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ABSTRACT

Specific genomic functions are dictated by macro-
molecular complexes (MCs) containing multiple pro-
teins. Affinity purification of these complexes, of-
ten using antibodies, followed by mass spectrom-
etry (MS) has revolutionized our ability to iden-
tify the composition of MCs. However, conven-
tional immunoprecipitations suffer from contaminat-
ing antibody/serum-derived peptides that limit the
sensitivity of detection for low-abundant interacting
partners using MS. Here, we present AptA–MS (ap-
tamer affinity–mass spectrometry), a robust strategy
primarily using a specific, high-affinity RNA aptamer
against Green Fluorescent Protein (GFP) to identify
interactors of a GFP-tagged protein of interest by
high-resolution MS. Utilizing this approach, we have
identified the known molecular chaperones that in-
teract with human Heat Shock Factor 1 (HSF1), and
observed an increased association with several pro-
teins upon heat shock, including translation elonga-
tion factors and histones. HSF1 is known to be reg-
ulated by multiple post-translational modifications
(PTMs), and we observe both known and new sites
of modifications on HSF1. We show that AptA–MS
provides a dramatic target enrichment and detection
sensitivity in evolutionarily diverse organisms and
allows identification of PTMs without the need for
modification-specific enrichments. In combination
with the expanding libraries of GFP-tagged cell lines,
this strategy offers a general, inexpensive, and high-
resolution alternative to conventional approaches for
studying MCs.

INTRODUCTION

Characterizing macromolecular complexes (MCs) and their
interactions is essential for understanding any biologi-
cal process at the molecular level. With increased res-
olution and throughput of mass spectrometry (MS) in
the last decade, MS-based proteomic analyses following
co-immunoprecipitations have been extensively utilized to
identify interacting partners of many proteins (1–3). These
assays rely on the availability of antibodies that are well-
characterized, highly specific, and high-affinity against
the protein of interest (POI) or a peptide tag that al-
low the binding partners of the (tagged)-target protein to
be co-precipitated while the antibody is immobilized on
beads/resins. Even for a single antibody, significant lot-to-
lot variability affects the purity, specificity and yield of (co-)
immunoprecipitations. The (co-) immunoprecipitated pro-
teins are subsequently eluted by denaturation (i.e. with heat,
SDS or combinations) or by on-bead proteolytic digestion
and analyzed by MS. However, contaminating peptides de-
rived from the antibody/serum or Protein-A/G are rou-
tinely found at an order of magnitude higher abundance
than the POI (1,2). This can hinder the identification of
interacting partners, particularly if they are rare or sub-
stoichiometric. In some cases, eluates are further fraction-
ated by gel electrophoresis and individual protein bands are
excised to exclude heavy and light chains of the antibody
prior to MS. This method limits the number of proteins that
can be identified and prevents analysis of proteins below the
limit of detection for a given electrophoresis/protein stain-
ing technique (4) while increasing the likelihood of keratin
contamination and the length of time needed for sample
preparation.

To provide an alternative to immunoprecipitations, we
have developed an RNA aptamer-based affinity purification
method, which we call AptA–MS (aptamer affinity–mass
spectrometry), using the highly-specific and high-affinity
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Green Fluorescent Protein (GFP)-aptamer (5) to co-purify
GFP-tagged target proteins and their binding partners for
identification by MS. Nucleic acid aptamers can be selected
against a wide variety of targets and synthesized in unlim-
ited quantities by cost-effective methods. These properties,
in addition to their high specificity and affinity, make ap-
tamers attractive reagents for affinity purification. Indeed,
aptamers have been used for affinity purification of targets
from biological mixtures followed by MS, but mainly for
target detection and biomarker discovery (6). These detec-
tion assays were developed with a handful of aptamers and
demonstrated to work by proof-of-principle experiments
with little or no biological applications. General and sim-
ple affinity-capture methods using RNA aptamers are lack-
ing, especially those that allow for quantitative analysis of
protein interactions and protein complex formation directly
from cellular lysates and can be applied to address a broad
array of biological questions in a wide range of species, tis-
sues, and cell types.

We reasoned that the GFP protein in combination
with the high-affinity and high-specificity GFP-aptamer (5)
would serve as a suitable affinity tool to study protein-
protein interactions by MS and allow use with a broad
collection of existing GFP-fusion proteins in human cells
and other model organisms including Drosophila and yeast.
Here, we demonstrate that AptA–MS is superior to conven-
tional co-immunoprecipitations for subsequent MS anal-
ysis, because it is devoid of immunoprecipitation-derived
protein contaminants, and provides a dramatic enrichment
of the POI. Using AptA–MS we have identified several
known and novel interactors of human Heat Shock Fac-
tor 1 (HSF1) tagged with GFP, some of which showed
an increased association following heat shock (HS). In ad-
dition, we have identified post-translational modifications
(PTMs) of HSF1 and the co-precipitated histones with-
out additional tailored enrichment steps for these modi-
fications. We have also applied AptA–MS with other ap-
tamers (e.g. NELF-aptamer) (7,8) to enrich its target from
Drosophila S2 cells. Our results indicate that in addition
to purifying transiently transfected HSF1-GFP from hu-
man cells, the GFP-aptamer is capable of enriching en-
dogenous GFP-tagged RNA polymerase II (Pol II) from
yeast, as well as formaldehyde crosslinked GFP from
Drosophila S2 cells, thereby making it a versatile tool for
affinity purification of GFP-tagged proteins from various
sources.

MATERIALS AND METHODS

Cell culture and transfection

Human HCT116 cells were grown in McCoy’s 5A media
(with 10% FBS + P/S) at 37◦C. Around 4 million HCT116
cells were plated in McCoy’s 5A media (with 10% FBS
+ P/S) 24 h prior to being transfected with pEGFP-N1
or pHSF1-GFPN3 (9) (gift from Stuart Calderwood, Ad-
dgene# 32538) plasmid and Fugene HD reagent at 3:1 ra-
tio. It should be noted that in this study for HCT116 and
S2 cells, GFP or GFP-fusion protein refers to protein con-
taining enhanced (E)-GFP which has equivalent binding
affinity to the GFP-aptamer (5). Transfection efficiency was

monitored after 20 h (∼90% efficient as judged by GFP fluo-
rescence) and cells were then subjected to instantaneous HS
(10). Cells were scraped after 30 min HS and centrifuged at
500 × g for 5 min at 4◦C and washed twice with ice-cold
1× PBS.

Drosophila S2 cells were grown in M3+BPYE media
(with 10% FBS) at 25◦C. S. pombe cells were cultivated us-
ing standard procedures (11).

Human cellular lysate preparation & aptamer-based affinity
purification

Transfected human HCT116 cells before or after HS were
resuspended in 0.5 ml ice-cold cellular lysis buffer (1× PBS
+ 0.2% NP40 + 1× EDTA-free Protease inhibitor cocktail).
Cells were incubated on ice for 30 min followed by sonica-
tion with Bioruptor Diagenode at High setting (30 s ON/
30 s OFF) for 5 min at 4◦C. The lysate was centrifuged at
20 000 × g for 10 min at 4◦C and the resulting supernatant
was transferred to a new tube. The cleared lysate was di-
luted to a final buffer containing 1× PBS, 0.05% NP40, 5.25
mM MgCl2, 187.5 ng/�l yeast RNA, 187.5 ng/�l sheared
salmon sperm DNA, 200 units SUPERase IN/ ml.

RNA preparation and immobilization on beads. The
polyadenylated (20 nt ‘A’) GFP or polyadenylated con-
trol (NELF)-aptamer was in vitro transcribed using T7
RNA polymerase and purified by phenol/chloroform and
polyacrylamide gel extraction. DNA sequences of the
GFP and control (NELF)-RNA aptamers are based on
sequences used in (8) and are as follows; GFP-aptamer:
GGGAGCTTCTGGACTGCGATGGGAGCACGAAA
CGTCGTGGCGCAATTGGGTGGGGAAAGTCCTT
AAAAGAGGGCCACCACAGAAGC, NELF-aptamer:
GGGAATGGATCCACATCTACGAATTCCCAACG
ACTGCCGAGCGAGATTACGCTTGAGCGCCCCA
CTGAGGATGCCCACGGGCGATTGGGGCACGGC
TTCACTGCAGACTTGACGAAGCTT.

200 pmol of polyadenylated GFP or the control (NELF)-
aptamer was annealed to equimolar desthiobiotin-oligodT-
20 in 200 �l of 1× annealing buffer (10 mM Tris–HCl pH
7.5, 50 mM NaCl) by heating at 95◦C for 3 min and slow
cooling to room temperature over >1 h. For each pull-down
1 mg of Dynabeads MyOne Streptavidin C1 (Thermo) mag-
netic beads were washed once with 1 ml and twice with 0.1
ml of Tween wash buffer (5 mM Tris–HCl pH 7.5, 0.5 mM
EDTA, 1 M NaCl, 0.05% Tween-20) by placing on a mag-
netic separator for 2 min and removing the supernatant. To
eliminate possible RNase activity, beads were washed once
with 0.1 ml of 0.1 M NaOH, 0.05 M NaCl followed by two
washes of 0.1 ml of 0.1 M NaCl with changing tubes in be-
tween washes. The beads were resuspended in 200 �l of 2×
binding buffer (10 mM Tris–HCl pH 7.5, 1mM EDTA, 2
M NaCl) supplemented with 4 units/ml SUPERase IN. The
resulting bead slurry was mixed with the annealed RNA ap-
tamer and incubated on a thermomixer for 1 h at 23◦C with
shaking. Aptamer bound beads were washed twice with
0.4 ml of Bead wash buffer (1× PBS, 0.05% NP40, 5 mM
MgCl2), supplemented with 4 units/ml SUPERase IN with
changing tubes in between washes.
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Binding to lysate, washing and elution. The GFP- or
control-aptamer bound beads were resuspended in the di-
luted cellular lysate and incubated at 4◦C with rotation for
2 h. The beads were placed on a magnet and supernatant
was removed. The beads were washed twice with 0.5 ml of
Bead wash buffer and twice with 0.5 ml of 1× PBS, 5 mM
MgCl2, with changing tubes in between washes. Beads were
resuspended in 50 �l of fresh Elution buffer (5 mM Biotin,
50 mM ammonium phosphate, pH 7.5) and incubated in a
Thermomixer at 37◦C with shaking for 1 h followed by col-
lection of the eluate into a fresh tube.

Details of the immunoprecipitation method utilizing the
GFP-antibody are provided in the Supplementary Informa-
tion.

Affinity purification from other organisms

Drosophila S2 cells stably expressing GFP, wild-type
Drosophila S2 cells and S. pombe cells expressing endoge-
nous GFP-Rpb3 were cultured for lysate or nuclear extract
preparation, and were subjected to aptamer-based purifica-
tion or Tandem affinity purification (TAP)-tag-based purifi-
cation. Further details of these methods are provided in the
Supplementary Information.

Proteomics workflow

Mass spectrometry sample preparation. Eluate from hu-
man HCT116 cells was solubilized in 8 M urea in 100 mM
ammonium bicarbonate (ABC). The sample was reduced in
10 mM dithiothreitol (DTT) at 37◦C for 1 h. Cysteines were
blocked in 30 mM methyl methanethiosulfonate (MMTS)
at room temperature for 1 h without light. The sample vol-
ume was adjusted to reduce the concentration of urea to
below 1 M using 100 mM ABC, and proteins were digested
using 1 �g of Trypsin at 37◦C overnight. Salts, RNA and
other contaminants were removed using mixed-mode cation
exchange (MCX) columns (Oasis). Elution buffer spiked-in
with biotin and analyzed before and after MCX cleanup
shows that the biotin signal is drastically reduced after
cleanup (Supplementary Figure S1). Samples were dried us-
ing a speed vacuum.

Mass spectrometry

All mass spectrometry with samples prepared from hu-
man HCT116 cells was performed on a Q-Exactive HF-X
(Thermo Fisher Scientific) mass spectrometer with a Ea-
syLC 1200 HPLC and autosampler (Thermo Fisher Sci-
entific). The dried pull-downs were solubilized in 30 �l of
loading buffer (0.1% trifluoroacetic acid and 2% acetoni-
trile in water), and 3 �l was injected via the autosampler
onto a 150-�m Kasil fritted trap packed with Reprosil-Pur
C18-AQ (3-�m bead diameter, Dr. Maisch) to a bed length
of 2 cm at a flow rate of 2 �l/min. After loading and de-
salting using a total volume of 8 �l of loading buffer, the
trap was brought on-line with a pulled fused-silica capillary
tip (75-�m i.d.) packed to a length of 25 cm with the same
Dr. Maisch beads. The column and trap were mounted to a
heated microspray source (CorSolutions) at 50◦C. Peptides
were eluted off of the column using a gradient of 5–28%

acetonitrile in 0.1% formic acid over 25 min, followed by
28–60% acetonitrile over 5 min at a flow rate of 300 nl/min.

The mass spectrometer was operated using electrospray
ionization (2 kV) with the heated transfer tube at 250◦C
using data dependent acquisition (DDA), whereby one or-
bitrap mass spectrum (m/z 400–1600) was acquired with
up to 20 orbitrap MS/MS spectra. The resolution for MS
in the orbitrap was 60 000 at m/z 200, and 15 000 for
MS/MS. The automatic gain control targets for MS was
3e6, and 1e5 for MS/MS. The maximum fill times were
45 and 25 ms, respectively. The MS/MS spectra were ac-
quired using quadrupole isolation with an isolation width
of 1.6 m/z and HCD collision energy (NCE) of 28%. The
precursor ion threshold intensity was set to 2e6 in order
to trigger an MS/MS acquisition. Furthermore, MS/MS
acquisitions were allowed for precursor charge states of 2–
5. Dynamic exclusion (including all isotope peaks) was set
for 10 s.

Details of the mass spectrometry method associated with
NELF-aptamer pull-down from Drosophila S2 cells are pro-
vided in the Supplementary Information.

Data analysis

Raw spectral files were converted to mascot generic format
using MSGUI, then searched against a database containing
human proteins from UniProt with the addition of the pro-
tein sequence for GFP using Mascot. The search parame-
ters allowed for fixed cysteine methylthiolation and variable
methionine oxidation modifications, with a 10 ppm pep-
tide mass tolerance, 0.5 Da fragment mass tolerance, and
one missed tryptic cleavage. Subsequent searches allowed
for variable lysine acetylation and serine/threonine phos-
phorylation, respectively, each with fixed cysteine methylth-
iolation and variable methionine oxidation allowing for 20
ppm peptide mass tolerance and 0.5 Da fragment mass
tolerance and a maximum of three missed tryptic cleav-
ages. Searches were also submitted with the above param-
eters and a 0.02 Da fragment mass tolerance, which re-
sulted in no substantial changes to the results. Initial anal-
yses of abundance and enrichment were conducted using
Scaffold (12). Prediction and scoring of HSF1 interacting
partners was done using Significance analysis of interac-
tome (SAINT), and data was presented using the SAINT
score and fold change A values (13). Rather than perform-
ing a traditional fold change calculation, SAINT takes into
account representation of each protein among biological
replicates. As a control dataset to train the algorithm, we
used the proteins detected in pull-downs using the GFP-
aptamer from GFP cells in addition to pull-downs using
the NELF-aptamer from HSF1-GFP cells. This 2-fold con-
trol strategy provided proteins that bind non-specifically
to RNA and to free GFP. The resulting output was an
enrichment calculation (fold change A, the most conser-
vative option) and probability score for interaction with
HSF1 (SAINT score). Prediction and assignment of post-
translational modifications was done using Scaffold PTM
(14). Site assignments were confirmed using MS1 quantifi-
cation in Skyline (15). All mass spectrometry proteome data
were deposited to the ProteomeXchange Consortium (16)
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via the PRIDE repository (17) with the dataset identifier
PXD015620.

Gene ontology (GO) analysis

The Protein Analysis Through Evolutionary Relationships
(PANTHER) classification system (18) was used to deter-
mine the GO classification of enriched proteins. UniProt
IDs from proteins statistically enriched (Fishers exact test P
< 0.05) in HSF1-GFP cells compared to GFP cells with the
GFP- or NELF-aptamer were used as query for the PAN-
THER 15.0 Gene List Analysis tool. Functional classifica-
tion using the Homo sapiens reference database was per-
formed using this tool. The percent of genes from the query
matching to a specific function against the total number of
queried genes with function matches was plotted using gg-
plot2 (19).

RESULTS

Basic strategy

The GFP-aptamer (5) with polyA-tail is immobilized on
streptavidin magnetic Dynabeads via hybridization with
desthiobiotin-oligodT and is incubated with a cellular
lysate expressing GFP-tagged POI. After gently washing
the beads, the aptamer-bound proteins can be specifically
eluted with excess biotin, which has much higher affinity for
streptavidin and readily competes off desthiobiotin. Eluted
proteins are then analyzed by MS, leaving non-specifically
bound proteins on beads (Figure 1). The MS spectra are
bioinformatically analyzed to determine enrichment of the
POI relative to controls, protein interactions, and PTM site
assignment.

GFP-aptamer provides a clean method of enriching GFP-
tagged proteins from cellular lysates

We tested our AptA–MS method by purifying HSF1 and
its interacting partners from HCT116 cells transiently ex-
pressing HSF1 fused to GFP. HSF1 is a major regulator of
stress-induced transcription that binds to hundreds of Heat
Shock Elements (HSEs) genome-wide upon activation (20).
In non-heat shock (NHS) conditions, endogenous HSF1
is predominantly in an inactive monomeric state but con-
verts to an active trimeric DNA-binding state upon HS (21).
HSF1 is also regulated by chaperones and PTMs, and the
identification of these binding partners and PTMs is crit-
ical to our understanding of HSF1’s function (22,23). We
transfected HCT116 cells with plasmid vectors expressing
GFP or HSF1-GFP under the same promoter, and sub-
jected them to a 30 min heat shock at 42◦C (HS) or kept
them at 37◦C (NHS) (Figure 2A). Total cellular lysates pre-
pared from transfected cells were confirmed to be express-
ing similar levels of GFP and HSF1-GFP proteins by GFP
western blot (Figure 2B). Lysates were used for protein pu-
rifications with GFP- or control-aptamer immobilized on
magnetic beads. The GFP-, but not the control-aptamer,
was able to purify the targeted GFP and HSF1-GFP pro-
teins that appeared as the most abundant bands observed
by a silver-stained gel (Figure 2C). In addition, fluorescent
signal from the eluates indicated that GFP remained intact

and functional (Figure 2C, bottom panel). The additional
bands detected on the silver-stained gel indicated the co-
purification of interacting proteins. In comparison, an affin-
ity purification of HSF1-GFP utilizing the GFP antibody
revealed IgG heavy chain as the most abundant protein in
the eluate as detected by a silver-stained gel (Supplementary
Figure S2a).

To identify the interactors of the target proteins, the elu-
ates were processed for MS and peptide spectra were an-
alyzed using a bioinformatics pipeline that quantifies pro-
tein enrichment and identifies interacting partners as well
as PTMs (Figure 1). HSF1 was the most abundant MS-
detected protein in both HSF1-GFP pull-downs (NHS and
HS) (Supplementary Figure S2b). However, analyzing a
conventional immunoprecipitation-MS data (1) with the
same pipeline revealed Protein A and IgG as the most abun-
dant proteins identified (Supplementary Figure S2b). Non-
specifically binding proteins can pose a serious problem for
any affinity-purification method. To reduce the presence of
these background binders we have used competitors like
yeast RNA and sheared salmon sperm DNA during our
experiment. In addition, the control pull-downs from the
cellular lysates provide information about the non-specific
binders. Using the spectral counts from all five indepen-
dent biological replicates, we determined that HSF1 spec-
tral counts from HSF1-GFP expressing cells were >300-
fold enriched in GFP-aptamer pull-downs relative to the
GFP-expressing cells, in which HSF1 was generally below
the limit of detection (Figure 2D, Supplementary Table S1).
The full list of identified proteins can be found in Supple-
mentary Table S1.

AptA–MS specifically identifies HSF1 interacting partners
and PTMs

We identified 28 proteins that are predicted to interact
with HSF1 with high confidence based on SAINT score
(13), many of which are specific to the HS condition (Fig-
ure 3A, Supplementary Table S2). Most of these interac-
tors are molecular chaperones that are expected to asso-
ciate with HSF1 (24,25). We have also purified dHSF via
the TAP-tag method from S2 cells, where enriched eluates
were gel fractionated and individual protein bands were gel
excised prior to MS. This independent assay verifies that
some of these chaperone interactors are common in meta-
zoans (Supplementary Figure S3). TAP-tagged dHSF was
expressed near endogenous levels and still found to be asso-
ciated with chaperones like dHsc70-3 (ortholog of human
BiP) and dHsc70-4 (ortholog of human HSPA8) in NHS
condition, indicating that HSF1–chaperone interactions de-
tected in HCT116 cells by AptA–MS are not simply due
to HSF1-GFP overexpression. HSF1 is bound by chaper-
ones in normal conditions that prevent its transcriptional
activity and is converted to an active state upon stress as
the chaperones are released to bind to unfolded protein tar-
gets (26). Our data identifies primarily the HSP70 family
of proteins to be interacting with HSF1 with high confi-
dence relative to HSP90, supporting previous findings that
report the lack of HSP90 interaction in human cells (27),
although this interaction has been reported in other organ-
isms (28). In summary, the general overlap of AptA–MS



PAGE 5 OF 13 Nucleic Acids Research, 2020, Vol. 48, No. 15 e90

Figure 1. AptA–MS workflow. The polyadenylated GFP-aptamer is annealed to desthiobiotin (dB) labeled oligo dT and immobilized on streptavidin (SA)
coated magnetic Dynabeads. Cellular lysate containing Protein of interest (POI)-GFP is incubated with the immobilized aptamer beads that are washed and
finally eluted with biotin. Eluate is subjected to MS and the data is processed through a pipeline for protein identification followed by enrichment analysis,
interaction score quantification and PTM analysis. Figure partially created with BioRender.com using the GFP structure (PDB ID: 4KW4, Barnard, T.J.,
Yu, X., Noinaj, N., Taraska, J.W. 2014, Crystal Structure of Green Fluorescent Protein doi: 10.2210/pdb4KW4/pdb).

http://biorender.com/
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Figure 2. Enrichment of GFP-tagged proteins by AptA–MS. (A) Schematic representation of the experimental design. (B) Cellular lysates prepared from
HCT116 cells transfected with GFP or HSF1-GFP expressing plasmids were analyzed by anti-GFP (green) and anti-Actin (red, loading control) western
blot. GFP (Abcam, ab290) and Actin (Sigma, MAB1501) antibodies were used at 1:2000 and 1:5000 dilutions, respectively. (C) Lysate from cells expressing
GFP or HSF1-GFP were precipitated with the GFP- or Control (Ctrl)-aptamer and eluates were analyzed by gel electrophoresis and silver-staining. Bottom
panel shows a fluorescence image of the eluates. (D) Enrichment analysis of HSF1 in AptA–MS samples from cells expressing GFP or HSF1-GFP, before
or after heat shock pulled-down with the GFP- or the control-aptamer. Plot represents data from five independent biological replicates.



PAGE 7 OF 13 Nucleic Acids Research, 2020, Vol. 48, No. 15 e90

Figure 3. Interaction and PTM analysis of HSF1. (A) SAINT analysis of proteins pulled-down by HSF1-GFP AptA–MS before or after HS. Dotted
horizontal line represents the SAINT score cutoff (0.65). Labeled proteins above the cutoff are called as HSF1 interactors. Fold Change represents the
algorithmically calculated fold change A value which takes into account representation among biological replicates. (B) Post-translational modifications
(PTMs) on HSF1 residues identified in AptA–MS. Red and blue represent phosphorylation and acetylation, respectively. Asterisk denotes newly identified
modification.

identified candidates with the previously known HSF1 in-
teracting partners validated the capability of our method to
detect protein-protein interactions with high confidence.

AptA–MS revealed new HSF1 interacting proteins not
detected by our TAP purification or other published
studies (Supplementary Table S3). HSF1 has been previ-
ously shown to interact with translation elongation fac-

tor eEF1A1 based on an immunoprecipitation assay, which
is implicated to have a broad regulatory function in the
HS response (29). Interestingly, AptA–MS identified not
only eEF1A1, but also eEF1A2 (SAINT scores of 0.69 and
0.66, respectively) as HSF1-interactors. In addition, we have
identified novel, high-confidence HSF1 interactions with
translation elongation factor HBS1 and thymidylate kinase
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Table 1. Histone proteins with enriched spectral counts (based on Fisher’s exact test P < 0.05) in GFP-aptamer pull-downs from cells expressing HSF1-
GFP compared to GFP. Asterisk indicates that the fold change was not calculated as the control sample had zero spectral counts.

Histone Protein Accession P Value Condition Fold change compared to GFP cells

Histone H4 UniProtKB:P62805 <0.00010 Heat Shock N/A*
Histone H3 UniProtKB:P68431 0.047 Heat Shock N/A*
Histone H2B UniProtKB:P58876 0.0016 Heat Shock 9
Histone H2A UniProtKB:Q8IUE6 0.047 Heat Shock N/A*
Histone H2B UniProtKB:P06899 0.00063 Heat Shock 13
Histone H2B UniProtKB:P23527 <0.00010 Heat Shock N/A*
Histone H4 UniProtKB:P62805 0.0011 Non-Heat Shock 2.6
Histone H3 UniProtKB:P68431 0.037 Non-Heat Shock 4

(a nucleotide biosynthesis enzyme) (SAINT scores of 0.92
and 0.98, respectively) during HS (Figure 3A, Supplemen-
tary Table S2a, b). We have also found HSF2 to be asso-
ciated with HSF1 during NHS as evident from the high
SAINT score (0.78). However, we did not detect this high-
confidence interaction upon HS, confirming previous re-
ports where HSF1/HSF2 interaction was found to be re-
duced during HS (30). In addition, histones H4, H2B and
H3.1 were found to be enriched in HS samples over NHS
samples (Figure 3A), likely reflecting the fact that upon heat
stress HSF1 binding to DNA increases and is located near
nucleosomes (20). Detecting histones does not necessarily
indicate direct interaction with HSF1, rather they could
simply be nearby HSF1 and co-precipitated with HSF1-
bound DNA. We applied a stringent SAINT score cutoff
of 0.65 to call high confidence HSF1 interactors. However,
there are many proteins with slightly lower SAINT scores,
which may be bona fide interactors and could be confirmed
in future experiments (Supplementary Table S2).

HSF1 is well-known to possess multiple PTMs in nor-
mal and HS conditions that include acetylation, phospho-
rylation and sumoylation of specific residues (31). Our pull-
down strategy allowed us to identify the acetylation and
phosphorylation of HSF1 and other co-precipitants with-
out any specific enrichment for these modifications (Fig-
ure 3B, Supplementary Table S4). MS1 quantification in
Skyline (15) was used to validate the quality of the mod-
ified peptides (Supplementary Figure S4a). Scaffold PTM
(14) and the MS2 spectra verified the PTM assignments on
HSF1 peptides (Supplementary Figure S4b–d). In addition,
we were able to identify two acetylated lysine residues, K62
and K162, that were not reported previously (Figure 3B,
Supplementary Figure S4c, d).

AptA–MS also identified PTMs (acetylated and phos-
phorylated residues) on HSF1-associated histones in both
NHS and HS conditions (Supplementary Figure S5, Sup-
plementary Tables S1 and S4). These PTMs were iden-
tified consistently but with relatively low spectral counts,
providing an explanation for why they were not identified
previously in the presence of abundant interfering signal
from contaminating peptides. This association of HSF1
with acetylated histones is consistent with the observa-
tion that HSF1 preferentially binds to sites in open chro-
matin, in particular those that contain acetylated histones
(20,32).

Multiple classes of proteins show increased HSF1 interaction
in heat shock cells

We identified 32 proteins in NHS cells expressing HSF1-
GFP that are enriched compared to GFP expressing cells
upon pull-down with the GFP-aptamer based on a Fisher’s
exact test using a P value cutoff of <0.05. In the same pull-
downs from the HS cells, we identified 42 enriched pro-
teins. Earlier interaction studies have not identified histones
as co-precipitants in HSF1 immunoprecipitations or affin-
ity purifications, potentially due to large variation in pro-
tein abundances in immunoprecipitated samples. We found
two histone proteins to be enriched in NHS cells, whereas
six histone proteins were enriched in HS cells (Table 1).
This illustrates that the chromatin landscape changes in re-
sponse to HS, and that these changes are associated with
HSF1-containing complexes. This fact is further demon-
strated by the increase in proteins with ‘binding’ activity in
HSF1 pull-downs from HS cells, as shown by GO analy-
sis (Figure 4A). This is in concordance with a dramatic in-
crease in the proportion of DNA binding proteins upon HS
(Figure 4B).

AptA–MS recapitulated published observations that
HSF1 engages with chaperone proteins such as HSP70. We
find that AptA–MS pull-downs contain a large proportion
of chaperone proteins in NHS and HS conditions (Figure
3A, Supplementary Table S2a, b). Interestingly, we see a
higher proportion of chaperone proteins co-purifying with
HSF1 after HS, which suggests that chaperones might have
a dynamic role in both maintaining inactive HSF1 during
NHS and modulating the level of activation after HS (Fig-
ure 4C).

Cytoskeletal reorganization and increased levels of tran-
scription of cytoskeletal proteins have been observed af-
ter HS in some cell types, but their role and possible
interplay with active HSF1 have not been documented
(33). We observe upon HS an increase in HSF1-associated
proteins with ‘structural molecule activity’ (Figure 4A),
which includes cytoskeletal proteins. Indeed, we iden-
tify that cytoskeletal proteins are enriched upon GFP-
aptamer pulldown in our HSF1-GFP tagged HS cells, in-
dicating that cytoskeletal protein networks may be con-
nected more directly to modulating HSF1 activity than
previously thought (Figure 4C). Microtubules are partic-
ularly enriched as interactors with HSF1 following HS
(Supplementary Table S1).
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Figure 4. GO analysis of proteins enriched by AptA–MS. Proteins enriched by the GFP-aptamer from HSF1-GFP expressing cells compared to GFP
expressing cells before or after heat shock are primarily classified based on; (A) molecular function, (B) nucleic acid binding property and (C) protein
category.

RNA affinity contaminants experimental repository
(RACER) provides a database of non-specifically bind-
ing proteins for AptA–MS experiments

Our rigorously controlled study identified proteins that bind
to free GFP and to a control (NELF)-aptamer selected for
Drosophila NELF-E (dNELF-E) (7,8) with no predicted
binding specificity in humans (Supplementary Table S1).
We used a Fisher’s exact test to statistically compare pro-
teins enriched by the GFP-aptamer in cells expressing free
GFP compared to cells expressing HSF1-GFP (Supplemen-
tary Table S5). Similarly, we identified proteins that are
statistically enriched in pull-downs from HSF1-GFP ex-

pressing cells using the control-aptamer, compared to the
GFP-aptamer (Supplementary Table S5). These datasets
are highly informative as they provide a list of common
contaminants for an AptA–MS experiment. The first com-
parison generates a list of proteins that bind to GFP non-
specifically that can be used for future experiments using a
GFP-tag. GO analysis of proteins enriched by the NELF-
aptamer shows that the majority of these proteins function
in binding, primarily to nucleic acids (Supplementary Fig-
ure S6a–c). All of these nucleic acid binding proteins are
RNA-binding and is not unexpected as this aptamer recog-
nizes the RNA binding domain of dNELF-E (7) (Supple-
mentary Figure S6b). These datasets not only provide a con-



e90 Nucleic Acids Research, 2020, Vol. 48, No. 15 PAGE 10 OF 13

trol for GFP pull-downs, but also a control for non-specific
RNA-binding proteins, analogous to the common contam-
inants repository (CRAPome) used for proteomics (34). We
have constructed this database, designated it in RACER,
and made it available on Mascot for future AptA–MS ex-
periments.

Broad applicability of AptA–MS

To test the broad applicability of AptA–MS, we affinity
enriched GFP from Drosophila S2 cells expressing GFP
with or without formaldehyde crosslinking (Supplementary
Figure S7a, b). The ability of the GFP-aptamer to enrich
crosslinked GFP makes it usable for identifying transient in-
teractions. In addition, we have utilized the NELF-aptamer
to purify the NELF complex from Drosophila S2 nuclear
extracts and observed ∼50-fold enrichment of dNELF-E
in NELF-aptamer pull-down relative to the control (GFP)-
aptamer pull-down (Supplementary Figure S7c, Supple-
mentary Table S6), thereby making AptA–MS applicable
for other aptamers as well. To demonstrate that proteins
expressed from their endogenous promoters (and not just
overexpressed proteins) can be purified by AptA–MS, we
have utilized a S. pombe line expressing endogenously GFP-
tagged Rpb3, a subunit of Pol II. Affinity purification with
the GFP-aptamer successfully enriched GFP-Rpb3 along
with potential interactors and possibly other Pol II sub-
units from these cells (Supplementary Figure S8). Our re-
sults clearly indicate that AptA–MS can be of general use
to molecular and cellular biology applications in different
model organisms.

DISCUSSION

Conventional affinity purification strategies rely upon the
use of antibodies against a specific protein or epitope tag for
successful enrichment of the bait protein and identification
of its interacting partners (3). Nucleic acid-dependent affin-
ity purification methods provide critical advantages over
immunoprecipitations by limiting the amount of contam-
inating peptides that mask the detection of low-abundant
interactors. Although relatively limited, aptamer-based pu-
rification strategies have been previously implemented for
protein purification from biological sources (35–37). In ad-
dition, the Thrombin, IgE and ATP aptamers have been
used for target isolation and detection by MS (38–40). In
one study, the EGFR and INSR aptamers were utilized
to detect some of the interactors of the target proteins
by western blot (41). However, aptamers have not been
broadly used for exploring biological questions pertain-
ing to protein-protein interactions utilizing MS. Further-
more, the previous aptamer-based analytical assays were
restricted to aptamers against specific proteins of a par-
ticular species or small molecules, lacking the versatility
and high sensitivity that is achievable by AptA–MS, as the
latter takes advantage of GFP as an affinity tag. We uti-
lized the GFP-aptamer to develop AptA–MS for the fol-
lowing reasons. First, GFP is a widely-used protein tag that
has been applied in cellular imaging for decades. There-
fore, an affinity purification approach targeting GFP would
potentially serve as a common strategy for purifying hun-

dreds of GFP-tagged proteins thereby minimizing techni-
cal variation and background. Second, GFP has no signif-
icant sequence similarity in human cells or commonly used
model organisms making it less prone to non-specific inter-
actions with other cellular components. Third, GFP has no
known propensity for nucleic acids, which provides an ex-
planation for the previous unsuccessful attempts of select-
ing an aptamer against it (42). Therefore, our high-affinity
aptamer against GFP should make it ‘less-sticky’ to other
cellular proteins. Although, aptamers are considered to be
‘high-affinity’ reagents, the ligand binding affinities range
from picomolar to micromolar dissociation constants (Kd)
(43). Many of these aptamers cannot be used for affinity-
purification, as we believe that the target-affinity require-
ment for such application should be at least in the low
nanomolar range. In this aspect, the GFP-aptamer stands
out due to its strong binding affinity (Kd = 2.4–4.2 nM)
(8) and therefore, is suitable to serve the purpose. A good
affinity-purification strategy requires reagents that are not
only high-affinity, but also highly-specific and with broad
utility. The GFP-tag and GFP-aptamer combination satis-
fies all these criteria and serves as a tool to study protein-
protein interactions with high confidence, and is widely ap-
plicable in different species, tissues, and cell types.

To demonstrate the practical utility of our method, we
targeted HSF1, a critical regulator of HS response in mam-
mals. HSF1 mediated activation of gene expression is as-
sociated with its binding to HSEs at pre-established tran-
scriptional regulatory elements and release of paused Pol
II into productive elongation (20,44,45). In normal condi-
tions, HSF1 is constitutively expressed and remains inac-
tive but upon stress it is converted to a transcriptionally
active state, coordinated by PTMs and interactions with
other proteins (46). Epitope-tagged HSF1 has been previ-
ously expressed in human cells to identify its PTMs and in-
teracting partners upon immunoprecipitation followed by
MS (25,47). With AptA–MS we have not only verified some
of the strong interactors and PTMs that have previously
been detected but also have identified a few novel interact-
ing partners/co-precipitates, clearly demonstrating the po-
tential of this technology.

Our differential protein purification analysis shows a ma-
jor response to HS that is coordinated by HSF1. Like pre-
vious studies, we detect chaperone proteins that are HS re-
sponsive and interact with HSF1 to induce transcriptional
events (25). The functional classes associated with this in-
duced interaction are illustrated via GO analysis showing
an increased proportion of chaperone proteins and proteins
with ‘binding’ activity to be interacting with HSF1 after
HS. Furthermore, nucleic acid-binding proteins are more
enriched after HS, and these proteins shift from primarily
RNA-binding to mostly DNA-binding proteins in HS cells.
This may reflect HSF1’s increased DNA binding activity
upon HS.

Expression of cytoskeletal genes has been shown to be
up-regulated early during HS (44), and interestingly we ob-
serve an increased enrichment of cytoskeletal proteins cop-
urifying with HSF1 in these conditions. In particular, we
demonstrate high-confidence interactions between HSF1
and cytoskeletal proteins including tubulin and keratin only
after HS. We speculate that these interactions could be a
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component of a feedback regulation that keeps the HS re-
sponse modulated.

The chromatin environment of cells is also dramatically
changed by stress. Alteration of histone PTM levels have
been shown to be associated with HSF1 occupancy on chro-
matin upon HS (20,48). Histone methyltransferases partic-
ularly targeting histone H3 lysine 4 have been shown to
contribute to the HS response (25,49). While these histone
modifiers may not directly interact with HSF1, we show a
HS-induced copurification of histone H3 with HSF1, indi-
cating that HSF1 is binding near transcriptionally active
H3-containing DNA. In addition, we detect induced in-
teractions between HSF1 and histones H2B and H4. Our
method can likely pick up these low-frequency interactions
by virtue of its low background signal, and shows that
HSF1 is binding differentially to transcriptionally-active
chromatin as previously reported (20).

HSF1 has been shown to undergo extensive PTMs dur-
ing its regulation. HSF1 is ubiquitinated during recovery
from HS and when overexpressed in cells, and we find
an interaction between HSF1 and a ubiquitin-40S protein,
likely reflecting this modification process. Multiple lysines
of HSF1 were found to be acetylated even in the NHS
condition (25), while acetylation of specific lysine residues
was shown to be critical to the HS response. Acetylation
of K80 and K118, was shown to be crucial for the release
of HSF1 trimers from the HSEs and inhibited chromatin
binding of HSF1 (25,50). In addition, acetylation of K208
by EP300 modulates HSF1 function and protein turnover.
Using AptA–MS, we have detected acetylation at each of
these essential residues in both NHS and HS conditions
in addition to K62 and K162, providing an opportunity
for further investigation to elucidate their roles in HSF1
regulation.

The HS response varies by tissue and cell type (51,52).
Not only does AptA–MS provide a robust method to in-
vestigate MCs and their interactions, but it also gives a
snapshot of the HSF1-mediated response to HS in HCT116
cells. These data complement previous work done in other
cell lines and also give a unique insight into a cell-specific
process that requires interaction of translation elongation
factors and cytoskeletal proteins with HSF1 during HS re-
sponse.

AptA–MS provides a detailed view of HSF1 interac-
tions and modifications before and after HS. In addi-
tion, control pull-downs also reveal essential information.
Pull-downs using GFP only cells with GFP-aptamer or
HSF1-GFP cells with a structured control RNA aptamer
(selected against dNELF-E) with no predicted binding part-
ners in HCT116 cells provide a proteomic profile for non-
specific interactions between RNA and proteins. The pro-
teins identified from GFP only cells subjected to GFP-
aptamer pull-down are not only informative about the non-
specific binders of the GFP/GFP-aptamer in human cells,
but also in combination with the control RNA aptamer-
enriched proteins from HSF1-GFP cells, allow us to calcu-
late an enrichment factor for each identified protein and to
identify high-confidence HSF1 interactors using the most
stringent criteria (see Materials and methods). GO analy-
sis of proteins enriched by the control aptamer shows that
the vast majority of these proteins are devoted to binding

nucleic acid. These nucleic acid-binding proteins are RNA-
binding proteins. We predict that these proteins are likely
to bind RNA non-specifically, and propose that they serve
as a resource in RACER, analogous to the common con-
taminants repository used for antibody-based pull-downs
(34). In addition, the non-specific proteins enriched from
the GFP only cells by the GFP-aptamer also provide a list
of contaminants for AptA–MS studies using GFP-fusions.
RACER is publicly available and can be continually up-
dated for use in further AptA–MS experiments.

Knock-in cell lines with GFP-tagged proteins generated
by CRISPR/Cas9 are proving to be critical for imaging
macromolecules in living cells (53). They also can be used
directly for analysis by AptA–MS with the GFP aptamer,
as this method is capable of purifying GFP and GFP-
tagged proteins from various sources. Additionally, large li-
braries of GFP-tagged proteins are available, and any mem-
ber of such libraries could also be used directly in AptA–
MS, thereby allowing identification of the associated fac-
tors along with their PTMs in a single assay (54,55). These
findings would complement optical studies of cellular dy-
namics and co-localization with other proteins in vivo. The
GFP-aptamer has been shown to bind to other deriva-
tives of GFP, making it applicable to precipitate proteins
tagged with similar fluorescent proteins (5). Aptamers pro-
vide many advantages as affinity reagents: they can be se-
lected against toxic proteins, are amenable for chemical
modifications, are cost effective to synthesize, and can be
made without the use of animals in any molecular biology
lab in unlimited quantities. These advantages, in addition
to its broad applicability, make AptA–MS a highly sensitive
and simple tool that could significantly transform protein–
protein interaction studies and provide deeper and more
comprehensive insights in understanding the composition
of MCs.
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ACKNOWLEDGEMENTS

We gratefully acknowledge Kevin Howe for technical assis-
tance with Mass Spectrometry, and F. Christopher Peritore-
Galve for assistance with bioinformatics and data represen-
tation. We thank the Bioinformatics Facility of the Biotech-
nology Resource Center at the Cornell University’s Insti-
tute of Biotechnology for their help in uploading protein
databases to Mascot. We also thank the National Biore-
source Project (Japan) for the S. pombe line used in this
work.

FUNDING

National Institutes of Health [5R01GM025232]; USDA
Specialty Crops [2015-70016-23028]; USDA National Insti-
tute of Food and Agriculture [2018-67011-28018]; USDA
ARS project [8062-22410-006-00-D]. Funding for open ac-
cess charge: NIGMS [5R01GM025232].
Conflict of interest statement. Authors Ray, Ozer and Lis
have filed a patent application for aptamer-based capture
of macromolecular complexes for interaction analysis.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa542#supplementary-data


e90 Nucleic Acids Research, 2020, Vol. 48, No. 15 PAGE 12 OF 13

REFERENCES
1. DeBlasio,S.L., Johnson,R., Mahoney,J., Karasev,A., Gray,S.M.,

MacCoss,M.J. and Cilia,M. (2015) Insights into the polerovirus-plant
interactome revealed by coimmunoprecipitation and mass
spectrometry. Mol. Plant Microbe Interact., 28, 467–481.

2. Budayeva,H.G. and Cristea,I.M. (2014) A mass spectrometry view of
stable and transient protein interactions. Adv. Exp. Med. Biol., 806,
263–282.

3. Bauer,A. and Kuster,B. (2003) Affinity purification-mass
spectrometry. Powerful tools for the characterization of protein
complexes. Eur. J. Biochem., 270, 570–578.

4. Jafari,M., Primo,V., Smejkal,G.B., Moskovets,E.V., Kuo,W.P. and
Ivanov,A.R. (2012) Comparison of in-gel protein separation
techniques commonly used for fractionation in mass
spectrometry-based proteomic profiling. Electrophoresis, 33,
2516–2526.

5. Shui,B., Ozer,A., Zipfel,W., Sahu,N., Singh,A., Lis,J.T., Shi,H. and
Kotlikoff,M.I. (2012) RNA aptamers that functionally interact with
green fluorescent protein and its derivatives. Nucleic Acids Res., 40,
e39.
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