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ABSTRACT: Choline is an essential nutrient for mammalian cells.
Our understanding of the cellular functions of choline and its
metabolites, independent of their roles as choline lipid metabolism
intermediates, remains limited. In addition to fundamental cellular
physiology, this knowledge has implications for cancer biology
because elevated choline metabolite levels are a hallmark of cancer.
Here, we establish a mammalian choline metabolite-interacting
proteome by utilizing a photocrosslinkable choline probe. To
design this probe, we performed metabolic labeling experiments
with structurally diverse choline analogues that resulted in the
serendipitous discovery of a choline lipid headgroup remodeling
mechanism involving sequential dealkylation and methylation steps.
We demonstrate that phosphocholine inhibits the binding of one of
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the proteins identified, the attractive anticancer target p32, to its endogenous ligands and to the promising p32-targeting anticancer
agent, Lyp-1. Our results reveal that choline metabolites play vital roles in cellular physiology by serving as modulators of protein

function.

Bl INTRODUCTION

Metabolite—protein interactions regulate vital physiological
processes including energy production, cellular communication,
and protein and nucleic acid biosynthesis.' > Therefore, the
identification of metabolite-interacting proteins and the
delineation of the influence of these interactions on protein
function are imperative.

Apart from serving as intermediates in the Kennedy pathway”
(Figure 1a), the physiological roles of choline metabolites are
poorly understood. The Kennedy pathway starts with the
cellular uptake of choline followed by its sequential conversion
into phosphocholine, cytidine S’-diphospho (CDP) choline,
and finally to the phosphatidylcholine (PC) and sphingomyelin
(SM) lipids that are catabolized to glycerophosphocholine
(GPC). Notably, the cellular levels of these choline metabolites
are elevated in a variety of cancers.” For example, phosphocho-
line concentrations as high as 9 mM have been reported in the
breast cancer cell line MDA-MB-231.° Non-invasive approaches
for the measurement of the cellular levels of choline metabolites
are being actively pursued for cancer diagnosis and monitoring
cancer progression.”” The roles of these metabolites in cancer
pathophysiology, however, remain poorly understood. Identi-
fication of the choline metabolite-interacting proteome followed
by the characterization of the influence of those interactions on
protein function is vital for unraveling the extended physio-
logical roles of these metabolites.

Herein, we report the discovery of the mammalian choline
metabolite-interacting proteome by developing a photoaffinity-
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labeling®™"® platform that entailed the use of a rationally

designed alkynyl diazirine choline analogue capable of
metabolically labeling choline metabolites (Figure 1b). The
probe design was guided by our metabolic labeling studies
focused on interrogating the promiscuity of the Kennedy
pathway with respect to accepting choline analogues as
precursors. Functional studies on selected protein hits revealed
that choline metabolites profoundly modulate protein function.
Additionally, metabolic labeling studies resulted in the
unexpected discovery of a choline lipid headgroup remodeling
mechanism.

B RESULTS AND DISCUSSION

Choline Lipid Biosynthetic Machinery Is Highly
Promiscuous. A critical prerequisite for the success of our
approach was the amenability of choline metabolites to undergo
metabolic labeling with a choline analogue appended with both
the diazirine and the alkynyl/azido groups. Consequently, we
evaluated the propensity of structurally diverse choline
analogues (compounds 1—9, Figure 2) to metabolically label
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Figure 1. (a) Choline metabolism in mammalian cells, and (b) our strategy of leveraging it to identify the choline metabolite-interacting proteome of
mammalian cells. R}, R,, and R; represent alkyl groups, and CDP, PC, SM, and GP denote cytidine 5’-diphospho, phosphatidylcholine, sphingomyelin,

and glycerophospho, respectively.

choline metabolites by characterizing the metabolic labeling of
the end products of the pathway, the PC and SM lipids, via
lipidomics and cellular imaging. Our lipidomics experiments
entailed subjecting lipids extracted from choline analogue-
administered HEK293 cells to liquid chromatography with
tandem mass spectrometry (LC—MS/MS) in the PIS mode'*
(Figure S1, Supporting Information). Our imaging experiments
involved treating these cells with azido/alkynyl fluorescent dyes
under click chemistry conditions as reported previously with the
close structural mimics of choline, propargyl choline'” (1), and
azidoethyl choline (2)."*"”

Remarkably, all of the nine analogues successfully labeled
cellular choline lipids as demonstrated by the lipidomics
analyses depicted in the left panel of Figure 2. Even the
analogues that are structurally substantially different from native
choline—hexynyl choline (4), the dialkynyl compound 6,
benzyl propargyl choline (7), and the trisubstituted derivatives 8
and 9—yielded prominent total ion chromatogram (TIC) peaks
for the labeled lipids. Importantly, the labeling efficiency
dropped with increasing substituent chain lengths, as demon-
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strated by a consistent attenuation of TIC peak intensities going
from analogue 1 to 4 (Figure 2a—d).

Notably, cells metabolically labeled with our most elaborate
analogues (4 and 6—9) did not yield intense fluorescence signals
(Figures 2d,f—i, right panel) despite confirmation of metabolic
labeling via lipidomics (the corresponding left panels). These
results establish the higher sensitivity of our lipidomics workflow
as compared to our version of click chemistry-based imaging for
characterizing metabolic labeling. In fact, fluorescence imaging
as a means to characterize metabolic labeling was compatible
with only those analogues (1, 2, 3, and §) that yielded TIC peak
intensities of the order of E8 or above for the labeled lipids.

This survey of choline analogues revealed that extending the
chain length of the alkyl substituents leads to reduced metabolic
labeling efficiency, motivating us to develop bifunctional choline
analogues bearing the diazirine and the alkynyl/azido groups on
different alkyl substituents on the choline nitrogen, rather than
on the same substituent. The feasibility of this strategy was
supported by the successful metabolic labeling of choline lipids
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Figure 2. Characterization of the metabolic labeling of mammalian choline lipids with choline analogues. The lipidomics experiments were performed
on the lipids extracted from analogue (2 mM)-administered HEK293 cells and subjecting them to LC—MS/MS in the precursor ion scan (PIS) mode.
The TICs are depicted on the left along with the m/z values of the daughter ions and the peak retention time values. The extracted ion chromatograms
(XICs) with the three most abundant lipids annotated are depicted on the right. LipidView analyses for annotating all the labeled lipids detected are
depicted in Figures $2—S10. The imaging experiments involved treating analogue (2 mM)-administered HEK293 cells (left) with either S-azido
fluorescein (for analogues 1, 3—9) or rhodamine alkyne (for analogue 2) under click chemistry conditions. Competition experiments involved the co-
administration of native choline and the analogues (2 mM each; right). The scale bar represents 100 ym.
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Figure 3. Metabolic labeling studies on f-diazirine choline analogues. (a) PIS lipidomics to detect 10-labeled lipids in 10-administered HEK293 cells.
(b) Top panel: PIS lipidomics to detect 11-labeled lipids in 11-administered cells. Bottom panel: in-gel fluorescence experiments on cells metabolically
labeled with 11. (c) Top panel: imaging experiments on 11 (2 mM)-administered cells (left), and cells administered with both 11 and choline (2 mM
each; right). The scale bars represent 100 ym. Middle panel: PIS lipidomics to detect 1-labeled lipids in 11-administered cells. Bottom panel: the C,—
Cj bond cleavage hypothesis to explain the formation of 1-labeled lipids in 11-administered cells. DAG is an abbreviation for diacylglycerol. (d) Top
panel: PIS lipidomics to detect 10-labeled lipids in 11-administered cells. Bottom panel: the C,—Cjbond cleavage hypothesis to explain the formation
of 10-labeled lipids in 11-administered cells. (e) Expected formation (top) and detection (bottom) of 2-labeled lipids in 12-administered cells. (f)
Expected formation (top) and attempted detection (second panel from the top) of 14-labeled lipids in 13-administered cells. Third panel from the top:
the detection of 1-labeled lipids in 13-administered cells. Bottom panel: a hypothesis invoking N—C bond cleavage followed by methylation to explain
the formation of 1-labeled choline lipids in 13-administered cells. (g) Expected generation (top) and detection (bottom left panel) of D6-labeled (16-
labeled) choline lipids due to N—C bond cleavage followed by methylation in D9 choline (15)-administered cells. Bottom right panel: the detection of
native choline lipids in cells cultured in standard media devoid of non-natural choline analogues. The LipidView analyses of all XICs are provided in the
Supporting Information section. All analogues were administered at 2 mM concentrations unless otherwise stated.
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Figure 4. Metabolic labeling studies on y-diazirine choline analogues. (a) PIS lipidomics to detect 17-labeled lipids in 17-administered HEK293 cells.
(b) PIS lipidomics and LipidView analyses to detect 18-labeled lipids in 18-administered cells. (c) Expected formation (top) and attempted detection
(bottom) of 1-labeled lipids in 18-administered cells. (d) Expected formation (left) and detection (right) of 17-labeled lipids in 18-administered cells.
(&) Time course plot for TIC peak areas corresponding to 1-, 17-, and 18-labeled lipids in cells cultured in the presence of 18 for 4, 8, 16, and 24 h. (f)
TIC peak areas for 1-, 17-, and 18-labeled lipids in HEK293, HeLa, and MDA-MB-231 cells cultured in the presence of 18 for 24 h, respectively. Each
data point in the plots depicted in (e,f) is an average of three biological replicates, and the error bars represent the standard error values (representative
TICs are depicted in Figures S26—528). The LipidView analyses of the XICs depicted in (a,c) are provided in the Supporting Information section. All

analogues were administered at 2 mM concentrations.

by analogues S, 6, and 7, wherein two N-methyl groups of
choline were replaced with longer alkyl groups (Figure 2e—g).

Metabolic Labeling Studies on fg-Diazirine Cholines
Uncover a Choline Lipid Headgroup Remodeling
Mechanism. We began metabolic labeling studies on photo-
crosslinkable choline analogues with the $-diazirines 10 and 11
and discovered that both of them metabolically label HEK293
choline lipids (Figure 3ab). Surprisingly however, in-gel
fluorescence experiments wherein the lysates of UV-irradiated
cells metabolically labeled with 11 were treated with Alexa Fluor
594 azide under click chemistry conditions yielded negligible
intensity for fluorescently labeled proteins (Figure 3b, bottom
panel). "H NMR and UV spectroscopy experiments on 11 ruled
out lack of UV-reactivity and chemical instability as possible
reasons for these poor photocrosslinking yields (Figures S14 and
S15).

Notably, although 11-labeled lipids yielded a TIC peak
intensity similar to that obtained for 7, 8, and 9-labeled lipids
(~E6; Figures 3b and 2g—i), cellular imaging experiments with
the former yielded intense fluorescence signals (Figure 3c, top
panel) in stark contrast to the latter (Figure 2g—i). In fact, the
imaging results for 11 were reminiscent of those obtained with 1
(Figure 2a) engendering the hypothesis that 11-administered
cells form 1-labeled choline lipids. Consistent with this
hypothesis, lipids isolated from 11-administered cells yielded a
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high-intensity TIC peak for 1-labeled lipids (~E8; Figure 3c,
middle panel). Cells administered with 11 also formed alkyne-
devoid 10-labeled lipids (Figure 3d). A possible explanation for
these observations is that 11-labeled choline metabolites form
their 1- and 10-labeled counterparts by undergoing C,—Cg
bond cleavage within cells (the bottom panels of Figure 3c,d).
The TIC peak intensities for 10- and 11-labeled lipids were 2
orders of magnitude lower than those for 1-labeled lipids (Figure
3b—d), establishing that 1-labeled lipids are the dominant
metabolically labeled choline lipid species formed in 11-
administered cells. HEK293 cells cultured in the presence of
11 for 4, 8, 16, and 24 h revealed that this trend persisted at all
these time points (Figure S16). Experiments with 11 on HeLa
and MDA-MB-231 cells yielded similar results (Figure S18),
demonstrating the generality of this phenomenon across
mammalian cell lines. The formation of large amounts of 1-
labeled lipids accounts for the high fluorescence intensity
observed in the imaging experiments on 11-administered cells
(Figure 3c, top panel), whereas the formation of small amounts
of 11-labeled choline metabolites explains the low intensity of
fluorescently labeled crosslinked proteins obtained in the in-gel
fluorescence experiment (Figure 3b, bottom panel). This
problem is likely aggravated due to competition for protein-
binding sites between the sets of photocrosslinkable choline
metabolites labeled with 11 and those labeled with 10.
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Figure S. Identification of the choline metabolite and lipid-interacting proteome of HEK293 cells by using the y-diazirine choline analogue 18. Panels
(a—c) depict in-gel fluorescence data. (a) Photocrosslinking experiments on HEK293 cells metabolically labeled with different concentrations of 18.
(b) UV exposure time-dependence on the photocrosslinking efficiency in cells metabolically labeled with 18. (c) Comparison of photocrosslinking
efficiency in cells metabolically labeled with 11, 12, 13, 18, and $26. Propargyl choline (1) was used as a negative control. (d) Western blot
characterization of the dose-dependence of avidin-enrichment of biotinylated UV-crosslinked proteins obtained from cells metabolically labeled with
18. () Plot depicting the results of our six-plex TMT analysis (three +UV and three —UV samples). The averaged enrichment ratio for each of the 902
proteins detected is plotted against their respective p-values, and the 674 high-confidence protein hits (enrichment ratio > 2.00 and p-value of < 0.05)
taken forward for further analysis are depicted as either red or blue dots. (f) Western blot validation of the enrichment of the seven proteins marked by
blue dots in Figure Se blotted by using primary antibodies against the individual proteins with their TMT enrichment ratios depicted within
parentheses. (g) Subcellular distribution of our protein hits as per the UniProt database. (h) Protein hits classified according to their biochemical
functions as per the PANTHER database. (i) Classification of the enzyme protein hits according to the UniProt database. (j) Protein hits genetically
linked to various disease classes as per the DAVID database. (k) Pie-chart depicting the classification of the protein hits with respect to their annotation
as drug targets according to the DrugBank database. The lists of all the proteins in the above analyses are provided in Table S3.
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Two other bifunctional f-diazirine cholines, the azido
diazirine 12 (Figures 3e and S21) and $26 (Figure S22), were
also processed by mammalian cells in a fashion similar to 11.
Interestingly however, metabolic labeling experiments with the
branched alkynyl f-diazirine choline 13 did not yield the
expected major C,—C; bond cleavage product, that is, ethyl
propargyl choline (14)-labeled lipids (top two panels of Figure
3f), and instead, a prominent TIC peak for 1-labeled lipids was
obtained (Figure 3f, third panel). The formation of 1-labeled
lipids in cells administered with both unbranched and branched
P-diazirine cholines supports a mechanism involving the
cleavage of the N—C bonds between the choline nitrogen and
their N-alkyl substituents followed by methylation (depicted for
13 in Figure 3f, bottom panel), over the C,—Cj bond cleavage
mechanism proposed above.

Intrigued by the above findings, we investigated whether
native choline metabolites are also cellularly processed in a
similar fashion by culturing HEK293 cells in the presence of
deuterated (D9) choline. PIS analysis yielded dose-dependent
signals for D6 choline lipids (removal of the CD; group due to
N-C bond cleavage followed by the incorporation of the —CH,
group) at the same retention time as that for native (H9) choline
lipids (Figure 3g), establishing that native choline metabolites
are also susceptible to sequential dealkylation and methylation
in mammalian cells.

The discovery of this novel choline lipid headgroup
remodeling pathway has important implications for disease
biology as alterations in cellular PC/PE ratios are associated
with the progression of several diseased states, including non-
alcoholic fatty liver disease, liver failure, and ulcerative colitis.'®
Future studies on characterizing the prevalence of this choline
lipid remodeling mechanism in disease-relevant cell lines and
animal model systems may provide valuable insights on its
relevance to disease pathophysiology. Although the cellular
enzymes responsible for the dealkylation and methylation of the
choline metabolite derivatives of the analogues reported herein
await discovery, enzymes that catalyze the methylation of
ethanolamine metabolites and lipids have been previously
reported. For example, orthologs of phosphoethanolamine
methyltransferase catalyze the conversion of phosphoethanol-
amine to phosphocholine by sequential N-methylation in
plants,"” as well as in multiple species of the Plasmodium
family;** however, these enzymes are believed to be absent in
humans. Another example of the N-methylation of ethanol-
amine metabolites is the formation of choline from ethanol-
amine, N-methyl ethanolamine, and N,N-dimethyl ethanol-
amine in rat brain tissue and chicken neuronal cells in
culture.””** Additionally, the phosphatidylethanolamine N-
methyltransferase (PEMT) enzyme is known in N-methylate
mammalian PE lipids to yield PC lipids.”* Notably, PEMT has
been reported to not be expressed in HEK293 cells,”* the cell
line on which we performed the majority of our lipidomics
experiments reported herein. In contrast to these previous
studies on the N-methylation of ethanolamine metabolites and
lipids, reports on the dealkylation of choline metabolites and
lipid metabolites are lacking. Clearly, focused efforts on the
discovery of the enzymes that orchestrate the dealkylation—
methylation of choline metabolites reported herein are
desirable.

y-Diazirine Cholines Are Ideal Metabolic Labeling
Probes for Choline Lipids. The y-diazirine cholines 17 and 18
demonstrated robust metabolic labeling (Figure 4a,b). Notably,
the TIC peak intensity for 18-labeled lipids is more than four-
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fold higher than that obtained for the analogous alkynyl fS-
diazirine choline compound (11, Figure 3b). Moreover, as
expected from an alkynyl choline analogue that yields a TIC
peak intensity of <E8, a low fluorescence intensity was obtained
upon subjecting cells metabolically labeled with 18 to our
imaging conditions (Figure S25a), suggesting that unlike 11, 18
does not form large amounts of 1-labeled lipids. Indeed, lipids
isolated from 18-administered cells yielded a small TIC peak
(~E6) for 1-labeled lipids (Figure 4c) as compared to an ~E8
intensity peak obtained from 11-administered cells (Figure 3c,
middle panel). Furthermore, no detectable amount of choline
lipids labeled with the alkyne-devoid diazirine (17) was
observed (Figure 4d). In fact, the desired 18-labeled choline
lipids were the dominant metabolically labeled choline lipids
formed in three different 18-administered mammalian cell lines
(HEK293, HeLa, and MDA-MB-231; Figure 4e,f). These results
unequivocally establish 18 as an ideal probe for metabolically
labeling choline metabolites with the diazirine and alkyne
groups.

Interestingly, 18 has been previously investigated for
metabolically labeling choline lipids in mammalian cells.”®
Based on imaging experiments, this previous study concluded
that 18 is incapable of labeling choline lipids in HeLa cells.
Consistent with this observation, our imaging experiments on
HEK293 cells administered with 18 failed to yield fluorescence
signals above the background (Figure S25a). However, our
lipidomics experiments convincingly demonstrated that 18
metabolically labeled choline lipids in HEK293, HeLa, and
MDA-MB-231 cells (Figure 4f). These results establish the
superiority of sensitive lipidomics approaches over click
chemistry-mediated imaging techniques for characterizing
lipidic metabolic labeling.

Discovery of the Mammalian Choline Metabolite-
Interacting Proteome. In-gel fluorescence experiments with
18 yielded a multitude of fluorescently labeled proteins that
demonstrated a dose-dependent (Figure Sa) and UV exposure
time-dependent (Figure Sb) increase in fluorescence intensities.
In contrast, neither of the four bifunctional f-diazirine choline
analogues, 11, 12, 13, and S26 yielded fluorescently labeled
proteins (Figure Sc).

With optimal metabolic labeling, photocrosslinking, and
biotinylation conditions determined, we executed our chemo-
proteomics workflow depicted in Figure 1b. Treating the cell
lysate of UV-irradiated HEK293 cells cultured in the presence of
18 with azido biotin under click chemistry conditions and
applying the proteins extracted from this reaction mixture onto
an avidin column yielded a dose-dependent enrichment of
proteins (Figure Sd). For the proteomics experiments, we
performed “+UV” and “—UV” experiments on three 18-
administered cell cultures each and subjected the captured
proteins to six-plex tandem mass tag (TMT) proteomics. This
analysis yielded a total of 674 “high-confidence hits” (enrich-
ment ratio > 2.0 and p-value < 0.05). These proteins are
depicted as red and blue dots in Figure Se, and the complete list
is provided in sheet 1 of Table S3. The veracity of these
proteomics data was validated by Western blotting-based
experiments (Figure S5f) on seven of these proteins (p32,
nucleolin, COX 4, ezrin, PGRMC1, VDAC], and annexin A2),
possessing a range of enrichment values (depicted as blue dots in
Figure Se).

Choline Metabolites Interact with a Diverse Range of
Cellular Proteins. A survey of the proteins identified revealed
that although a majority of these proteins (355 out of 674) are
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Figure 6. Studies on the modulation of binding of p32 with its interacting partners by choline metabolites. (a—d) ELISA characterization of the effect
of choline metabolites on the binding of p32 to HA (a), Lyp-1 (b), acetylated-Tat peptide (c), and MCP1 (d). The metabolite/salt concentrations
employed were as follows: 1 mM choline/CDP choline/ GPC/NaCl, 5 mM phosphocholine/CaCl,, and 100 pg/mL of PC/SM.

expressed in the cytoplasm, 324 are nuclear and 166 are
mitochondrial (Figure Sg and sheet 2 of Table S3). The analysis
on the UniProt database revealed that the majority (73%) of
them are soluble proteins (sheet 3 of Table S3), consistent with
an in-gel fluorescence experiment that yielded a substantially
higher fluorescence intensity in the soluble protein fraction as
compared to the membrane protein fraction (Figure $29).

Although cellular proteins that interact with water-soluble
choline metabolites have not been profiled previously, several
proteins have been reported to bind to choline lipids, many of
which are also present in our list of protein hits. These proteins
include ADP/ATP translocase, the cytochrome ¢ oxidase
complex proteins COX 2, 411, SA, SB, 7A2, 7C, and subunits
1 and 2 of the cytochrome bcl complex, whose structures depict
PC lipids bound to them.”*™** Moreover, 60 of our protein hits
were identified previously to bind to PC lipids in HeLa cells
(sheet 4 of Table $3).>* Comparison of our protein hits with the
PC-interacting yeast mitochondrial proteins identified pre-
viously”” revealed that the mammalian homologs of 10 out of the
47 proteins reported in that study are present in our list (sheet $
of Table S3).
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Subjecting our protein hits to the PANTHER classification
system resulted in their categorization into 16 functional classes
(sheet 6 of Table S3; the 10 most abundant classes are depicted
in Figure Sh). Our list contains enzymes belonging to all of the 6
major enzyme subclasses (Figure Siand sheet 7 of Table S3) and
includes 7 of the 10 glycolytic enzymes, 7 of the 8 Krebs cycle
enzymes, and proteins belonging to all 5 complexes of the
oxidative phosphorylation pathway.

Choline Metabolite-Interacting Proteins Play Impor-
tant Roles in Diseases and Are Attractive Drug Targets.
Analysis on the DAVID resource revealed that 67% of our
protein hits were associated with diseases, including 190 with
infectious diseases, 109 with cancer, 128 with metabolic
disorders, and 99 with neurological disorders (Figure 5j, sheet
8 of Table S3). A total of 370 genes encoding our protein hits are
overexpressed in at least S different types of cancer according to
the ONCOMINE database (sheet 9 of Table S3). Moreover,
several of our protein hits are known anticancer drug targets
including PARP1, DNA topoisomerase II a, GART, and
isocitrate dehydrogenase 2 that are targeted by the drugs
olaparib,30 doxorubicin,*’ pemetrexed,32 and enasidenib,”
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respectively (sheet 10 of Table S3). DrugBank database analysis
revealed that the proteins identified in our study are targets for
the therapy of several other diseases as well, with 37.1% (a total
of 250 proteins) of them known to serve as drug targets (Figure
Sk and sheet 10 of Table S3). Interestingly, this percentage is
much higher than the percentage of proteins in the entire human
proteome pool that are known drug targets (12%).>*

Phosphocholine Profoundly Modulates the Binding of
p32 with Its Interacting Partners. To evaluate the
importance of protein—choline metabolite interactions on
protein function, we studied the effect of choline metabolites
on the binding of our most enriched protein hit, p32 (Figure Se
and sheet 1 of Table S3), to a variety of its interacting partners.
Also known as HABP1, p33, and gC1qR, p32 is a multifunc-
tional protein that plays vital roles in a diverse array of
physiological processes and diseased states.”” p32 is expressed at
disparate cellular locations and performs diverse functions
including facilitating mitochondrial translation,*® orchestrating
cell attachment and migration by binding to extracellular matrix
components such as hyaluronic acid (HA)®’ at the plasma
membrane, and contributing to HIV infectivity by binding to the
HIV Tat protein within the nucleus.”® Plasma membrane-
expressed p32 levels are dramatically enhanced in cancer cells,
enabling cell surface p32 to serve both as a diagnostic marker
and as a drug target.” In fact, the promising anticancer and
tumor imaging agent, the cyclic peptide Lyp-1, is recruited to
cancer cells via its specific binding to cell surface-expressed
p32.*” Moreover, small molecule libraries are actively being
screened as 4p32 ligands to identify attractive anticancer lead
compounds. !

Our studies on p32 began with investigating its binding to
individual choline metabolites by performing drug affinity-
responsive target stability (DARTS) experiments.”” These
experiments involved the treatment of recombinantly produced
p32 with the protease cocktail, pronase, in the presence of
choline metabolites, followed by SDS-PAGE analysis to evaluate
whether they protect p32 from proteolysis. These experiments
revealed that although choline, CDP choline, PC, SM, and GPC
do not protect p32 from protease digestion (Figure $30d,f—i),
pronase-mediated cleavage of p32 was substantially attenuated
in the presence of 25 and 50 mM phosphocholine (Figure S30e;
left panel). Identical experiments on the myoglobin protein
demonstrated negligible phosphocholine-mediated protection
against protease cleavage (Figure S30e; right panel), establishing
that the protective effect of phosphocholine toward the
proteolytic digestion of p32 is due to the specific binding of
phosphocholine to p32.

We performed ELISA on the biotinylated recombinant p32 to
characterize the effect of choline metabolites on the binding of
p32 to its known interacting partners. Considering that
phosphocholine is present in concentrations as high as 9 mM
in mammalian cells,” we employed S mM of phosphocholine in
these experiments. Other choline metabolites were used at 1
mM concentrations as they are present at lower concentrations
in mammalian cells, with GPC levels reaching 0.6 mM in MDA-
MB-231 breast cancer cells and 1 mM in the PC-3 metastatic
prostate cancer cells.”**

We first focused on the p32-HA complex that is formed on the
surface of cancer cells and plays an important role in tumor cell
adhesion.””” Our ELISA experiments revealed that phospho-
choline inhibits p32-HA binding in a competitive fashion,
whereas other choline metabolites demonstrated minimal effects
(Figure 6a). We next studied another interaction that occurs on
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cancer cell surfaces, the binding of p32 to the tumor-homing
peptide Lyp-1, leading to the peptide’s cellular internalization,
enabling it to trigger apoptosis.”” The formation of this complex
was profoundly inhibited specifically by phosphocholine (Figure
6b).

In addition to its important role in cancer, p32 regulates viral
infectivity in mammalian cells by binding to the acetylated-Tat
protein of HIV-1, resulting in its recruitment to the HIV-1
promoter.”®** An 18 amino acid-long acetylated peptide
spanning residues 36—53 of the Tat protein recapitulates the
binding of the acetylated-Tat protein to p32.** ELISA on this
acetylated-Tat peptide revealed that phosphocholine potently
inhibits its binding to p32, whereas GPC, CDP choline, choline,
PC, and SM demonstrate negligible to moderate inhibitory
effects (Figure 6¢).

Another p32-interacting mammalian protein is the chemo-
kine, monocyte chemoattractant protein-1 (MCP1). p32 serves
as a pro-inflammatory agent by binding to MCP1 and slowing
down its cellular degradation, leading to an increase in its cellular
levels.*” Our ELISA experiments revealed that phosphocholine
inhibits the binding of p32 with MCP1 in a competitive fashion
(Figure 6d).

Taken together, our studies on p32 establish that
phosphocholine inhibits the binding of p32 to a range of its
interacting partners, both endogenous and synthetic.

Choline Metabolites Modulate the Activity of Cellular
Enzymes. We also characterized the effects of choline
metabolites on the function of five of our enzyme hits: lactate
dehydrogenase (LDH), citrate synthase, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), malic enzyme, and
glutamic dehydrogenase (sheet 1 of Table S3). LDH is
overexpressed in almost all types of cancer, and LDH inhibitors
are promising anticancer agents.46 This enzyme catalyzes the
conversion of pyruvate to lactate by employing NADH as a
coenzyme (Figure S31a). At constant NADH concentrations,
we observed that the K, value for pyruvate was reduced ~five-
fold in the presence of 1 mM choline, whereas it was halved in
the presence of the same concentrations of CDP choline and
GPC (Figure S31b,c). The presence of these three metabolites
also caused an attenuation of the K values of the enzyme in
assays wherein the concentration of pyruvate was kept constant,
whereas that of NADH was altered, with the largest effect seen
with choline (a ~four-fold reduction, Figure S31b,d). Our
experiments on citrate synthase revealed a ~2.6-fold attenuation
of the substrate (oxaloacetate) K, value at constant acetyl CoA
concentrations in the presence of PC (Figure $32b,d). Assays on
malic enzyme revealed a ~two-fold attenuation of the K, values
of NADP" in the presence of GPC, phosphocholine and PC, and
a similar attenuation of the K, value of malate in the presence of
GPC (Figure S34). GAPDH (Figure S33), and glutamate
dehydrogenase (Figure S35) was negligibly modulated by
choline metabolites.

B CONCLUSIONS

In summary, our studies have provided novel insights on choline
lipid biology and established the importance of choline
metabolite—protein interactions in protein function. Our
metabolic labeling studies demonstrate that the mammalian
choline lipid biosynthetic machinery is remarkably promiscuous,
and our choline probes add to the rapidly expanding toolkit of
lipidic metabolic labeling probes that include those for labeling
both the hydrophobic tails***"~>° and headgroups™’ of lipids,
sphingolipids,‘gl_55 inositol lipids,56 and phosphatidic acid.’
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Moreover, our discovery that choline lipid headgroups are
susceptible to chemical remodeling via sequential dealkylation
and methylation in mammalian cells will engender studies
focused on elucidating the biochemical basis of this mechanism
and its role in lipid homeostasis and disease pathophysiology.
Functional studies on six selected protein hits revealed that four
of them are modulated by choline metabolites. Our studies on
p32 were particularly insightful and revealed that phosphocho-
line is a potent and general modulator of the binding of this
protein with a variety of its interacting partners. These results
have important ramifications in cancer biology and also
implicate phosphocholine in mechanisms underlying HIV-1
infectivity and the inflammation response. The stage is now set
for future studies focused on unraveling the in vivo ramifications
of choline metabolite-mediated modulation of the interaction of
p32 with its binding partners. For example, experiments
involving the extracellular administration of phosphocholine
to cancer cells can be performed, leading to the disruption of the
binding of cell surface p32 to HA, and the resulting effects on cell
migration can be studied. Additionally, to evaluate the effect of
phosphocholine-mediated inhibition of the binding of Lyp-1
with cell surface p32, the anticancer activity of Lyp-1 can be
evaluated by co-administering Lyp-1 and phosphocholine to
cancer cells in culture, followed by assaying for Lyp-1-triggered
apoptosis.

B METHODS

Mass-Spectrometry Details for Lipidomics Experiments.
Lipids were extracted from mammalian cells administered with non-
natural choline analogues and subjected to LC—MS/MS as per the
procedure described in sub-section S of the Supporting Information.
Lipids eluted from the HILIC column were analyzed and detected on
an AB Sciex 4500 QTRAP mass spectrometer equipped with an ESI
source heated to 400 °C. The scan speed was maintained at 200 Da/s.
The electrospray capillary was held at +5500 V, the curtain gas was set
at 35 (arbitrary units), the CAD gas was maintained at a medium level,
and the two ion source gases GS1 and GS2 were set at 50 and 60
(arbitrary units), respectively. The PIS mode (schematically described
in Figure S1) was used for detecting all the non-natural and native
choline lipids to generate the TICs (all TICs are representative of at
least three biological replicates). The TIC peaks were processed using
the Analyst software to generate the XICs. The compound parameters
(declustering potential, entrance potential, collision energy, and
collision cell exit potential) were optimized by ramping each of them
against the intensity by the direct infusion method. Native choline lipids
were detected by employing a PIS of 184.1 Da (m/z for phosphocho-
line), and the compound parameters were optimized separately. For
characterizing metabolic labeling with alkynyl/azido-substituted
choline analogues 1—9 and 14, and with the D6 choline analogue 16,
the PIS masses of their corresponding phosphoryl derivatives and the
optimized compound parameters for the PIS of 184.1 Da (m/z for
phosphocholine) were used. For all diazirine analogues, the PIS mass
used was 28 Da less than that of the fragment mass of their phosphoryl
derivatives to account for the N, loss that diazirines characteristically
undergo during fragmentation. Compound parameters were separately
optimized for detecting the f-diazirine 11-labeled choline lipids by
using a PIS of 234.1 Da, and the same parameters were used in all PIS
experiments for detecting choline lipids labeled with other $-diazirine
analogues 10, 12, 13, §26, S35, and $36. Compound parameters were
separately optimized for detecting y-diazirine 18-labeled choline lipids
by using a PIS 0f 248.1 Da, and the same parameters were used to detect
17-labeled choline lipids. Each TIC was background-subtracted with
the corresponding blank chromatogram. The optimized compound
parameters employed for each analogue are listed in Table SI.

Probing the Binding between p32 and Its Ligands, Lyp-1,
HA, Ac-Tat Peptide, and MCP1 Using ELISA. The stock solutions of

the ligands were made in PBS at the following concentrations: Ac-Tat
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peptide (S mg/mL), MCP1 (11.5 mM), Lyp-1 (2 mg/mL), and HA
(10 mg/mL). These solutions were diluted into the sodium carbonate-
bicarbonate buffer (50 mM, pH 9.6) to achieve their respective working
concentrations (25 yg/mL for Ac-Tat, 100 nM for MCP1, and 50 ug/
mL for both Lyp-1 and HA), and 100 uL of each of these solutions was
added to 96 well-plates and incubated for 12 h at 4 °C to immobilize the
ligands. Subsequently, each well was washed with PBS (300 uL/well X
3) and blocked with 5% (w/v) skimmed milk solution in PBS (300 uL/
well) for 2 h at room temperature. The skimmed milk solution was then
aspirated off, and the wells were washed three times with 0.05% (v/v)
Tween-20 containing PBS (PBST, 300 uL/well) before introducing
solutions (100 uL/well) containing different concentrations of
biotinylated His-p32 (procedure for producing biotinylated His-p32
is described in sub-section 17C of the Supporting Information) in PBS
(as indicated by the data points of the ELISA plots depicted in Figure 6)
and choline metabolites (at concentrations mentioned in the legend of
Figure 6). Wells administered with 100 uL of PBS instead of
biotinylated His-p32 served as a blank. Subsequently, the plates were
incubated at room temperature for 2 h, following which, the solutions
were aspirated off and the wells were washed three times with PBST
(300 L /well). The bound biotinylated p32 was detected by incubation
in a solution containing HRP conjugated to streptavidin in 5% w/v BSA
in PBS (100 uL/well, details in Table S2) for 2 h at room temperature.
The unbound protein was washed off with PBST (300 uL/well X 3),
and the wells were incubated in 100 uL of the substrate solution
containing 1.82 mM 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) and 0.03% w/w hydrogen peroxide solution (diluted from a 30%
w/w stock) in citrate—phosphate buffer (100 mM, pH 5.0) for 15 min
at room temperature under dark. The reaction was stopped by adding
sulfuric acid (625 mM, 100 uL/well), and the intensity of the resulting
blue-green color was immediately quantified by measuring the
absorbance at 405 nm by using an iMark microplate reader (Bio-
Rad). The readings obtained from the blank wells containing
immobilized Lyp-1/HA/MCP1/Ac-Tat peptide, but not administered
with biotinylated p32, were subtracted from those obtained from the
experimental samples, and these blank-subtracted values were used to
generate a saturation binding curve (Figure 6a—d). Each value is an
average of at least three technical replicates.
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