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Abstract

Cholesterol is an essential structural component of cellular membranes and serves as a precursor
for several classes of signaling molecules. Cholesterol exerts its effects and is, itself, regulated in
large part by engaging in specific interactions with proteins. The full complement of sterol-
binding proteins that exist in mammalian cells, however, remains unknown. Here, we describe a
chemoproteomic strategy that uses clickable, photoreactive sterol probes in combination with
quantitative mass spectrometry to globally map cholesterol-protein interactions directly in living
cells. We identified over 250 cholesterol-binding proteins, including many established and
previously unreported interactions with receptors, channels, and enzymes. Prominent among the
newly identified interactions were enzymes that regulate sugars, glycerolipids, and cholesterol
itself, as well as those involved in vesicular transport and protein glycosylation and degradation,
pointing to key nodes in biochemical pathways that may couple sterol concentrations to the
control of other metabolites and protein localization and modification.

The membrane bilayer serves as a physical barrier that defines the outer boundary of cells
and segregates their interior into distinct compartments that perform specialized functions.
Among the many lipid constituents of mammalian cell membranes, cholesterol is special in
that it is a major regulator of membrane fluidity and contributes to the formation of specific
membrane structures such as caveolae and other lipid microdomains®. Beyond its role in
membrane structure, cholesterol also serves as a metabolic precursor for a diverse array of
signaling molecules, including oxysterols?, steroids3, and bile acids*. Deregulation of
cholesterol uptake and metabolism is the basis for a range of human diseases that include
cardiovascular disorders® skin®, and developmental”-8 defects, as well as lysosomal storage
syndromes®10 and neurodegeneration10.11,

Cholesterol's central role in mammalian physiology mandates that the concentrations of this
lipid are tightly regulated in cells. Meeting this objective poses an unusual challenge for
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cells, since the vast majority of cholesterol is embedded within the lipid bilayer. Multiple
sterol-sensing pathways have been identified that communicate alterations in the membrane
concentrations of cholesterol to the transcriptional and post-transcriptional control of sterol
biosynthetic, uptake, and transport pathways2-14. Beyond these primary control points,
cholesterol has also been found to interact with a number of other proteins by both
covalent!® and non-covalent mechanisms16:17. These cholesterol-protein interactions are
thought to regulate protein stability, localization, and activity.

Despite the tremendous progress that has been made in characterizing specific cholesterol-
protein interactions, our understanding of the full spectrum of proteins that regulate, and are
regulated by, cholesterol remains incomplete, in large part due to a lack of global methods
for mapping proteins that physically interact with sterols in living cells. The biochemical
assessment of cholesterol-protein interactions has, to date, been restricted to a limited canon
of assays, that include direct in vitro binding using radiolabeled cholesterol and purified
proteins!® and modification of proteins with radiolabeled photoreactive cholesterol
analogues!®20, While these methods have been used to successfully characterize individual
protein-cholesterol interactions, the approaches also lack key features, most notably a means
for affinity enrichment, that have precluded their incorporation into chemoproteomic
platforms for the global discovery of sterol-binding proteins in mammalian cells.

Here, we expand the repertoire of available methods for mapping sterol-binding proteins by
introducing a chemoproteomic approach to label, enrich, and identify cholesterol-interacting
proteins from living cells. We apply this approach to identify more than 250 cholesterol-
binding proteins in HeLa cells, including several proteins that are known to biosynthesize,
transport, and regulate cholesterol, as well as a large suite of proteins for which no prior
interaction with cholesterol has been described.

Design of clickable, photoreactive sterol probes

We reasoned that chemoproteomic probes for mapping cholesterol-binding proteins in living
cells would need to possess three general features: 1) a photoreactive group for ultraviolet
(UV) light-induced crosslinking to probe-interacting proteins, 2) a latent affinity handle,
such as an alkyne group for conjugation to azide-reporter tags by copper-catalyzed azide-
alkyne cycloaddition (CUAAC or click) chemistry?L, which enables detection, enrichment,
and identification of probe-interacting proteins?2, and 3) an intact cholesterol scaffold, such
that after integration of photocrosslinking and “clickable' groups, the resulting probe could
still interact with most cholesterol-binding proteins. With these considerations in mind, we
designed and synthesized a set of sterol probes (Fig. 1a) each of which contains a
photoactivatable diazirine group at the 6-position of the steroid core (using standard
numbering), which is a modification that has been previously shown to minimally perturb
the biophysical properties of cholesterol23. The probes also possess an alkyne incorporated
via an ester linkage into the alkyl side-chain of cholesterol. While this ester linkage, which
was chosen for ease of synthesis, would be expected to increase the polarity of the alky!l
side-chain, we favored this modification over further perturbations to the steroid core, which
we believed should serve as the major basis for recognition for a large fraction of
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cholesterol-binding proteins. The probes differ in the diastereomeric relationship between
the C3-alcohol and C5-hydrogen groups appended to the cholesterol core (termed cis, trans,
and epi hereafter) and were synthesized from a common precursor - the bile acid
hyodeoxycholic acid (Supplementary Note).

We obtained X-ray structures of the keto-acid intermediates corresponding to each
cholesterol probe to verify their relative and absolute stereochemistry (Fig. 1b). As
compared to the three-dimensional structure of cholesterol (extracted from a structure in
complex with NPC124, Fig 1b), the trans probe exhibits the most similarity to cholesterol in
terms of stereochemistry and molecular topology. Due to its 3a-OH stereochemistry, the epi
probe instead most resembles epicholesterol. The cis probe, while appearing bent in the
crystal structure (Fig. 1b), is probably the most flexible of the probes due to its structurally
distinct cis-decalin-type A-B ring fusion2®. This ring fusion stereochemistry, along with its
3a-OH stereochemistry, likely allow for the cis probe to adopt bent cholesterol-like
conformations in solution that retain the equatorial orientation of the C3 hydroxyl group.

Gel profiling of sterol-binding proteins in human cells

We first assessed sterol probe labeling of cellular proteins using SDS-PAGE analysis (Fig.
2a; see Online Methods for more details). Probe labeling for virtually all detected proteins
was found to be UV-irradiation dependent (Fig 2b), indicating that these interactions reflect
non-covalent binding events (versus the post-translational modification of proteins by
cholesterol, as has been reported in select instances®). Concentration-dependent increases in
protein labeling were observed for all three probes (1-20 uM probe), with the cis- and trans-
sterol probes showing stronger overall protein-labeling profiles than the epi probe (Fig. 2c).
We chose conditions that produce substantial, but sub-maximal labeling (10 uM probe) for
further evaluation.

We found that the protein labeling profiles for all three sterol probes were competed to
variable degrees by excess cholesterol (1x, 5x or 10x cholesterol supplemented as a mpCD
complex), with the cis-sterol probe showing the greatest sensitivity (Fig. 2d). Steroids or
sterols with structures similar to cholesterol also blocked many of the protein labeling events
observed for the trans-sterol probe, while structurally less-related steroids, exhibited little or
no competition (Supplementary Fig. 1)..

We next set out to develop a mass spectrometry (MS) method to enrich, identify, and
quantify sterol-binding proteins in human cells.

MS profiling of sterol-binding proteins in human cells

We aimed to characterize sterol-binding proteins using biotin-streptavidin methods coupled
with SILAC (Stable isotope labeling by amino acids in cell culture) MS?28, so that we could
distinguish with precision proteins that specifically interact with sterol probes and assess the
sensitivity of these interactions to competition by excess cholesterol (Fig. 3a). For our initial
analyses, isotopically “heavy' HelL a cells were treated with the trans-sterol probe (20 uM)
for 30 min and irradiated with UV light (5 min), while “light' cells received either no probe
treatment prior to UV light exposure (vehicle control), or received the trans-sterol probe (20
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uM), but were not irradiated (no-UV control). Cells were then harvested, their heavy and
light proteomes mixed 1:1, and probe-labeled proteins conjugated to an azide-biotin tag by
click chemistry and enriched using streptavidin chromatography. Enriched proteins were
then digested on-bead with trypsin and the resulting tryptic peptide mixture analyzed by LC-
MS methods as described in the Online Methaods. Proteins that exhibited heavy:light SILAC
ratios of > 5 for trans-sterol probe versus both vehicle and no-UV light control reactions
were designated as sterol-interacting proteins. About 850 proteins met these criteria (Fig. 3b
and Supplementary Tables 1 and 2).

We next compared the proteome-labeling profiles of the trans-sterol probe with the cisand
epi probes by SILAC. The mean labeling intensity ratio for probe-enriched proteins in the
trans-versus-cis comparison was 0.9 (trang/cis; standard deviation = 0.57) (Supplementary
Fig. 2), indicating that the trans and cis probes display similar protein-interaction profiles in
cells. In contrast, the mean ratio, as well as the standard deviation, of the trans-versus-epi
comparison were much higher (2.1 and 1.2 for trans/epi, respectively; Supplementary Fig.
2), suggesting that the stereochemistry of the sterol hydroxyl group impacts probe-protein
interactions in a variable manner.

Nearly 700 of the identified sterol-binding proteins showed strong selectivity (= 3-fold
higher signals) for the trans-sterol probe over a non-steroidal neutral lipid probe containing
a diazirine and alkyne group embedded within an N-palmitoylethanolamine structure [N-
palmitoylethanolamine-diazirine-alkyne (PEA-DA; Supplementary Note) (Fig. 3c and
Supplementary Table 1). Only 18 proteins from the sterol-binding group showed the
opposite profile, exhibiting greater labeling with the PEA-DA probe (heavy/light signal ratio
< 1.0) (Fig. 3c).

We next performed competitive profiling experiments where the trans-sterol probe was
evaluated for protein labeling in cells treated with excess cholesterol. Light and heavy-
labeled HeLa cells were treated with the trans-sterol probe (10 uM) in the presence or
absence of 10x (100 uM) cholesterol, respectively. Approximately 300 proteins showed at
least a 50% decrease in trans-sterol probe labeling intensity in cells treated with excess
cholesterol (Fig. 3d and Supplementary Table 3). Over 250 of these cholesterol-sensitive
targets also showed selective labeling by the trans-sterol probe compared to the PEA-DA
probe (Supplementary Table 1), and the majority (> 60%) of the competed proteins also
showed evidence of cholesterol competition in experiments performed with the cis-sterol
probe (Supplementary Fig. 3). We also performed parallel DNA microarray experiments and
found that cholesterol-sensitive proteins, in general, showed no evidence of gene expression
changes at the 30 min time point of competitive analysis (Supplementary Fig. 4,
Supplementary Table 4).

Finally, we controlled for the level of isotopically labeled amino acid incorporation in our
SILAC experiments by treating heavy and light HeLa cells each with 20 uM trans-sterol
probe, and combining and processing their proteomes as described above. The overall
median and mean ratio for proteins detected in this experiment was 1.0 (Supplementary
Table 3), indicative of > 95% heavy amino acid incorporation, and therefore ratios from
other SILAC studies are presented without any correction factors.

Nat Methods. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hulce et al.

Page 5

Together, these quantitative MS experiments enabled us to distribute the proteins that
interacted with the trans-sterol probe into four groups: 1) Group |, which were both sensitive
to cholesterol competition and selective for the trans-sterol probe over the PEA-probe (265
total proteins), 2) Group Il, which were sensitive, but not selective (34 total proteins), 3)
Group 11, which were selective, but not sensitive (411 total proteins), and 4) Group 1V,
which were neither sensitive nor selective (140 total proteins) (Fig. 3e and Supplementary
Table 1). Representative MS1 traces for sterol-interacting proteins from each group are
shown in Fig. 3b-d. We next examined in more detail the 265 proteins found in Group I.

Analysis of Group | cholesterol-binding proteins

Our further analysis of Group | proteins included both computational and experimental
inquiries. We first noted that Group | contains many proteins that are known to bind to
cholesterol. These include Scap!?; caveolin (CAV1)1; tetraspanin CD8220; the sterol
transport protein ARV127; and the sterol biosynthetic enzymes, HMG-CoA reductase
(HMGCR)7, which is known to be regulated by cholesterol through allosteric binding’18
(Supplementary Table 5). We found that the trans-sterol probe interacted with many other
enzymes in the sterol biosynthetic pathway (Fig. 3f and g). Interestingly, FDFT1 and SQLE,
two upstream enzymes in the sterol biosynthetic pathway that do not directly handle sterols
as substrates or products were identified in Group | (Fig. 3g), indicating that they may, like
HMGCR, interact with cholesterol through an allosteric mechanism. Group I1-1V also
contained additional proteins known to interact with cholesterol, including, for instance, the
lysosomal sterol transporter NPC124 (Supplementary Table 5).

A broader survey of Group | revealed that it contains representatives from virtually all major
classes of proteins, including G-protein coupled receptors, a class of receptors that have
been proposed to bind cholesterol to stabilize certain functional conformations?8, ion
channels, transporters, and enzymes (Fig. 4a). Automated KEGG pathway and DAVID
analysis tools2%30 identified several types of proteins that were enriched in Group | beyond
the aforementioned sterol biosynthetic enzymes, including glycerophospholipid metabolic
enzymes, protein glycosylation and degradation pathways, and protein networks that
regulate membrane structure and dynamics (Fig. 3f). When considered in relation to human
disease by analysis with the OMIM database, Group | was most highly enriched in proteins
linked to neurological disorders, as well as cardiovascular and metabolic diseases (Fig. 4b).
Group | also contained a substantial number of proteins of uncharacterized function (Fig.
4a), including several that cluster into sequence-related sub-families (such as YIF1A/YIF1B,
FNDC3A/FNDC3B, UNC84A/UNC84B, DPY19L1/DPY19L4, FAM114A1/FAM114A2,
FAM134A/FAM134B/FAM134C; Supplementary Table 1).

Evaluation of the subcellular distribution of Group | proteins revealed, perhaps not
surprisingly, that the vast majority (87%) are known or predicted integral membrane
proteins (Fig. 4c). These proteins were near-equally distributed between single- and multi-
pass transmembrane proteins (Fig. 4c) and were dispersed across all subcellular membrane
compartments with a notable enrichment in known or predicted ER proteins (Fig. 4d). Even
though only a limited number of soluble proteins (13%) were found in Group I, the
composition of this subset of proteins is intriguing, including three kinases (HK1, HK2, and
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ADPGK) that convert glucose to glucose-6-phosphate, a key metabolic substrate for
glycolysis and the pentose phospate pathway. Both HK1 and HK2 are known to associate
with cholesterol-rich regions of the mitochondria, although historically this interaction has
been suggested to occur indirectly through binding VDAC channels3L. Our chemoproteomic
data indicate that HK1 and HK2 may also interact directly with cholesterol to facilitate their
binding to mitochondria.

Cholesterol is known to regulate the expression of a large and diverse set of genes primarily
through the Scap/SREBP system!2.14, As noted above, very few of the Group | proteins
showed evidence of gene expression changes at the 30 min time point of our
chemoproteomic analyses. Interestingly, however ~35% of the Group | proteins possess
predicted SREBP transcription factor-binding sites in their promoter regions, and we
determined that ~70% of these proteins exhibit greater than two-fold changes (up or down)
in their corresponding mRNA levels at 12 h following treatment of HeL a cells with
cholesterol (100 uM) (Fig 4e, Supplementary Fig. 4, and Supplementary Tables 1 and 4).
These data suggest that many proteins may be regulated by cholesterol at both the
transcriptional (gene expression) and post-transcriptional (direct binding) levels.

We finally evaluated the degree to which our chemoproteomic method facilitated the
enrichment and detection of sterol-binding proteins compared to analyses performed in
unenriched proteomes. Group | proteins showed an average of 11 and 80 spectral counts in
unenriched and probe-enriched proteomes, respectively, equating to an average enrichment
factor of 7.3 (Supplementary Table 6). Additionally, more than 50% of Group | proteins
were enriched > 10-fold (and conversely fewer than 10% of these proteins were enriched <
two-fold) in the trans-probe data sets (Fig. 4f). We further observed no positive correlation
between a protein's absolute spectral count values in the unenriched versus trans probe-
enriched samples (Supplementary Fig. 5), indicating that Group | proteins were not biased
toward abundant integral membrane proteins.

Experimentally validating cholesterol-protein interactions

To validate seven representative Group | proteins, including six novel sterol-binding
proteins, we recombinantly expressed the proteins in HeLa cells and treated these cells with
the trans-sterol probe, followed by CUAAC coupling to an azide-rhodamine tag, separation
of proteins by SDS-PAGE, and detection of probe-labeled proteins by in-gel fluorescence
scanning (Supplementary Fig. 6). We also confirmed that these sterol-protein interactions
were competitively inhibited by excess cholesterol without alterations in the expression level
of the recombinant proteins (Supplementary Fig. 6-7).

DISCUSSION

Our strategy to map sterol-binding proteins on a global scale operates in living cells, which
is important, given that the transport of cholesterol to discrete subcellular compartments and
membrane microdomains is controlled by complex transport machinery?. This work thus
builds and significantly extends upon previous efforts that used radioactive,
photocrosslinking probes®20 by providing a means to not only detect, but also affinity-
enrich and identify sterol-binding proteins from mammalian cells.
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We should also mention some potential limitations of our approach and ways to address
these shortcomings in the future. First, our initial set of probes may fail to detect certain
sterol-protein interactions that are impaired by the diazirine and/or esterified alkyne
modifications to the structure of cholesterol. The ester linkage might also be susceptible to
cleavage by endogenous esterases, which could reduce the sensitivity of our proteomic
profiles. These problems could be addressed by creating second-generation probes where the
diazirine is moved to other locations on the sterol backbone and the esterified alkyne is
replaced by distinct linkage chemistries. It might also be valuable to create probes that are
tailored to target proteins that bind to specific subsets of sterols (oxysterols?, bile acids?,
steroids, etc), as well as to perform competitive profiling where sterol analogues or other
small-molecules are tested for their ability to block specific sterol-protein interactions. We
furthermore do not yet understand how, in most instances, sterol probes bind to their target
proteins. Here, developing a method to map the precise sites of sterol crosslinking to
proteins would be valuable, and we note that the ester modification in our probe structures
could provide a means to selectively release (through base hydrolysis) sterol-modified
peptides from affinity-enrichment matrices. It would also be interesting, in future studies, to
extend our analysis to additional cell types and conditions (such as, cells treated with statins
or other cholesterol-lowering reagents), which could identify additional sterol-interacting
proteins. Finally, we focused most of our attention in this study on Group | proteins because
they exhibited evidence of both selective binding to sterols over other lipids and sensitivity
to cholesterol competition; however, Groups I1-1V also contain proteins known to interact
with cholesterol. We do not know why cholesterol failed to compete trans probe labeling of
known sterol-binding proteins like NPC1, but we should mention that competition was
observed for NPC1 with the cissterol probe (competition ratio = 2.1). Such probe-dependent
variations in cholesterol competition could reflect differences in the local concentration of
individual probes and/or cholesterol in specific organelles like the lysosome, or they may
reflect differences in protein affinities for probes versus cholesterol. Regardless, that bona
fide cholesterol-interacting proteins were found in Groups I, I, and I11 underscores the
importance of considering the potential biological relevance for the entire 800+ sterol-
protein interactions reported herein.

Online Methods

Chemical probe synthesis

See Supplementary Note.

Cell culture and live cell labeling

HeLa cells were grown at 37 °C under a humidified 5% CO, atmostphere, in a culture
medium consisting of high-glucose DMEM (HyClone) supplemented with 10% fetal bovine
serum (FBS; Gemini) and penicillin, streptomycin, and glutamine (Cellgro; PSQ). For
SILAC experiments, the culture medium was replaced with SILAC DMEM (Thermo)
supplemented instead with 10% dialyzed FBS, PSQ, and 100 pg/ml [13Cg,15N4] L-arginine-
HCI and [*3Cg,1°N5] L-lysine-HCI (Sigma-Aldrich). Cells were passaged at least six times
in isotopically labeled media before being utilized for analysis by LC-MS/MS.

Nat Methods. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hulce et al.

Page 8

To facilitate delivery to cells, all sterols and steroids, including the sterol probes, were
complexed in aqueous solution to mBCD (Sigma-Aldrich) for at least twelve hours before
dilution in culture medium for labeling at working concentrations indicated in Results,
adapted from literature procedures32. The desired amount of sterol or steroid was added to a
saturated aqueous mBCD (38 mM) solution to generate a concentrated stock, and agitated at
room temperature overnight; solutions were filtered prior to use the following day. Aqueous
stock solutions of the trans probe were prepared at 2 mM; the cisand epi probes were
prepared at 1.2 mM; cholesterol and other sterols for competition were prepared at 4 mM;
steroids were prepared at 5 mM. Non-steroidal lipids, C17-MAGE, and di-C15-DAG, as well
as the PEA-DA probe were suspended in DMSO (10 mM) and diluted to working
concentrations directly in culture medium.

Prior to live-cell labeling, aqueous stock solutions of each sterol probe or competitor (or
DMSO stock solution of lipids) were combined in opaque centrifuge tubes, and then diluted
to final working concentrations in culture medium under dim ambient light. Unmodified
culture medium was then removed from the cells, and replaced with probe-containing
medium. Cells were then incubated at 37 °C for 30 minutes in the dark to load the cells with
sterol probe and competitors. After this time, cells were washed quickly with cold PBS, and
then irradiated for five minutes under 365 nm ultraviolet light in a FB-UVXL-1000 UV
Crosslinker (Fisher) in cold PBS. Cells were then harvested by scraping, and the cell pellet
frozen at —80 °C until processing for gel or LC-MS/MS analysis.

Sample processing for analysis by SDS-PAGE or LC-MS/MS

Frozen cell pellets were thawed on ice and lysed in PBS by sonication. Protein
concentrations of cell lysates were determined using the BCA protein assay on a microplate
reader. Click chemistry was then performed as previously described33 directly in whole-cell
lysates in PBS. For analysis by gel, 50 pg of protein was used, adjusted to a protein
concentration of 1 mg/ml (50 pl), and was mixed with 20 uM rhodamine-azide, 1 mM
Tris(2-carboxyethyl)phosphine (TCEP, Sigma-Aldrich), 100 uM Tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA) (Sigma-Aldrich), and 1 mM CuSO4 in PBS at room
temperature. After 1 hour, samples were mixed with SDS sample loading buffer and loaded
without boiling on a 10% SDS-PAGE gel, separated, and imaged using a Hitachi FMBIO-II
flatbed fluorescence scanner.

For proteomic analysis, 1 mg of both heavy and light lysates were mixed in a 1:1 ratio, and
then combined with 500 uM biotin-azide, 100 UM TBTA, 1 mM TCEP, and 1 mM CuSO4
in 400 pl PBS for 1 hour. Water (100 pl), methanol (500 ul) and chloroform (125 ul) were
then added directly to the reaction mixture and mixed vigorously by vortexing. The biphasic
solution was then centrifuged at 4000 rpm for 20 minutes at 4 °C, and protein was pelleted
at the phase interface as a solid disk. Liquid layers were discarded, and the protein was
washed further by sonication into 1:1 methanol/chloroform (500 pl first wash, 250 pl second
wash) followed by centrifugation at 13.3k rpm for 10 minutes at 4 °C to re-pellet. The
protein pellets were air-dried briefly, and then resuspended by sonication into 500 pl water
containing 25 mM ammonium bicarbonate and 6 M urea. To this solution, 5 pl of a1 M
DTT solution in water was added, followed by 140 ul 10% SDS in water, and the solution
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was heated at 65 °C for 15 minutes. The samples were cooled briefly on ice, and then 40 pl
of a 0.5 M iodoacetamide (Sigma-Aldrich) solution in water was added, and the samples
were incubated at room temperature for 30 minutes in the dark. The samples were then
diluted to 6 ml with PBS, and enriched over streptavidin (Thermo) (100 pl slurry) for 2
hours at room temperature. The beads were washed once with 10 ml 1% SDS in PBS, then
three more times with 10 ml PBS. The beads were then transferred to a 1.5 ml screw-cap
tube in 200 pl 25 mM ammonium bicarbonate/2 M urea in water, with 1 mM calcium
chloride and 2 pg sequencing grade porcine trypsin (Promega), and then digested at 37 °C
overnight. The digest supernatant was then collected by filtration of the resin, which was
washed additionally with 100 ul PBS. The combined filtrate and wash for each sample was
then acidifed with 16 ul formic acid, and then pressure-loaded onto a biphasic (strong cation
exchange/reverse phase) capillary column for analysis by two-dimensional liquid
chromatography separation in combination with tandem mass spectrometry (2D-LC-MS/
MS). Unenriched samples were processed in the same fashion, but the enrichment step was
omitted, and instead, 200 pug of processed protein was committed to tryptic digestion and
MudPIT analysis.

Mass spectrometry and data processing

Mass spectrometry was performed using a Thermo Orbitrap Velos mass spectrometer.
Peptides were eluted using a 5-step multidimensional LC-MS (MudP1T34) protocol (using
0%, 25%, 50%, 80%, and 100% salt bumps of 500 mM agqueous ammonium acetate,
followed by an increasing gradient of aqueous acetonitrile/0.1% formic acid in each step)
and data were collected in data-dependent acquisition mode (2 MS1 microscans (400-1800
m/z) and 30 data-dependent MS2 scans) with dynamic exclusion enabled (repeat count of 1,
exclusion duration of 20 s) with monoisotopic precursor selection enabled. All other
parameters were left at default values. Unenriched membrane preparations were eluted using
the same chromatographic steps and instrument settings. SEQUEST3® searches allowed for
variable oxidation of methionine (+15.9949), static modification of cysteine residues
(+57.0215; iodoacetamide alkylation), and no enzyme specificity. Each data set was
independently searched with light and heavy parameters files; for the light search, all other
amino acids were left at default masses; for the heavy search, static modifications on lysine
(+8.0142) and arginine (+10.0082) were specified. The precursor ion mass tolerance was set
to 50 ppm and the fragment ion mass tolerance was the default assignment of 0. The data
was searched using a human reverse-concatenated non-redundant (gene-centric) FASTA
database that combines IPI and Ensembl identifiers. The resulting matched MS2 spectra
were assembled into protein identifications, then filtered using DTASelect (version 2.0.47),
and only half- or fully-tryptic peptides were accepted for identification, and only fully-
tryptic peptides were considered for quantification. Peptides were restricted to a specified
false positive rate of 1%. Redundant peptide identifications common between multiple
proteins were allowed, but the database was restricted to a single consensus splice variant.
SILAC ratios were quantified using in-house software as described (CIMAGE3®). Briefly,
extracted MS1 ion chromatograms (+/— 10 ppm) from both “light' and “heavy' target peptide
masses (m/z) are generated using a retention time window (+/- 10 minutes) centered on the
time when the peptide ion was selected for MS/MS fragmentation, and subsequently
identified. Next, the ratio of the peak areas under the light and heavy signals (signal-to-noise
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ratio S/N >2.5) are calculated. Computational filters used to ensure that the correct peak-pair
is used for quantification include a co-elution correlation score filter (R > 0.8), removing
target peptides with bad co-elution profile, and an “envelope correlation score” filter (R2 >
0.8) that eliminates target peptides whose predicted pattern of the isotopic envelope
distribution does not match the experimentally observed high-resolution MS1 spectrum.
Also, peptides detected as singletons, where only the heavy or light isotopically labeled
peptide is detected and sequenced, but which pass all other filtering parameters, were given
a standard ratio of 20, which is the maximum SILAC ratio reported herein. All reported
SILAC experiments were run in duplicate, except the cholesterol competition, which was
run in quadruplicate.

After automated processing, data sets were further filtered and analyzed manually based on
more stringent and experiment-specific criteria. Only proteins which showed at least 2
unique identified and quantified peptides between four control runs (trans probe versus
vehicle and versus "no UV', each in duplicate), and that showed at least ratio of 5.0 when the
heavy, trans probe-enriched signal was compared to the background signal, were considered
for further analysis by comparison to the PEA-DA labeling profile, and to cholesterol
competition. Only proteins that showed at least a ratio of 3.0 when trans probe-labeled cells
were compared to PEA-DA-labeled cells were considered “selective' and could be
considered Group Il or higher, and only proteins that showed at least a ratio of 1.5 when
competed by 10x cholesterol, and showed at least 2 quantified unique peptides across four
competition runs were considered “sensitive' for further analysis and consideration as Group
Il or higher. All experimental SILAC ratios presented are the mean of the median ratios of
all quantified peptides for each protein from each replicate for each experiment.

Meta-analyses in Figure 4 of the sensitive and selective group of trans probe targets were
performed using several online resources and servers. Automated gene ontology and
pathway enrichment analyses were performed by uploading the Group I protein list to the
DAVID bioinformatics website and performing enrichment analyses. Protein annotations in
Figure 4 were obtained from primary literature sources, GeneCards.com, the Qiagen
SABIosciences transcription factor database, and the OMIM database. Transmembrane
domains were predicted, as necessary, by PSORT Il and TMHMM prediction servers.

Microarray analysis of cholesterol-induced transcriptional changes

To verify that the observed cholesterol competition is most likely due to direct physical
competition of probe binding, and not due to cholesterol-mediated expression changes for
each sensitive target, we incubated HeLa cells with or without 20 UM cis probe and 100 pM
cholesterol for 30 minutes and 12 hours, then harvested total cellular mMRNA from each
treatment using the Qiagen RNEasy kit, and submitted 8 ug total mMRNA (combination of
three biological replicates) per sample the TSRI DNA Array core facility, for quantitative
transcriptomic analysis by microarray, using the HU133 Set GeneChip (Affymetrix), and the
Affymetrix GeneChip Expression 3' Amplification One-Cycle protocol.
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Recombinant expression and validation cholesterol competition of novel targets

To validate protein-cholesterol interactions identified by the trans sterol probe for which
there is no previous evidence of cholesterol binding, SQLE, FDFT1, PGRMC1, POR,
ADPGK, CYP20A1, and JAGN1 cDNAs were obtained (OpenBiosystems), and were
recombinantly over-expressed as the full-length, unmodified proteins (except JAGN1, which
was expressed with a C-terminal myc-his epitope-tag) in HeLa cells via transfection with
Fugene HD according to the manufacturer's protocol. 48 hours post-transfection, cells were
labeled in situ with either 5 or 10 uM trans probe, with or without 10x (50 uM or 100 pM)
cholesterol. Both the competed and non-competed transfected samples were compared to a
control ("Ctrl', Fig. 5) transfected with a distinct protein, on a 10% SDS-PAGE gel, and
equal expression of the protein of interest between competed and non-competed samples
was verified via western blot of the same samples on a gradient (4—20%) gel using
commercial antibodies specific to each protein. Antibodies used in this study were:
monoclonal mouse a-myc (1:10,000; invitrogen), monoclonal rabbit a-POR (1:1000;
Sigma-Aldrich), monoclonal mouse a-FDFT1 (1:1000; Sigma-Aldrich), monoclonal mouse
a-ADPGK (1:1000; Sigma-Aldrich), monoclonal rabbit a-PGRMC1 (1:2000; Sigma-
Aldrich), monoclonal mouse a-SQLE (1:1000; Sigma-Aldrich), monoclonal mouse a-actin
(1:2000; Sigma-Aldrich), and polyclonal rabbit a-CYP20A1 (1:100; Thermo).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clickable photoreactive sterol probes
(a) Structures of cholesterol and three diastereomeric sterol chemoproteomic probes. (b)

Three-dimensional structures of cholesterol and sterol probes as determined by x-ray
crystallography; cholesterol structure derived from PDBID: 3GKI24, In a and b, from top to
bottom; cholesterol (pink), trans-sterol probe (green), epi-sterol probe (cyan), cis-sterol
probe (purple).
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Figure 2. Gel-based profiling of sterol-binding proteins in HeLa cells
(a) Scheme for treatment of live cells with sterol probes and competitive treatments. (b)

HelLa cells treated with 10 uM trans-sterol probe, with and without 365 UV irradiation
before click chemistry and SDS-PAGE analysis. (c) Concentration-dependent labeling of
live Hel a cells with each probe (cis, epi, trans) at 1, 5, 10, and 20 pM. (d) Competition of
sterol probe labeling profiles (10 uM probes) with increasing cholesterol from 0, 10 (1x), 50
(5x), and 100 pM (10x). Fluorescence gel images shown in grayscale.
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Figure 3. MS-based profiling of sterol-binding proteins in HeLa cells
(a) Scheme for enrichment and analysis of sterol probe labeling profiles in mammalian cells

by biotin-streptavidin methods and SILAC MS analysis. (b—d) Heavy/light ratio plots for
total proteins identified in experiments that compared the labeling profiles of the trans-sterol
probe versus no-UV light control (b; 20 uM trans probe / 20 UM trans probe with no UV),
the PEA-DA probe (c; 20 uM trans probe / 20 pM PEA-DA probe), and 10x cholesterol

competition (d; 10 uM trans probe / 10 uM trans probe + 100 uM cholesterol).
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Representative MS1 traces with calculated ratios for proteins that fall into Groups I-1V, as
well as the MS1 traces for a non-specific background protein, are shown to the right of the
global ratio plots. Ratios of > 20 are listed as 20. (e) Venn diagram showing the distribution
of Group I-1V proteins for the trans-sterol probe labeling profile. (f) Top-five pathways
determined by searching Group | proteins on the KEGG database, and top-12 biological
function networks determined by searching Group I proteins on the DAVID gene ontology
server. (g) Trans-sterol probe labeling profile for the cholesterol biosynthetic pathway, with
colors reflecting each enzyme's Group designation (black: not detected).
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(a) Breakdown of Group | proteins by biochemical functions. (b) Group I proteins known to
be genetically associated with human disease based on the OMIM database; the “cholesterol’
group represents diseases from all other groups that are known to manifest via aberrant
cholesterol homeostasis. (¢) Fraction of Group | proteins that possess known or predicted

transmembrane (TM) domains. TM proteins are further divided into single- versus multi-
pass TM proteins. (d) Known or predicted subcellular localization of Group | proteins.
Subcellular localization predictions were made by examining protein sequences by the

PSORT Il algorithm (http://psort.hgc.jp/form2.html). (e) Cholesterol regulation of Group |

proteins at the mRNA level. "SREBP bs' denotes the fraction of Group | proteins with

SREBP transcription factor binding sites in the gene/promoter regions based on the Qiagen

SABiosciences transcription factor database (http://www.sabiosciences.com/

chipgpcrsearch.php?app=TFBS). “30 min' and “12 h' denote the fraction of Group | proteins

with substantial (= two-fold) changes in mMRNA levels after 100 uM cholesterol treatment

for the indicated time. (f) Levels of enrichment (= 2-fold, 2-10 fold, = 10-fold) of Groups I,

Il & 111, and IV proteins in trans-sterol probe data sets compared to their abundance in

unenriched membranes.
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