and no significant differences in
the loading capacity between the AuNP-ERE and gel-ERE
probes (p > 0.05) (Fig. 3B) were found. The enrichment factor
was calculated by dividing the amount of ERa pulled down by
the positive probe by the amount pulled down by the negative
probe. The enrichment factors for the AUNP probe and the gel
probe were 22 + 2 and 1.2 = 0.4, respectively (Fig. 3B), which
indicated that the substantial nonspecific binding greatly de-
graded the enrichment factor for the gel probe despite the
similar loading capacity.

Protein Identification and Quantification—Two stable iso-
tope dimethyl labeling-coupled pulldowns were performed to
investigate two features (Fig. 4, A and B): 1) the specific/
nonspecific binding from the total cell lysate by using positive
(AuNP-ERE) and negative (AuNP-PEG) probes and 2) E2-
induced changes in protein expression within the nucleus by
using the AuNP-ERE probe. For Experiment 1, the pulldowns
by the negative and the positive probes from the total cell
were labeled with H,-formaldehyde and D,-formaldehyde,
respectively. A total of 303 proteins were identified and quan-
tified with a low false identification rate of peptides (less than
2.51%). The MS/MS spectra of peptides derived from TIF1,
AN32A, and BZWH1, respectively, are shown in Fig. 5A. The
enhanced a, ion mass tag of dimethylated peptides was used
for fingerprinting to determine the identity of the N-terminal
amino acid; this greatly increases the confidence in identifying
a protein (20). Thus, in addition to the cutoff score of 20,
proteins identified by a single peptide must have an enhanced
dimethylated a, ion in the MS/MS spectrum. For Experiment
2, the pulldown from the nuclear fraction of cells without E2

treatment was labeled with H,-formaldehyde, and the pull-
down from the nuclear fraction of cells with a 24-h E2 treat-
ment was labeled with D,-formaldehyde. A total of 250 pro-
teins were identified and quantified with a false identification
rate of less than 4.19%. A total of 84 proteins were identified
and quantified in both Experiments 1 and 2. A detailed list of
these identified proteins is provided in Supplement 2.

The ratio distributions obtained from the two experiments
are displayed in Fig. 4, C and D, respectively. Serum albumin,
with calculated ratios of 1.0 £ 0.6 (n = 15)and 0.8 = 0.0 (n =
2) for Experiments 1 and 2, respectively, was used as the
control to examine whether the protein ratio differs signifi-
cantly compared with the control. In Experiment 1, 90 and
75% (one tail) was used as the cutoff confidence level, and a
ratio value of 2.0 was used as the cutoff for significant binding
for proteins that were quantified by a single peptide. For
Experiment 2, 75% (two tails) was used as the cutoff confi-
dence level, and values of 1.3 and 0.6 were used as the high
and low end cutoffs, respectively, for proteins that were quan-
tified by a single peptide. A detailed list of quantification ratios
for all identified proteins is given in Supplement 3. A total of
236 and 147 proteins were found to have quantification ratios
that significantly differed from those of the control for Exper-
iments 1 and 2, respectively. Among these proteins, 43 pro-
teins, including ERa, were determined to have significant
binding (Experiment 1) as well as significant changes under E2
stimulation (Experiment 2).

The enrichment factors of TIF18, AN32A, and BZW1, as
indicated from their ratio values in pulldowns by the positive
and negative probes, were further validated by Western blot-
ting. Among the three proteins, AN32A and BZW1 were quan-
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tified by a single peptide. The ratio value for TIF18 was calcu-
lated to be 2.8 = 1.1 (n = 7) based on the MS chromatogram
in contrast to the value of 4.4 = 1.2 (n = 3) deduced from the
blotting data (Fig. 5B). The ratio value for AN32A was calcu-
lated to be 8.0 (n = 1) from the MS chromatogram in contrast
to the value of 8.0 = 2.4 (n = 3) deduced from the blotting
data. Finally, the ratio value for BZW1 was calculated to be 6.3
(n = 1) from the MS chromatogram in contrast to the value of
5.6 = 2.0 (n = 3) deduced from the blotting data. This general
trend of the ratio values was consistent with no significant
differences (p > 0.05) between the two quantification meth-
ods, even for those proteins that were identified by a single
peptide.

Bioinformatics Analysis of the ERE Protein Complex—Be-
cause a majority of the proteins pulled down in Experiment 1
were determined to be significantly bound, those proteins that
were identified in Experiment 2 were all assumed to be sig-
nificantly bound. Thus, the ratio value was then used to indi-
cate the effect of E2 on the levels of protein expression. A
bioinformatics analysis was performed to characterize the
functional role of 236 proteins with significant binding from

Experiment 1 and all 250 proteins identified from Experiment
2. Proteins identified from Experiments as suggested were
classified into nine categories according to their functions:
transcription factor and coactivators (5 and 4%), transcription
or mRNA processing (5 and 11%), translation (8 and 14%),
signal transduction (4 and 6%), heat shock protein (4 and
8%), cell cycle (16 and 6%), metabolism (25 and 12%), trans-
port (7 and 7%), structure (15 and 16%), and others (11 and
16%). Apparently, more transcription- and translation-related
proteins and fewer cell cycle- and metabolism-related pro-
teins were pulled down from the nuclear fraction (Experiment
2) than from the total cell lysate (Experiment 1).

The 147 proteins (Table ) that showed significant changes
induced by a 24-h E2 treatment from Experiment 2 were
further annotated by pathway analysis using Metacore soft-
ware (GeneGo Pathway Analysis, Inc.). The resulting pathway
map is shown in Fig. S6 of Supplement 1, and it strongly
suggests that almost all of these proteins are involved in
transcriptional regulation via transcription factor ERa or c-
Myc. Moreover, as indicated in Table |, half of them (75
proteins) are affected by both ERa and c-Myc.
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E2-induced Changes in ERa and c-Myc by Western Blot-
ting—Western blotting on ERa and c-Myc was then per-
formed to confirm their functional involvement in the ERE
complex as implied by QNanoPX and bioinformatics analysis.
First of all, the translocation of ER«a from the cytosol to the

nucleus upon 24-h E2 treatment was investigated. As shown
in Fig. 6, the 24-h E2 treatment caused a reduction of total
ERa expression by nearly 20% (Fig. 6A; p < 0.05). E2 treat-
ment, however, caused the percentage of ER«a in the nuclear
fraction to increase from 70 to 90%, and ERa in the non-
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(n =3, p > 0.05).

nuclear fraction decreased from 30 to 10% (Fig. 6B; p < 0.05).
Thus, the amount of ERa bound to ERE is expected to in-
crease by E2 treatment. Data shown in Fig. 6C indicate that
the ratio of ERa pulled down from the nucleus with and
without E2 treatment is near 0.9 = 0.1, which indicates a slight
but significant increase of ERa pulled down with a 24-h E2
treatment compared with the ratio of 0.8 + 0.0 for the
control (serum albumin). Compared with ERea, the E2-in-
duced change for c-Myc was much more dramatic. As
shown in Fig. 6D, E2 enhanced c-Myc binding to ERE by a
factor of nearly 14. These results confirm the transcriptional
involvement of both ERa and c-Myc and further revealed
that c-Myc may play a major role in the transcriptional
action of estrogen.

DISCUSSION

AuNP-ERE Probes for Affinity Pulldown—The SAM tech-
nique used to modify the surface of AUNPs is highly important
for affinity purification and critically affects the quality of the

results. In our design, the capture molecule (HS-T,5ERE) has
a longer chain and is spaced by a shorter PEG molecule
(molecular weight, 750) to minimize the steric hindrance for
the complex. Meanwhile, the shorter PEG molecule was used
to reduce nonspecific binding due to its hydrophilic and neu-
tral nature. Porous gel beads, on the other hand, could easily
attract nonspecific binding proteins due to not only polar
functional groups on their surface but also porous structures
that make it easy for molecules to stick and hard to escape.
Compared with porous gels, the surface-only binding of AUNPs
provides no size exclusion for protein complexes, and the pull-
down time may also be reduced. On the other hand, the large
surface area associated with AuNPs gives them comparable
loading capacity with the porous microgels (Fig. 3B). Based on
the calculation, for seven ERE molecules per AuNP with a
hydrated diameter around 26 nm, the loading capacity was
estimated to be around 500 kg/m® for ERa (66 kDa), which is
indeed about the same order of magnitude compared with the
reported value (180 kg/m®) for BSA on porous Sepharose (23).
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TABLE |
ERE complex proteins with significant changes after a 24-h E2 stimulation

Proteins marked in bold were identified by both Experiments 1 and 2. TR, transcription regulation; B, binding; SDR, short-chain dehydrogenases/
reductases; TRAP, thyroid hormone receptor-associated protein; UBX, domain present in ubiquitin-regulatory proteins; —, not applicable.

Swiss-Prot No. of Molecular

. Protein name Mean + S.D. ’ Comments Refs.
accession no. peptides mass
Da
1. Only ERa-
related
QINXB9 Elongation of very long chain fatty acids protein 0.957 = 0.054 2 34,803 TR 25
2
Q96JQ0 Protocadherin-16 precursor 1.333 1 346,712 TR 26
Q14980 Nuclear mitotic apparatus protein 1 0.599 1 239,214 TR 27
P19012 Keratin, type | cytoskeletal 15 1.006 = 0.113 19 49,365 TR 27
P08727 Keratin, type | cytoskeletal 19 1.102 = 0.237 155 44,065 TR 25
2. Only c-Myc-
related
P62081 40 S ribosomal protein S§7 1.200 + 0.116 4 22,113 TR 26
P08195 4F2 cell surface antigen heavy chain 0.905 = 0.002 2 58,023 TR 28
Q9Y3U8 60 S ribosomal protein L36 0.786 = 0.001 2 12,303 TR 29
P62424 60 S ribosomal protein L7a 1.085 + 0.096 3 30,148 TR 30
P68133 Actin, a skeletal muscle 1.100 + 0.054 14 42,366 TR 26
Q9HDC9 Adipocyte plasma membrane-associated 1.037 = 0.120 8 46,622 TR 31
protein
P07355 Annexin A2 1.095 + 0.301 4 38,808 TR 28
P24539 ATP synthase B chain 1.498 1 28,947 TR 29
P25705 ATP synthase subunit « 1.103 = 0.101 21 59,828 TR 28
P06576 ATP synthase subunit g 1.099 + 0.234 34 56,525 TR 29
P53618 Coatomer subunit B 0.906 = 0.054 4 108,214 TR 26
Q9Y394 Dehydrogenase/reductase SDR family member 1.658 1 38,673 TR 31
7 precursor
P54886 A'-Pyrroline-5-carboxylate synthetase 1.064 = 0.151 3 87,989 B 32
Q16531 DNA damage-binding protein 1 1.224 + 0.002 2 128,142 TR 28
P39656 Dolichyl-diphosphooligosaccharide-protein gly- 0.961 = 0.125 8 48,893 TR 28
cosyltransferase 48-kDa subunit precursor
P50402 Emerin 1.204 = 0.137 4 29,033 TR 33
P15311 Ezrin (p81) 1.350 = 0.029 2 69,484 TR 28
Q06787 Fragile X mental retardation 1 protein 0.941 = 0.006 2 71,473 TR 34
P62826 Androgen receptor-associated protein 24 1.259 + 0.063 2 24,579 TR 28
P61978 Transformation up-regulated nuclear protein 1.095 + 0.193 6 51,230 TR 32
P52272 Heterogeneous nuclear ribonucleoprotein M 1.067 *= 0.060 5 77,749 TR 31
P05783 Keratin, type | cytoskeletal 18 1.100 + 0.390 449 48,029 TR 28
Q96AG4 Leucine-rich repeat-containing protein 59 1.257 = 0.337 5 35,308 TR 35
Q08722 Leukocyte surface antigen CD47 precursor 1.957 1 35,590 TR 28
Q13724 Mannosyl-oligosaccharide glucosidase 0.980 + 0.039 2 92,032 B 32
P67812 Microsomal signal peptidase 18-kDa subunit 2.597 = 0.298 2 20,612 TR 31
Q8TCT9 Signal peptide peptidase 1.197 = 0.153 2 41,747 TR 31
Q9Y6C9 Mitochondrial carrier homolog 2 0.671 = 0.072 2 33,936 TR 29
P35580 Myosin heavy chain 10 1.333 + 0.444 4 229,824 TR 28
094832 Myosin-Id 0.579 1 116,927 TR 29
Q9Y2X3 Nucleolar protein NOP5 1.632 = 0.000 2 60,054 TR 36
Q14160 Protein LAP4 1.957 1 175,794 TR 29
Q86UE4 Astrocyte elevated gene 1 protein 1.022 = 0.046 4 63,856 TR 28
P46940 Ras GTPase-activating-like protein IQGAP1 0.994 + 0.138 3 189,761 TR 31
P61026 Ras-related protein Rab-10 0.945 + 0.148 7 22,755 TR 31
Q14257 E6-binding protein 0.964 + 0.017 3 36,911 TR 28
Q9NW13 RNA-binding protein 28 1.425 1 86,198 TR 31
P05023 Sodium/potassium-transporting ATPase a-1 1.100 = 0.130 17 114,135 TR 35
chain precursor
P50991 T-complex protein 1 subunit & 1.164 = 0.124 2 58,401 TR 32
Q5JTV8 Torsin-1A-interacting protein 1 0.876 = 0.002 2 66,379 TR 31
Q15363 Transmembrane emp24 domain-containing 1.672 1 22,860 TR 28
protein 2 precursor
P40939 Trifunctional enzyme subunit « 1.288 + 0.407 8 83,688 TR 31
QINYL9 Tropomodulin-3 (ubiquitous tropomodulin) 1.837 1 39,741 TR 37
Q9NZB2 UPF0318 protein FAM120A 0.927 + 0.083 3 117,711 TR 28
Q96A26 E2-induced gene 5 protein 2.3+ 0.1 2 17,559 TR 29
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TABLE |—continued

Swiss-Prot

No. of

Molecular

. Protein name Mean = S.D. . Comments Refs.
accession no. peptides mass
Da
Q8wWY22 Cervical cancer 1 proto-oncogene-binding protein 1.393 1 27,932 TR 38
KG19
Q15005 Signal peptidase complex subunit 2 1.315 = 0.034 4 25,272 TR 28
3. Both ERa— and
c-Myc-related
P63104 14-3-3 protein ¢/6 (protein kinase C inhibitor 1.372 1 27,899 TR 26, 28
protein 1)
P09110 3-Ketoacyl-CoA thiolase 1.148 = 0.018 2 44,834 TR 28, 39
P62277 40 S ribosomal protein S13 1.042 = 0.105 4 17,212 TR 26, 33
P62263 40 S ribosomal protein S14 1.180 = 0.003 2 16,434 TR 28, 40
P62249 40 S ribosomal protein S16 1.211 + 0.005 3 16,549 TR 33, 41
P08708 40 S ribosomal protein S17 1.326 1 15,597 TR 26, 33
P62269 40 S ribosomal protein S18 1.083 = 0.137 2 17,708 TR 26, 30
P61247 40 S ribosomal protein S3a 1.038 = 0.052 9 30,154 TR 26
P62753 Phosphoprotein NP33 1.174 = 0.001 2 28,834 TR 26, 42
P62241 40 S ribosomal protein S8 1.271 + 0.067 2 24,475 TR 26, 28
P10809 60-kDa heat shock protein 1.041 = 0.108 8 61,187 TR 26, 43
P62913 60 S ribosomal protein L11 1.292 + 0.248 3 20,468 TR 26, 44
P26373 Breast basic conserved protein 1 1.020 + 0.049 2 24,304 TR 26, 33
P46776 60 S ribosomal protein L27a 1.089 + 0.082 2 16,665 TR 26, 45
Q02878 TAX-responsive enhancer element-binding 0.898 = 0.001 2 32,765 TR 26, 33
protein 107
P18124 60 S ribosomal protein L7 1.062 = 0.001 2 29,264 TR 26, 28
P32969 60 S ribosomal protein L9 1.173 = 0.138 4 21,964 TR 26, 33
P60709 Actin, cytoplasmic 1 (B-actin) 1.087 + 0.107 24 42,052 B, TR 26, 46
P05141 ADP/ATP translocase 2 1.020 = 0.221 5 33,102 TR 26, 28
P12956 Thyroid-lupus autoantigen (CTC box-binding 1.066 = 0.298 4 70,084 B, TR 33, 40
factor 75-kDa subunit)
QINYF8 Bcl-2-associated transcription factor 1 (Btf) 1.177 = 0.002 2 106,173 TR 23,28
P27824 Calnexin precursor 1.187 = 0.101 5 67,982 TR 26, 28
014976 Cyclin G-associated kinase 1.212 +£ 0.153 2 144,583 TR 26, 33
P04844 Dolichyl-diphosphooligosaccharide 1.045 = 0.132 18 69,355 B, TR 26, 32
P49411 Elongation factor Tu 1.181 = 0.491 6 49,852 TR 26, 28
P14625 Endoplasmin precursor 1.342 1 92,696 TR 33, 40
Q92616 GCN1-like protein 1 0.929 + 0.049 4 294,953 TR 26, 35
P04406 Glyceraldehyde-3-phosphate dehydrogenase 1.113 + 0.258 3 36,201 TR 28, 40
P11142 Heat shock cognate 71-kDa protein 1.029 + 0.253 5 71,082 TR,B 42, 47
P07900 Heat shock protein HSP 90-« 1.088 + 0.087 2 85,006 TR, B 28, 48
P08238 Heat shock protein HSP 90-8 1.029 + 0.004 2 83,554 TR, B 28, 49
P09651 Heterogeneous nuclear ribonucleoprotein A1 1.069 + 0.171 5 38,936 TR 40, 45
P51991 Heterogeneous nuclear ribonucleoprotein A3 1.008 = 0.197 5 39,799 TR 35, 40
P14866 Heterogeneous nuclear ribonucleoprotein L 0.998 + 0.124 3 60,719 TR 29, 40
060506 Heterogeneous nuclear ribonucleoprotein Q 1.374 1 69,788 TR 26, 28
P07910 Heterogeneous nuclear ribonucleoproteins C1/C2 1.096 + 0.183 19 33,707 TR 35, 40
P16401 Histone H1.5 1.047 = 0.160 8 22,566 TR 29, 40
Q71UI9 Histone H2AV 1.067 = 0.110 33 13,501 TR 26, 28
P62807 Histone H2B type 1-C/E/F/G/I 1.170 = 0.458 58 13,811 TR 33, 41
Q16836 Hydroxyacyl-coenzyme A dehydrogenase 1.331 £ 0.178 2 34,313 TR 26, 28
P08779 Keratin, type | cytoskeletal 16 1.099 * 0.379 25 51,578 TR 26
Q96G23 Tumor metastasis suppressor gene 1 protein 0.971 + 0.001 2 44,961 TR 25,35
P02545 Lamin-A/C 1.084 = 0.144 9 74,380 TR 26, 42
P20700 Lamin-B1 1.204 = 0.221 10 66,653 TR 26, 28
Q16891 Proliferation-inducing gene 4 protein 1.083 £ 0.115 4 84,026 TR 26, 28
P60660 Myosin light polypeptide 6 1.272 = 0.001 2 17,090 TR 26, 50
P35579 Myosin-9 0.966 + 0.193 17 227,646 TR 31,40
043795 Myosin-Ib 0.955 + 0.108 3 132,928 TR 26, 51
Q15758 Neutral amino acid transporter B(0) 1.098 + 0.113 3 57,018 TR 26, 28
P06748 Nucleophosmin (NPM) (nucleolar 0.996 = 0.019 4 32,726 TR 40, 43
phosphoprotein B23)
P26599 Polypyrimidine tract-binding protein 1 1.020 + 0.296 6 57,357 TR 28, 39
Q6P2Q9 Pre-mRNA processing-splicing factor 8 1.030 = 0.092 4 274,738 B 40, 51
P35232 Prohibitin 1.012 = 0.147 7 29,843 TR, B 52,53
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TABLE |—continued

Swiss-Prot

No. of Molecular

. Protein name Mean = S.D. . Comments Refs.
accession no. peptides mass
Da

Q99623 Prohibitin-2 (repressor of estrogen receptor 1.144 = 0.197 7 33,276 TR, B 33, 40
activity)

Q15084 Protein-disulfide isomerase A6 precursor 1.243 + 0.027 2 48,490 TR 26, 28

Q9BSJ8 Protein FAM62A 0.982 + 0.040 6 123,293 TR 26, 40

043143 Putative pre-mRNA splicing factor ATP-depend- 1.558 1 91,673 TR 26, 32
ent RNA helicase DHX15

Q15050 Ribosome biogenesis regulatory protein homolog 1.322 1 41,225 TR 28, 54

Q9H3N1 Thioredoxin domain-containing protein 1 1.235 + 0.222 2 32,170 TR 26, 35
precursor

Q13263 Transcription intermediary factor 1-g (nuclear 1.083 + 0.094 2 90,261 TR,B 32,40
corepressor KAP-1)

Q9UNL2 Translocon-associated protein subunit y (TRAP-y) 1.151 + 0.001 2 21,067 TR 25,35

P68363 Tubulin « ubiquitous chain 0.950 = 0.271 103 50,804 B 28, 55

P07437 Tubulin B chain 1.015 = 0.195 38 50,095 TR, B 26, 55

P68371 Tubulin B-2C chain 1.021 = 0.186 39 50,255 TR 26

Q9POLO Vesicle-associated membrane protein-associated 0.921 + 0.002 2 28,103 TR 26, 33
protein A

095292 Vesicle-associated membrane protein-associated 0.921 + 0.002 2 27,439 TR 26, 31
protein B/C

075396 Vesicle-trafficking protein SEC22b 0.897 + 0.022 2 24,896 TR 26, 31

P21796 Voltage-dependent anion-selective channel 1.168 = 0.379 26 30,868 TR 26, 35
protein 1

Qova77 Voltage-dependent anion-selective channel 1.045 = 0.043 3 30,981 TR 26, 28
protein 3

P68104 Elongation factor 1-« 1 1.159 + 0.065 3 50,451 TR 26, 28

094972 Tripartite motif-containing protein 37 1.882 1 109,491 TR

P22626 Heterogeneous nuclear ribonucleoproteins A2/ 1.032 = 0.173 16 37,464 TR 33, 40
B1

P33778 Histone H2B type 1-B 1.177 = 0.455 58 13,942 TR 29, 40

P84243 Histone H3.3 1.393 = 1.100 28 15,376 TR 28, 40

075367 Core histone macro-H2A.1 12+04 8 39,764 TR 26, 33

4. Others

Q15008 Breast cancer-associated protein SGA-113 m 0.985 = 0.112 6 45,787 -

Q16352 a-Internexin (a-Inx) 0.366 = 0.068 6 55,528 —

P00403 Cytochrome ¢ oxidase subunit 2 0.983 = 0.095 4 25,719 —

P15924 Desmoplakin (DP) 1.008 = 0.061 5 334,021 - 56

Q14315 Filamin-C 2.728 1 293,344 —

P20671 Histone H2A type 1 1.063 + 0.200 47 14,099 —_

Q71DI3 Histone H3.2 0.970 = 0.201 31 15,436 —

P62805 Histone H4 1.004 *= 0.196 162 11,360 — 57

P04264 Keratin, type Il cytoskeletal 1 0.987 = 0.086 157 66,149 - 58

P02538 Keratin, type Il cytoskeletal 6A 1.215 = 0.346 19 60,293 — 59

P05787 Keratin, type Il cytoskeletal 8 1.072 = 0.447 565 53,671 - 60

Q72406 Myosin-14 1.014 = 0.208 4 228,889 -

P16435 NADPH-cytochrome P450 reductase 0.913 = 0.000 2 77,097 —_

Q9HOU4 Ras-related protein Rab-1B 1.149 + 0.112 5 22,328 —

P62834 Ras-related protein Rap-1A precursor 0.956 = 0.085 3 21,316 — 61

Q96HR9 Receptor expression-enhancing protein 6 1.004 = 0.178 4 20,891 — 62

094901 Sad1/unc-84 protein-like 1 1.180 = 0.045 2 90,806 —

P04350 Tubulin B-4 chain 0.943 + 0.153 17 50,010 — 63

Q96CS3 UBX domain-containing protein 8 0.998 + 0.035 3 52,933 — 64

In addition, the AuNP probes fabricated here bear a high
charge density on their surface and thus have good solu-
bility and high stability in solutions with an ionic strength up
to more than 2 m (in Supplemental Fig. S2). As displayed in
Fig. 1C, except when centrifuged, AuNPs remain soluble
and well suspended throughout the pulldown process re-
gardless of the buffer exchange. Such advantage is superior
to many other nanomaterials and is particularly useful for
affinity capturing from a relatively large volume of dilute

biological fluids up to several liters (16). Another unique
advantage of using AuNPs as probes is the visual monitor-
ing of the modification. In the presence of salts, monodis-
persed AuNPs with a red color normally indicate a very
uniform and complete surface coating, which could be eas-
ily obtained by the use of thiolated SAM molecules for
AuNPs. Unlike magnetic beads, however, precipitation by
centrifugation is required for the AuNP probes to separate
the supernatant from the pellet, and this process could
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cause sample loss. We had tried to optimize the tubes,
centrifugation speed and time, and the elution buffer for the
purification. As shown in Fig. 2A, the recovery yield was
estimated to be higher than 80% with 1% SDS elution.
Thus, we concluded that the AuNP-ERE probe exhibits good
solubility, extremely low nonspecific binding, and comparable
loading capacity, leading to a 20-fold enrichment of the factor
compared with gel beads. We further concluded that chemically

modified AuNPs exhibit excellent solubility and could become
superior to magnetic beads if AUNPs can be more efficiently
collected and separated from the supernatant, which, however,
can be easily achieved by careful optimizations.

Quantitative and Statistical Analysis in Revealing Specific/
Nonspecific Binding—As shown in the plot of Fig. 4C, more
than 97% of the identified proteins have enrichment factors
(ratios) greater than 1 (positive/negative), and about 72% of
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the proteins (236 proteins) have enrichment factors large
enough to indicate significant binding under 90% confidence,
demonstrating a good specificity for the probe. In contrast, as
shown in Fig. 4D, the average of all ratios with and without E2
treatment was around 0.9 for all pulled down proteins, and
only about one-half of the proteins were found to change
significantly under 75% confidence, indicating that small
changes occur across proteins with a 24-h E2 treatment. We
used a lower confidence level for Experiment 2 (75%) be-
cause ERa was reported to show maximal binding to the
consensus sequence at 3 h after E2 treatment and return to
near basal levels at the 12- and 24-h time periods based on
chromatin immunoprecipitation-chip analysis (23). We used a
lower confidence level to cover more potential proteins that
may be involved in the transcription. Serum albumin is a well
known, highly abundant protein that is commonly used as the
blocking agent against nonspecific binding on solid supports
and thus is a suitable control for quantitative analysis. In
addition to the small difference in ratio values compared with
the control, many discriminated proteins were due to few
peptides used for quantification (=2). To increase the confi-
dence of proteins identified and quantified by single peptides,
we had used the unique dimethylated a, ion and relatively
large cutoff values as the criteria. The identity and quantifica-
tion ratio of AN32A and BZW1, which were identified by single
peptides, were further confirmed by Western blotting. Thus,
we believe the approach using PEG-modified AuNPs probes
coupled with stable isotope dimethyl labeling and statistics
could provide high confidence for specific binding as well as
for protein identification and quantification.

c-Myc and ERa—Based on quantification and statistics
assessment, our data show that a total of 147 proteins (Table
l) are regulated by E2 treatment. This large number of proteins
reflects multiple pathways associated with E2 action. Notably,
based on pathway analysis, a majority of affected proteins are
involved in the transcriptional regulation of not only ERa but
also c-Myc. Proteins regulated by both transcription factors
account for 50% of all affected proteins, proteins regulated by
only c-Myc account for 33%, and proteins regulated by only
ERa account for 4%. Apparently, many more proteins are
regulated by c-Myc than are regulated by ERa. We believe
such results were related to the dynamic change of the sig-
naling and were consistent with the substantial E2-enhanced
ERE binding for c-Myc and small changes in E2-enhanced
ERE binding for ERa under a 24-h treatment. c-Myc is known
to be encoded by estrogen-responsive proto-oncogenes (24),
and the co-precipitation of ERa and c-Myc by the ERE probe
revealed here is strong evidence of cross-interactions be-
tween the two transcription factors for ER-mediated tran-
scription. It has been reported that the binding element of
c-Myc is located in close proximity to the binding element of
ERa in many estrogen-responsive promoters (23). Thus, E2
stimulation further enhances the interaction between c-Myc
and ERa (23), facilitating the association of transcription fac-

CRSI
M CTND1 BAZIB~ ~

Protein Folding

E2 response protein

Fic. 7. Proposed ERE complex consists of proteins classified in
Table | as only ERa-related (7), only c-Myc-related (2), both ER«a-
and c-Myc-related (3), and others (4) and other identified pro-
teins. Proteins in black ovals are significantly affected by E2 stimu-
lation, and proteins in open ovals are transcription factors identified
from the pulldown but without significant changes induced by a 24-h
E2 stimulation. PRDXs, peroxiredoxins PRDX1, PRDX2, PRDX3, and
PRDX6; TBs, tubulin; RAS, Ras-related proteins; RNPs, ribonucleo-
protein; TIFs, translation initiation factor; TEFs, translation elongation
factor; RPs, ribosomal protein; PDIs, protein-disulfide isomerases;
Cpr, chaperone; BAZ1B, bromodomain adjacent to zinc finger do-
main protein 1B; BT3L3, transcription factor BTF3 homolog 3;
CTND1, catenin 8-1; TRIP4, activating signal cointegrator 1; CRSP2,
cofactor required for Sp1 transcriptional activation subunit 2; DBPA,
DNA-binding protein A; RUVB1, RuvB-like 1; SIN3A, paired am-
phipathic helix protein Sin3a; TF3C4, general transcription factor 3C
polypeptide 4; YBOX1, nuclease-sensitive element-binding protein 1;
TFBS, transcription factor binding sites; ESR, ER«; FAS, fatty acid
synthase; PRKDC, DNA-dependent protein kinase catalytic subunit.

tors and coactivators/repressors with these estrogen-respon-
sive promoters. In addition to c-Myc, there were other tran-
scription factors identified in the ERE complex but with
insignificant changes by E2 stimulation after the 24-h time
period. We suspect that these identified transcription factors
could still be involved in ER-mediated transcription but that
they become activated under different time periods of E2
stimulation.

Thus, based on results of the experiment, we proposed a
functional ERE complex (Fig. 7) composed of all E2-affected
proteins and some transcription factors with no significant
changes detected under a 24-h E2 treatment. In principle, our
AuNP-ERE probe was primarily designed to investigate the
genomic pathway induced by the primary affinity interaction
between ER and ERE to form the ERE-ER complex. The
ERE-ER complex recruits other proteins such as coactivators
and corepressors, which co-regulate the transcription of
downstream DNA into mRNA, as well as proteins, which affect
cell functions. Thus, coactivators, corepressors, and proteins
involved in transcription and translation were expected to be
co-pulled down via secondary interactions. However, ERE
probe could also pull down transcription factors that interact
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with ERa or bind to sites close to ERE such as c-Myc and
other transcriptional factor binding sites depicted in Fig. 7. E2
enhanced the interaction among binding proteins and facili-
tated the association of transcription factors and coactiva-
tors/repressors with these estrogen-responsive promoters,
influencing chromatin remodeling and increased/decreased
transcription. As indicated in Table I, 50% of the affected
proteins were implicated in the transcriptional regulation of
both ERa and c-Myc, suggesting that E2 stimulation stabilizes
the ERE complex, which consists of co-regulators of both
transcription factors, thereby permitting other signal trans-
duction pathways to fine tune estrogen-mediated signaling
networks. In addition to transcriptional regulation, other pro-
cesses such as the non-genomic pathway, metabolism, and
antioxidant effects are also linked to estrogen action and
result in disruption of the cell cycle, apoptosis, DNA repair,
and therefore tumor formation. Many proteins identified from
the pulldown by the AuNP-ERE probe were also found to be
involved in these processes (Fig. 7). We believe dynamic
analyses with different time points will reveal more insights
regarding cross-interactions and co-regulations of transcrip-
tion factors as well as other signaling processes.

Conclusions—In this study, we demonstrated a successful
QNanoPX platform that combines chemically modified
AuNPs, quantitative proteomics, biostatistics, and bioinfor-
matics to reveal protein-DNA complexes using an affinity pu-
rification method. The AuNP-ERE probe was composed of a
short DNA sequence (13 bp) of ERE, but it was shown to be
capable of pulling down a large complex that includes tran-
scription factors and their co-regulators. Information gained
from such an approach is very useful for understanding cross-
interactions among signal transduction pathways. The
method is superior to the traditional gel beads because of its
substantially lower nonspecific binding and higher solubility,
which result in a greatly enhanced enrichment factor. There
are still highly abundant proteins that are co-pulled down
nonspecifically, but it does not appear to alter the ability of
AuNPs to capture interesting proteins, suggesting that fur-
ther chemistry optimization is still needed. In conclusion,
QNanoPX holds great promise for analyzing protein com-
plexes in vivo and will be very useful for diverse applications
in the interactome.
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