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SUMMARY

Diacylglycerol kinases (DGKSs) are integral components of signal transduction cascades that
regulate cell biology through ATP-dependent phosphorylation of the lipid messenger
diacylglycerol. Methods for direct evaluation of DGK activity in native biological systems are
lacking and needed to study isoform-specific functions of these multidomain lipid kinases. Here,
we utilize ATP acyl phosphate activity-based probes and quantitative mass spectrometry to define,
for the first time, ATP- and small molecule-binding motifs of representative members from all five
DGK subtypes. We use chemical proteomics to discover an unusual binding mode for the DGK-
alpha (DGKa) inhibitor ritanserin, including interactions at the atypical C1 domain distinct from
the ATP binding region. Unexpectedly, deconstruction of ritanserin yielded a fragment compound
that blocks DGKa activity through a conserved binding mode and enhanced selectivity against the
kinome. Collectively, our studies illustrate the power of chemical proteomics to profile protein-
small molecule interactions of lipid kinases for fragment-based lead discovery.

eTOC BLURB

Franks et al. report the first chemical proteomic map of ligand binding sites of diacylglycerol
kinases (DGKSs) that reveals key molecular features that distinguish lipid and protein kinases to
guide fragment-based discovery of DGK isoform-selective inhibitors.
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INTRODUCTION

Diacylglycerols (DAGSs) and phosphatidic acid (PA) play fundamental roles in biology as
basic components of membranes, intermediates in lipid metabolism, and secondary
messengers in cellular signaling (Carrasco and Merida, 2007; Fang et al., 2001). Cells
regulate intracellular DAG and PA levels through metabolic networks that utilize distinct
enzymes to produce or consume these secondary messengers/metabolites (Brown et al.,
2017; Carrasco and Merida, 2007; Hsu et al., 2012; Shulga et al., 2011). One such enzymatic
pathway that is central to signal transduction is adenosine triphosphate (ATP)-dependent
phosphorylation of DAGs to biosynthesize phosphatidic acid (PA, Figure 1A) by a set of
lipid kinases collectively known as diacylglycerol kinases (Shulga et al., 2011) (DGKS).
DAG and PA are important lipid messengers that alter localization (Takai et al., 1979),
activation (Newton and Koshland, 1989), and protein-protein interactions (Fang et al., 2001)
of distinct sets of receptor proteins. Consequently, disruption of the same DGK protein in
different cell types can result in opposing effects that can be leveraged, for example, in
cancer to simultaneously block tumor growth and activate antitumor immunity (Merida et
al., 2017; Sakane et al., 2016). Since DAG and PA serve as key intermediates in lipid
metabolism, DGKs are uniquely positioned as key regulators of the structural, bio-energetic,
and signaling demands of cells.
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Ten mammalian DGKs have been identified and classified into five subtypes based on
structural features elucidated from primary sequence analysis (Figure 1B). At the N-
terminus, DGKSs contain at least two cysteine-rich zinc finger-like motifs similar to C1
domains found in protein kinase C (Carrasco and Merida, 2007) (PKC). DGKs contain a C-
terminal catalytic domain composed of a conserved catalytic region (SMART domain
(Schultz et al., 1998) DAGKc, SM000046), which is present in other eukaryotic lipid
kinases and DGKs from Gram-positive bacteria (Adams et al., 2016), followed by an
accessory subdomain (DAGKa, SM000045) of unknown function (Merida et al., 2017).
While DGKSs share the same basic domain organization, individual subtypes differ widely in
regulatory domains proposed to mediate metal binding (EF hand motifs), oligomerization
(SAM domain), membrane association (PH domain), subcellular localization (MARCKS
domain), or protein-protein interactions (ankyrin repeats, PDZ domain) (Shulga et al., 2011).
Given the enormous chemical diversity of DAG and PA lipids (Yetukuri et al., 2008),
understanding the cross-talk between regulatory and catalytic domains of DGKs will be
critical for assigning metabolic and signaling functions to individual isoforms.

Attempts to define the function of individual DGK domains have resulted in inconclusive
results. ATP-binding motifs corresponding to the glycine-rich loops found in protein kinases
(GxGxxG consensus sequence (Hanks et al., 1988; Hemmer et al., 1997)) were identified in
the first C1 and catalytic domains of DGKs (Sakane et al., 1990; Schaap et al., 1994).
Mutation of lysines in these motifs, which abolishes ATP binding and protein kinase activity,
did not affect catalytic function of DGKs and led others to hypothesize the existence of a
DGK-specific ATP binding motif that remains to be defined (Sakane et al., 1996; Schaap et
al., 1994). The role of C1 domains in DGK function is also enigmatic. With the exception of
gamma and beta isoforms (Shindo et al., 2003), the C1 domains of DGKs lack conserved
residues identified as being required for DAG binding in other proteins including PKC
(Hurley and Misra, 2000). /n vitro biochemical studies measuring activity of C1 truncation
mutants have produced conflicting reports with regards to whether C1 motifs are required
(Abe et al., 2003; Houssa et al., 1997; Santos et al., 2002) or dispensable (Merino et al.,
2007; Sakane et al., 1996) for maximal DGK catalytic activity.

Thus, DGK active sites remain ill-defined and, combined with the lack of crystal structures
for mammalian DGKSs, have limited our understanding of substrate and inhibitor binding. As
a result, current DGK inhibitors consist of compounds with poor specificity within the DGK
superfamily (de Chaffoy de Courcelles et al., 1989; de Chaffoy de Courcelles et al., 1985) or
lack selectivity measurements against other lipid and protein kinases (Boroda et al., 2017;
Liu et al., 2016; Purow, 2015). Thus, methods that provide information on small molecule
binding mode and selectivity are needed to guide development of isoform-selective DGK
inhibitors. Selective DGK inhibitors are needed to study isoforms where knockout mice
viability is an issue (Crotty et al., 2006) and to help realize the translational potential of
targeting specific forms, e.g. DGK-alpha (DGKa.), for anticancer (Dominguez et al., 2013)
and immunotherapy applications (Prinz et al., 2012).

Here, we use ATP acyl phosphate activity-based probes (Patricelli et al., 2011; Patricelli et
al., 2007) and quantitative mass spectrometry to discover ATP- and inhibitor-binding sites of
representative members of all five principal DGK subtypes. Our findings define, for the first
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time, the ATP binding motif of DGKs that is distinct from protein kinases and identifies the
DAGKa subdomain as a novel region mediating ATP binding. We discovered a fragment of
the DGKa inhibitor ritanserin that shows conservation of binding mode and enhanced
selectivity against protein kinases, supporting the concept that the atypical C1 and accessory
region of the catalytic domain (DAGKa) are key ligand-binding sites for developing DGKa-
selective inhibitors. Our studies demonstrate the utility of chemical proteomics to map
ligand binding sites for fragment-based discovery of lipid kinase inhibitors.

ATP acyl phosphates function as activity-based probes of DGKa

To test whether ATP acyl phosphates (Figure 2A) can be used to profile DGK activity, our
strategy was to transiently express DGKs and test recombinant enzymes directly in cell
proteomes without the need for protein purification. We reasoned this approach would
mitigate challenges with detection due to differences in endogenous DGK levels while
permitting analyses on a proteomic scale. Our initial studies focused on the alpha isoform
(DGKa, Figure 1B) given the availability of inhibitors and matching negative control
compounds (Boroda et al., 2017) for our proof-of-principle experiments (Figure 2B). We
confirmed overexpression of recombinant FLAG-tagged DGKa by western blot (Figure S1)
and used published DAG phosphorylation substrate assays (Sato et al., 2013) to measure
recombinant DGKa activity (Figure S2A). We observed significantly higher DAG
phosphorylation activity (~6-fold on average) in DGKa.-compared with mock-transfected or
heat-denatured proteomes (Figure S2B). Furthermore, recombinant DGKa activity was
blocked in a concentration-dependent manner using the DGKa inhibitor ritanserin (Boroda
et al., 2017) compared with dimethyl sulfoxide (DMSO) vehicle-treated controls (ICsq = 25
UM, Figure 3A). Since ritanserin exhibits 5-HT2 receptor (5-HT2R) inhibitory activity
(Barone et al., 1986), we included another 5-HT2R antagonist ketanserin (Boroda et al.,
2017) (Figure 2B) to control for non-specific effects in our substrate assay. Ketanserin
showed negligible activity against DGKa in our substrate assay, confirming the use of
ritanserin and ketanserin as paired probes (i.e. DGK active and inactive inhibitors,
respectively, at 100 pM; Figure S2B) suitable for testing in our chemical proteomics assay.

Next, we set out to determine whether we could use desthiobiotin-tagged, ATP acyl-
phosphates (Patricelli et al., 2011; Patricelli et al., 2007) as a surrogate chemical proteomic
assay for measuring recombinant DGKa activity in cell proteomes (Figure 2A). ATP acyl-
phosphate probes enable global profiling of kinase activities by covalent attachment of
reporter tags to conserved lysine residues in the ATP binding site of a wide range of kinases
as well as other ATP-binding proteins (Patricelli et al., 2011; Patricelli et al., 2007). Initially,
we performed gel-based profiling experiments to allow rapid optimization of probe labeling
parameters (Figure S3A). In brief, DGKa-HEK?293T soluble lysates were reacted with the
ATP acyl-phosphate probe, desthiobiotin-modified proteins separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and probe-modified proteins detected using a
fluorescently-labeled streptavidin. We observed concentration dependent labeling of a ~80
kDa fluorescent band in DGKa.- but not mock-transfected HEK293T proteomes (Figure
S3B). We confirmed by western blot that differences in fluorescence signals in our probe
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binding assay were not due to expression levels of recombinant DGKa. (Bottom panel,
Figure S3B).

From these studies, we identified experimental conditions where ATP acyl-phosphate
labeling of DGKa was not saturating to allow competitive profiling of reversible inhibitors
(Adibekian et al., 2012) (10 uM ATP probe, 30 min; Figure S3C). Using these kinetically-
controlled conditions, we showed that pretreatment with ritanserin but not ketanserin
resulted in concentration-dependent blockade of probe labeling (IC5qg = 57 UM, Figure 3B
and Figure S3D). We included analysis of the non-selective DGK inhibitors, R59949 (de
Chaffoy de Courcelles et al., 1989) and R59022 (de Chaffoy de Courcelles et al., 1985), to
show that our gel activity assay can be used to generally profile inhibitor activity against
DGKa (Figure S3E). Finally, we showed that treatment with free ATP (1 mM) resulted in
global reductions in fluorescent protein signals (Figure 3C). These results support specific
detection of probe labeling events occurring in the ATP binding site of recombinant DGKa
as well as other native proteins detected in HEK293T cell proteomes. In all of our probe-
labeling studies, changes in fluorescent signals in compound-treated samples were not due to
differences in DGKa protein levels as confirmed by western blot analysis (Bottom panels;
Figure 3C, Figure S3D and E). Collectively, the comparable potency values determined
using substrate- (Figure 3A) versus chemical proteomic-assays (Figure 3B) demonstrate that
ATP acyl phosphates are capable of measuring authentic DGKa activity with the advantage
of enabling rapid assessment of compound activity across ATP-binding sites detected in
native cell proteomes (Figure 3C).

Mapping the ATP binding site of DGKa using quantitative chemical proteomics

Results from gel profiling analyses demonstrated the probe binding of DGKa is competed
by ATP substrate. While suited for rapid screening, gel-based chemical proteomic assays do
not provide information on site of binding of compounds. Thus, we implemented a liquid
chromatography-mass spectrometry (LC-MS) assay to discover the ATP binding site(s) of
DGKa.. For these studies, we overexpressed DGKa in isotopically light and heavy amino
acid-labeled HEK293T cells to enable quantitative LC-MS by stable isotope labeling with
amino acids in cell culture (SILAC (Mann, 2006), Figure 4A). In brief, light and heavy
DGKa-HEK293T lysates were treated differentially with DMSO vehicle or free ATP (1
mM) respectively, prior to addition of ATP acyl phosphate to label active site lysines. After
probe labeling, light and heavy proteomes were combined, digested with trypsin protease,
and desthiobiotin-modified peptides were enriched by avidin affinity chromatography and
analyzed by LC-MS/MS to identify and quantify isotopically tagged active-site peptides
from DGKa (Figure 4A, see STAR Methods for more details).

Using our quantitative chemical proteomics assay, we identified two probe-labeled peptides
that were highly competed with ATP treatment as determined by SILAC ratios (SR) of MS1
chromatographic peak areas >5 in DMSO/ATP comparisons (Figure 4B and Table S1). All
peptides reported met quality control criteria and were observed in 2 biological replicates
(see STAR Methods for more details). The sites of labeling for probe-modified peptides of
DGKa were confirmed by identifying ions corresponding to peptide fragments that contain
the modified lysine residue in MS2 spectra (red asterisk, Figure 4B). Both ATP-sensitive
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peptides are located within the predicted catalytic domain, albeit at different subdomain
regions (K377 — DAGKc, SR = 16.3; K539 — DAGKa, SR = 16.4; Figure 4B). Comparison
of these peptide sequences with ATP-binding motifs found in protein kinases (Hanks et al.,
1988; Sakane et al., 1990) revealed no apparent homology, supporting previous speculation
that DGKs mediate ATP binding through a non-canonical binding motif (Schaap et al.,
1994). Closer inspection of the DAGKc peptide did reveal homology with ATP binding sites
of DgkB from S. aureus, and placement of K377 at the homologous residue in the bacterial
DGK crystal structure (threonine 12) positions this lysine in vicinity of phosphate groups of
ADP (Miller et al., 2008) (Figure S4). The second ATP-sensitive peptide (K539, Figure 4B)
is located in the poorly annotated DAGKa subdomain that, to the best of our knowledge, has
not been implicated in ATP binding in DGKa or any other DGK isoform. Our results help
explain previous findings from other groups showing that C-terminal truncations (which
remove the DAGKa subdomain) result in impaired DGK catalytic activity (Los et al., 2004).

Finally, we identified a probe-modified peptide located in the first C1 domain of DGKa
(K237, Figure 4B). The C1 site was competed with ATP treatments (K237, SR = 2.4, ~58%
inhibition; Figure 4B and Table S1) but with lower potency compared with probe-modified
peptides from DAGKc and DAGKa subdomains (~94% competition with ATP). The
difference in sensitivity to ATP competition at C1 versus DAGKc/DAGKa suggests that the
latter sites largely mediate ATP binding of DGKa. The partial sensitivity of C1 to ATP
competition suggests the existence of a distinct binding site in the C1 domain that can bind
ATP probe separate from interactions at the DAGKc/DAGKa sites (Figure 4C). In summary,
our LC-MS findings provide evidence that ATP acyl phosphate probes can map important
binding regions of DGKa domains to reveal ATP (DAGKc/DAGKa) and other ligand
binding sites (C1) important for mediating catalytic functions.

Chemical proteomic profiling of the DGK superfamily using ATP acyl phosphates

Next, we sought to expand our chemical proteomics analysis to other DGK subtypes to
identify conserved and distinguishing features of active sites in comparison with type 1
DGKa.. For these studies, we chose to test a representative member from each of the DGK
subtypes: kappa (DGKx (Imai et al., 2005)), type 2; epsilon (DGKe (Tang et al., 1996)),
type 3; zeta (DGK( (Goto and Kondo, 1996)), type 4; and theta (DGKO© (Houssa et al.,
1997)), type 5 (Figure 1B). Recombinant DGKs were transiently transfected in light and
heavy HEK293T cells, protein overexpression confirmed by western blot (Figure S1), and
recombinant lysates subjected to quantitative chemical proteomics (Figure 4A). The
identified probe-modified peptides for each DGK isoform and their corresponding
sensitivities to ATP competition are listed in Table S1.

Akin to DGKa, we identified probe-modified peptides in C1, DAGKc, and DAGKa binding
sites of DGKC and DGK® (Figure 5A). Treatment with free ATP resulted in potent
competition at DAGKc (K596, SR = 7.6) and DAGKa (K768, SR = 14.4) sites within the
catalytic domain of DGK®6 (Figure 5A and Table S1). Similar inhibition profiles were
observed for DGKC with the exception of a lower sensitivity to ATP competition at the
DAGKCc (K500, SR = 2.9) compared with DAGKa site (K662, SR = 16.7, Figure 5A and
Table S1). Probe-modified peptides corresponding to C1 domains of both DGK( (K323)
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and DGK6 (K202) showed moderate competition with ATP (SR ~3 for both isoforms,
Figure 5A and Table S1). Of the remaining subtypes, we identified a single probe-modified
peptide in the DAGKa subdomain of DGKx and DGKe that were competed with ATP with
high (K892, S/ = 15.0) or moderate inhibition (K392, SR = 2.6; Figure 5A and Table S1),
respectively. Based on ATP sensitivity, our findings position the primary ATP binding site
within the DAGKa subdomain of type 2 (DGKx), 3 (DGKe), and 4 (DGKC() enzymes.
Similar to DGKa, type 5 DGKB® likely requires both DAGKa and DAGKCc regions for ATP
substrate binding.

We performed multiple sequence alignments and sequence logo analysis (Crooks et al.,
2004; Schneider and Stephens, 1990) to identify a potential DGK-specific ATP binding
motif. We used ATP-competed peptide sequences identified in our LC-MS analyses (Table
S1) to discover potential regions of sequence conservation across all 5 DGK subtypes tested.
Our analyses identified clusters of amino acid conservation in regions that contained probe-
modified lysines within both DAGKc (positions 7-17, Figure 5B) and DAGKa subdomains
(positions 7-19, Figure 5C). We used our results to determine whether DGKs are probe-
labeled at conserved lysines in the active site, which would provide preliminary evidence of
a common ATP binding orientation. Closer inspection of the data revealed that the lysine
showing highest conservation in the DAGKc motif was also probe modified with the highest
frequency (position 9, Figure 5B). In contrast, the correlation between conserved lysines and
frequency of probe modifications at these sites was less clear in the DAGKa motif. For
example, probe madification of the lysine with highest conservation (position 19) was only
observed in the DGKx active site peptide (Figure 5C). The identification of probe
modifications at both conserved (DAGKc) and non-conserved lysines (DAGKa) in the DGK
ATP binding site is different from protein kinases, which are probe modified largely at
conserved lysines in the ATP binding site (Patricelli et al., 2007). Future studies are needed
to determine how these differences in DGK active sites impart substrate specificity /7 vivo
and whether these features can be exploited for inhibitor development.

Inhibitor profiling to determine ritanserin binding mode and selectivity

We next asked whether we could use quantitative chemical proteomics to determine the
binding mode and selectivity of inhibitors against DGK isoforms. Ritanserin was originally
tested in the clinic as a serotonin receptor antagonist for treatment of psychiatric disorders
(Barone et al., 1986) and has recently generated interest as a lead DGKa inhibitor for drug
repurposing to treat cancer (Boroda et al., 2017; Purow, 2015). DGKa-HEK?293T soluble
proteomes were treated with ritanserin or ketanserin (100 uM compounds, Figure 2B)
followed by labeling with ATP acyl phosphate and quantitative chemical proteomics analysis
(Figure 4A). Ritanserin concentrations were chosen to provide ~70% blockade of DGKa
activity as determined from substrate- (Figure 3A) and chemical proteomic-assays (Figure
3B). Probe-modified peptides showing high competition, as judged by SILAC ratios, were
identified as ritanserin binding sites in DMSO/ritanserin comparisons (SR> 5, Figure 6A
and Table S1).

We used these criteria to discover that ritanserin inhibits DGKa predominantly through
binding interactions at the C1 (K237, SR = 7.0) and DAGKa sites (K539, SR=7.0; Figure
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6B and Table S1). Surprisingly, we observed minimal competition at the DAGKc domain
(K377, SR=2.0; Table S1). Ritanserin competed at common (DAGKa) as well as distinct
binding sites (C1) compared with ATP substrate (Table S1). The unusual binding mode of
ritanserin identified from our LC-MS studies may help explain previous kinetic assays
describing a mixed competitive mechanism of inhibition for this inhibitor; ritanserin is
hypothesized to bind a DGKa-ATP complex through an unidentified binding site (Boroda et
al., 2017). We propose that C1 could be a potential site mediating ritanserin binding to
DGKa distinct from the ATP pocket. Inhibitor profiling of other DGKSs revealed that
ritanserin showed minimal activity against other isoforms (S/ < 2 at all binding sites
detected, Figure 6A and Table S1). Ritanserin competition was specific because treatment
with the negative control probe ketanserin resulted in negligible competition at all probe-
binding sites with the exception of a lower SILAC ratio for DGKx peptide, which indicates
a potential activating effect for this isoform (Figure 6A and Table S1). Future studies will be
required to determine whether ritanserin shows similar selectivity profiles against native
DGKs.

One of the advantages of using chemical proteomics is the ability to simultaneously evaluate
on- and off-target activity of inhibitors directly in cell proteomes (Chang et al., 2015;
Nagano et al., 2013). Here, we measured the selectivity of ritanserin against >50 native
kinases quantified in HEK293T soluble proteomes (Figure 7A). On average, we detected
>200 probe-modified peptides from ~85 protein and lipid kinases per individual SILAC
sample. Our kinome coverage is comparable with previous reports using ATP acyl
phosphates and data-dependent MS scan modes (Patricelli et al., 2007). Native kinases
reported in Figure 7A and Table S1 were quantified in at least 2 biological replicates across
all treatment conditions and competed by treatment with free ATP (SR> 5, Table S1). The
latter criterion (i.e. ATP competition) was important for identifying non-specific probe
labeling events in our studies (see STAR Methods for more details). Kinase targets of
ritanserin were defined as those active site peptides that showed SILAC ratios = 5. Based on
this criterion, the most potent targets of ritanserin were DGKa and the non-receptor tyrosine
protein kinase FER (Greer, 2002) (SR = 7.9; Figure 7A and B). We confirmed that ritanserin
was competing at ATP binding sites of FER by demonstrating potent competition at the
same site (K591) with free ATP (SR =19.3, Table S1). Collectively, our studies demonstrate
the use of chemical proteomics to elucidate the binding mode and selectivity of ritanserin,
resulting in discovery of the C1 domain as a novel ligand binding site and FER as an
unanticipated off-target.

Discovery of a lead fragment inhibitor of DGKa by ritanserin deconstruction

In an effort to improve selectivity of ritanserin for DGKa.,, we explored ligand
deconstruction (Hajduk et al., 2000; Kozakov et al., 2015; Lingel et al., 2017) strategies to
evaluate the contributions of representative fragments for binding affinity and selectivity. We
hypothesized that the 4-substituted piperidine moiety of ritanserin (highlighted in red, Figure
7C) is a likely pharmacophore required for DGKa inhibition because of conservation of this
motif across several DGKa inhibitors (Boroda et al., 2017) (Figure S3E). Here, we tested
the capacity of quantitative chemical proteomics to evaluate binding mode and selectivity of
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a ritanserin fragment (designated RF001, Figure 7C) against recombinant DGKs and
endogenous kinases directly in native cell proteomes.

We confirmed that RF001 blocked DGKa activity in a concentration-dependent manner
using the DAG phosphorylation substrate assay (ICsg = 223 uM, Figure 7C). Our data show
substantially lower potency of RF001 compared with ritanserin (~10-fold difference in ICsq
values when comparing Figure 3A and 7C), which is expected of low molecular weight
fragments (<300 Da) that typically exhibit binding affinities in the high micromolar to
millimolar range (Erlanson et al., 2016). To account for differences in potency, we tested
RFO001 at 10-fold higher concentrations (1 mM) in our subsequent LC-MS assays. This
concentration of RF001 was chosen to provide >80% inhibition of DGKa activity in our
probe-binding assay (Figure S5). Akin to ritanserin, RF0O01 treatment resulted in potent
competition at C1 (SR = 12.6) and DAGKa sites (SR = 9.1) while showing weak activity at
the DAGKCc site (SR = 1.7, Figure 7D and Table S1). We also confirmed that RFO01 was
largely inactive against other DGK subtypes as determined by low SILAC ratios at all
detected DGK probe-modified sites (average SR ~1, Figure 7A and Table S1). The similar
inhibition profiles of RF001 and ritanserin observed in our LC-MS analyses support that the
ritanserin binding mode is conserved with the ritanserin fragment and that the 4-substituted
piperidine group represents a core binding motif of DGKa. inhibitors.

While ritanserin and RF001 share similar inhibition profiles within the DGK family, they
differed substantially in cross-reactivity against the kinome. A striking finding from our
studies is the dramatic improvement in selectivity against the kinome observed with RF001
compared with ritanserin (Figure 7A). Specifically, the potent FER off-target activity
observed with ritanserin was largely eliminated using RF001 (SR = 1.2, Figure 7B). In fact,
RFO001 showed potent activity (SR = 5) against a single kinase target, DGKa, across all
detectable kinases (native and recombinant DGKSs) quantified in our chemical proteomics
studies (Figure 7A and Table S1). Closer inspection of the data revealed that unlike
ritanserin, RFO01 maintained good selectivity even for kinase targets that show moderate to
weak inhibitory activity (25 versus 3 kinase targets that show SR = 2 for ritanserin versus
RFO001, respectively; Figure 7E). Future studies are needed to explore whether synthetic
elaboration of RF001, potentially using fragment-based approaches (Erlanson et al., 2016),
can improve affinity for DGKa while maintaining selectivity against the kinome.

DISCUSSION

We used ATP acyl phosphates and quantitative LC-MS to map ligand-binding regions
corresponding to the active site of mammalian DGKs. We defined, for the first time, the
location of the ATP binding site of representative isoforms from all five principal DGK
subtypes (Figure 5). Inspection of the DGK ATP binding sites reveals several important
features that are unique to this lipid kinase family. First, we identified ATP-sensitive, probe-
modified peptides from both DAGKc and DAGKa subdomains, supporting interactions
between these regions within the catalytic domain to constitute a potential ATP binding
cleft. Crystal structures of soluble bacterial lipid kinases with homology to mammalian
DGKSs have also been found with active sites located in an interdomain cleft (Bakali et al.,
2007). Our finding that the DAGKa region is involved in substrate binding was important for
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assigning a catalytic role to this domain and helps explain previous reports that C-terminal
truncations impair DGK enzymatic activity (Los et al., 2004). Second, conserved sequences
corresponding to ATP binding sites of DGKs (Figure 5B and C) are not homologous with
glycine-rich loops mediating ATP binding of protein kinases (Hanks et al., 1988; Hemmer et
al., 1997). Our data provide the first experimental evidence in support of a unique DGK ATP
binding motif that was postulated over 20 years ago (Schaap et al., 1994). Finally, it is
tempting to speculate that detection of a single ATP binding site (as opposed to 2 sites in
other DGKs) for DGKx and DGKe is a reflection of functional differences in substrate
binding of DGK subtypes (Figure 5A). In support of this hypothesis, DGKx, along with
other type 2 members, contain an unusual peptide motif that physically separates the
DAGKCc and DAGKa subdomains (Imai et al., 2005). DGKe, the sole type 3 member, is the
only subtype that lacks regulatory domains and shows acyl chain preference in DAG
substrate assays /n vitro (Tang et al., 1996). We should note that DGKx and DGKe showed
lower recombinant protein expression compared with other isoforms (Figure S1) and so we
cannot rule out the possibility of detection limits using our LC-MS approach. Future studies
will be required to evaluate how these distinctions in active sites influence substrate (DAG)
specificity and function across DGK subtypes.

We also discovered important clues to domain binding sites of DGKs and how to exploit
these regions for development of DGKa-selective inhibitors. The identification of a probe-
modified site at C1 domain provided the first evidence of a ligand binding site remote from
the ATP binding region of DGKs. Although we cannot rule out the possibility of alternative
mechanisms, e.g. probe binding due to domain- (Nordin et al., 2015) or protein-interactions
(Okerberg et al., 2014), we do provide evidence that the C1 domain serves as a ligand
binding site for ritanserin distinct from the ATP binding region of DGKa (Figure 5A and
6A). The overlapping (DAGKa) and distinct (C1) binding sites of ritanserin compared with
ATP helps explain previous Kinetic findings of a mixed competitive mechanism of inhibition
whereby ritanserin prefers to bind a DGKa.-ATP complex (Boroda et al., 2017). We
investigated how the binding mode of ritanserin affects selectivity against other DGK
isoforms as well as >50 native kinases detected in cell proteomes. While ritanserin showed
good selectivity within the DGK superfamily, we discovered substantial cross-reactivity
against protein kinases, including the non-receptor tyrosine kinase FER that was inactivated
to a similar magnitude as DGKa (SR = 7.9, Figure 7A and B). An unexpected finding was
the discovery that a ritanserin fragment (RF001) functioned as a DGKa inhibitor that
retained binding at C1 and DAGKa sites (Figure 7D) and largely removed FER and other
kinase off-target activity (Figure 7A and E). Conservation of fragment binding mode is
characteristic of ligand-binding hotspots (Hall et al., 2015; Kozakov et al., 2015) of proteins
suitable for fragment-based lead and drug discovery (Erlanson et al., 2016). In this regard,
future studies are needed to investigate whether RF001 can serve as a core fragment for
synthetic elaboration of high affinity ligands with selectivity for DGKa.

SIGNIFICANCE

Our studies describe the first functional proteomic map of ligand-binding regions that
mediate substrate (ATP) and inhibitor binding in the poorly annotated active site of the
mammalian diacylglycerol kinase (DGK) superfamily. Given the dearth of lipid kinase
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inhibitors available in the clinic and the emerging role of DGKs as anticancer and
immunotherapy targets, we believe our findings offer exciting new prospects for
development of new chemical probes to study and target lipid kinases. We define, for the
first time, the location of the ATP binding site of representative isoforms from all five
principal DGK subtypes (type 1 —5). Inspection of DGK ATP binding sites identify
conserved features that are distinct from protein kinases, providing the first experimental
evidence in support of a DGK-specific ATP binding motif that was postulated over 20 years
ago. We discovered clues to domain regions of DGKs important for inhibitor development
by identifying probe-modified sites in C1 and accessory (DAGKa) domains that serve as
primary binding sites for the DGKa inhibitor ritanserin. An unexpected finding was the
discovery that a fragment of ritanserin (RF001) functioned as a DGKa inhibitor that
retained binding at C1 and DAGKa domains and largely removed protein kinase off-target
activity. While few examples have been reported, conservation of fragment binding mode is
characteristic of ligand-binding hotspots of proteins suitable for fragment-based lead
discovery. Thus, we believe the C1 and DAGKa sites are key binding regions of DGKSs to
enable development of high affinity, isoform-selective inhibitors of this lipid kinase
superfamily.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Ku-Lung Hsu (kenhsu@Uvirginia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—HEK?293T cells were cultured in DMEM with 10% FBS (U.S. Source,
Omega Scientific) and 1% L-glutamine (Thermo Fisher Scientific) in 10cm? plates. SILAC
HEK?293T cells were cultured in DMEM for SILAC (Fisher Scientific) supplemented with
10% dialyzed FBS (Omega Scientific) and either ‘Light’ 12C, 14N-labeled lysine and
arginine or ‘Heavy’ 13C, 15N-labeled lysine and arginine (100ug/mL) in 10cm? plates. Light
or heavy amino acids were incorporated for at least 5 passages prior to utilizing SILAC
HEK?293T cells for experiments. All cells were grown to ~80% confluency in a 37°C
incubator with 5% CO».

METHOD DETAILS

Transient transfection—Recombinant DGK proteins were produced by transient
transfection of HEK293T cells with recombinant DNA. pDONR223-DGKK was a gift from
William Hahn & David Root (Addgene plasmid # 23487). pCSF107mT-GATEWAY-3'-
FLAG was a gift from Todd Stukenberg (Addgene plasmid # 67619). pCSF107mT-DGKK-
FLAG construct was generated by recombination of the Addgene plasmids using the
Gateway cloning system (Invitrogen). All other vectors were gifted to Dr. Kevin Lynch
(University of Virginia, School of Medicine) by Dr. Kaoru Goto (Yamagata University,
School of Medicine) and Dr. Fumio Sakane (Chiba University) and were kindly shared with
us: pcDNA3-FLAG-DGKA (rat), pPCMV-Tag2B-FLAG-DGKQ (human), pcDNA3-
DGKE-3xFlag (human), and pCMV-SPORT6-HA-DGKZ (human). HEK293T cells were
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plated at a concentration of 400,000 cells in complete DMEM and grown to 50-60%
confluency. A polyethyleneimine (PEI) stock solution was prepared (Img/mL, pH 7.4) and
filter sterilized. Serum-free DMEM (600 L) was mixed gently with 2.6 pg DNA and 20 pL
of sterile PEI (1 mg/mL, pH 7.4) in a sterile microfuge tube. Mixtures were incubated for 30
min at 25 °C. The mixture was then added drop-wise to each 10 cm? plate, rocked back and
forth to mix, and placed back in the incubator. Cell pellets were harvested after two full days
of growth, snap-frozen in liquid N, and stored at —80°C until use. Recombinant proteins
were produced by transient transfection in SILAC HEK293T cells using the procedure
described above, except that cells were plated at a concentration of 1 x 106 cells per 10 cm?
plate and grown to ~70% confluency prior to introducing transfection mixture.

Western blot analysis of recombinant protein expression—Cell lysates were
separated via centrifugation at 100,000 x g for 45 min at 4 °C. Proteins separated by SDS-
PAGE (7.5% polyacrylamide, TGX Stain-Free Mini Gel) at 150 V for 55 min. Gel transfers
were performed using the Bio-Rad Trans-Blot Turbo RTA Midi Nitrocellulose Transfer Kit
with a Bio-Rad Trans-Blot Turbo Transfer System (25V, 10 min). The nitrocellulose blot
was then incubated in blocking solution (30 mL, 5% Milk in TBS-T (1.5 M NaCl, 0.25 M
Tris pH 7.4 in ddH,0)) for 1 h at 25 °C with gentle shaking. The blot was then transferred
immediately to primary antibody solution (1:1,000 anti-FLAG or 1:10,000 anti-HA in TBS-
T) and incubated overnight at 4°C with gentle shaking. The blot was then rinse d 5 times for
5 min in TBS-T, transferred immediately into secondary antibody solution (1:10,000 anti-
species DyLight 550 or DyL.ight 650 in TBS-T), and incubated for 1 h at 25 °C with gentle
shaking. The blot was then rinsed 5 times for 5 min in TBS-T, transferred into ddH,0, and
imaged by in-blot fluorescence scanning on a ChemiDoc MP Imaging System.

Preparation of cell lysates for gel-based chemical proteomics—Cell pellets were
resuspended in kinase buffer (Dulbecco’s PBS (DPBS, Hyclone), 20 mM MgCl,, EDTA-
free protease inhibitors (Pierce)) and then lysed by sonication (3 x 1 sec pulse, 20%
amplitude). The cell lysates were then subjected to centrifugation (100,000 x g, 45 min at
4 °C) to isolate the cytosolic fraction in the supernatant and the membrane fraction as a
pellet. The membrane pellet was resuspended in kinase buffer by sonication. For all further
analyses, only the soluble (cytosolic) fraction was used to prevent the need for detergents,
which have been shown to interfere with DGK activity (Yada et al., 1990). The only
exception was experiments involving DGKE; recombinant DGKE protein was most
prominently expressed in the membrane fraction and so this fraction was utilized to study
DGKE enzyme (see Figure S1). Protein concentrations were measured using the Bio-Rad
DC protein assay. Samples were stored at —80 °C until use.

Gel-based chemical proteomic assay—Proteome concentration was adjusted to 2
mg/mL in kinase buffer. Proteomes were first pre-treated with compound (0.6 L, 50X stock
in DMSQ) mixed with gentle flicking, and incubated for 30 min at 25 °C in a microfuge
tube (30 UL reaction volume). Desthiobiotin ATP acyl phosphate nucleotide probe (0.5 mM
in ddH,0) was then added to each sample (0.6 uL, 10 uM final) and incubated for 30 min at
25 °C. Reactions were then quenched with 10 pL of 4X SDS-PAGE loading buffer. Protein
samples (15 pL) were loaded onto 4-20% TGX Stain-Free Protein Midi Gel and resolved by
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SDS-PAGE at 150V for 55 min. Proteins were then transferred to a nitrocellulose blot by
Bio-Rad Trans-Blot Turbo Transfer System (25V, 10 min) to enhance sensitivity. The
nitrocellulose blot was then incubated in blocking solution (30 mL, 3% BSA in TBS-T) for
1 h at 25 °C with gentle shaking. The blot was then transferred immediately to antibody
solution (30 mL, 5% BSA in ddH,0 with 0.1% Tween20 and 1:3000 Streptavidin DyLight
550) and incubated for 2 h at 25 °C with gentle shaking. The blot was then rinsed 5 times for
5 min in TBS-T, and then transferred into ddH,O. The blot was then imaged by in-blot
fluorescence scanning on a ChemiDoc MP Imaging System. Fluorescence intensity signals
were normalized to total lane protein using the Bio-rad Stain Free imaging (Posch et al.,
2013).

Preparation of cell lysates for ADP-glo assay—The ADP-Glo DAG phosphorylation
substrate assay was adapted from Sato et al (Sato et al., 2013). Transfected HEK cells
expressing recombinant FLAG-DGKA were harvested in DPBS and centrifuged at 1400 x g
for 3 min. Supernatant was removed and 1 mL Lysis Buffer (50 mM HEPES (pH 7.2), 150
mM NaCl, 5 mM MgCl,, 1 mM DTT, 1 mM phenylmethysulfonyl chloride, Phosphatase
Inhibitor Cocktail 2 (Sigma-Aldrich), and EDTA-Free Protease Inhibitor Mini Tablets
(Pierce)) was added and cells re-suspended. Solutions were sonicated (3 x 1 sec pulse, 20%
amplitude) and then centrifuged at 400 x g for 5 min. Supernatant was separated and protein
concentrations were measured using the Bio-Rad DC protein assay and diluted in Lysis
Buffer as appropriate. Samples were stored at —80°C until use.

ADP-glo DAG phosphorylation substrate assay—Micelles were prepared from lipid
stocks as follows: Reaction Buffer (50 mM MOPS (pH 7.4), 1 mM DTT, 100 mM NacCl, 20
mM NaF, and 1 pM CaCl,) was prepared in ddH,O. From this stock, a solution of Reaction
Buffer with 50 mM MgCl, and 1 mM ATP (‘Reaction Initiator’) and a solution of 0.3%
Triton-X100 in Reaction Buffer (‘Triton Buffer’) were separately prepared. 1, 2-dioleoyl-sn-
glycerol (DG) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) in chloroform were
mixed and then dried under nitrogen. Triton Buffer was added to the dried lipids to a final
concentration of 10 mM DG and 8 mM DOPS. This solution was incubated at room
temperature for 5 min with gentle shaking, followed by sonication (3 x 1 sec pulse, 20%
amplitude). The micelles were then diluted 4-fold in reaction buffer to yield the final micelle
buffer. 1 mg of lysate was aliquoted into each well of a 96 well plate, followed by micelle
buffer to a final volume of 20 pL. 19 pL of this mix was added to 1 pL of DMSO or inhibitor
solution and incubated at 30 °C for 30 min. After incubation, 5 pL of reaction initiator was
added to each well and mixed thoroughly, followed by aliquoting 5 UL of each reaction
mixture to a 96-well half area black polystyrene plate and incubated at 30 °C for 30 min. At
this point the procedure for the ADP-Glo™ assay (Promega) was performed. 5 pL of ‘ADP-
Glo Reagent” was added to each well, mixed thoroughly, and allowed to incubate at 25 °C
for 40 min. Then 10 pL of the ‘Kinase Detection Reagent” was added to each well, mixed
thoroughly, and allowed to incubate at 25 °C for 40 min. Luminescence was measured with
no filter and an integration time of 1 sec per well on a BMG Labtech CLARIOstar plate
reader.
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Sample preparation for quantitative LC-MS analysis using ATP acyl
phosphates—Proteomes were diluted to 2 mg/mL in kinase buffer. The light and heavy
proteomes (0.5 mg, 250 pL total reaction volume) were pre-treated with vehicle or
compound, respectively (5 puL, DMSO (light) or 50X stock in DMSO (heavy)), mixed
gently, and incubated at 25 °C for 30 min. Desthiobiotin ATP acyl phosphate nucleotide
probe (0.5 mM in ddH,0) was then added to each sample (5 pL, 10 uM final), mixed gently,
and allowed to incubate at 25 °C for 30 min. After incubation, matched light and heavy
proteomes were transferred and mixed in a 1:1 ratio in a two-dram vial containing 4:1:3
MeOH/CHCI3/H,0 (2 mL MeOH, 500 pL CHCl3, 1.5 mL H,O) for extraction of proteins to
remove excess probe, quickly vortexed, and centrifuged at 1,400 x g for 3 min to pellet
protein. Organic and aqueous layers were removed using a Pasteur pipette, and the protein
pellet was transferred to a screw-top tube in 600 uL MeOH. A second extraction was
performed by adding CHClI3 (150 pL) and H,O (600 L) to each sample, vortexed, and
centrifuged at 1,400 x g for 3 min to pellet protein. Organic and aqueous layers were
removed by pipetting, MeOH added to pellet (600 pL) and pellets were re-suspended by
sonication (3 x 1 sec pulse, 20% amplitude) for a final extraction. Samples were then
centrifuged at 17,000 x g for 5 min to pellet protein and MeOH was removed by pipetting.
The pellets were re-suspended in 10 M urea/25 mM ammonium bicarbonate (500 mL),
brought to a final volume of 1 mL with 25 mM ammonium bicarbonate, reduced with 10
mM DTT for 15 min at 65 °C, allowed to cool, and then alkylated with 40 mM
iodoacetamide for 30 min at 25°C in the dark. To de salt the samples, each was transferred to
a two-dram glass vial, and to the vial 4:1:2 MeOH/CHCI3/H,0 (2 mL MeOH, 500 pL
CHCl3, 1 mL H,0) was added. The vials were vortexed quickly, spun at 1,400 x g for 3 min
to pellet protein, and aqueous and organic layers were removed using a Pasteur pipette. The
resulting protein pellet was transferred to a screw-top tube in 600 uL. MeOH, and then
CHCl3 (150 pL) and H,O (600 pL) were added to extract protein a second time. The
samples were vortexed quickly, centrifuged at 1,400 x gto pellet protein, and the aqueous
and organic layers were removed by pipetting. Resulting protein pellet was suspended in
MeOH (600 pL) via sonication (3 x 1sec pulse, 20% amplitude), centrifuged at 17,000 x g
for 5 min to pellet protein, and MeOH removed by pipetting. Protein pellets were then re-
suspended in 25 mM ammonium bicarbonate (500 L) and digested with 7.5 ug Trypsin/
Lys-C (Promega, 15 pL, 0.5 pg/uL) for 3 h at 37 °C. Avidin-agarose beads (Thermo
Scientific Pierce, 100 pL aliquot per sample) were washed three times by adding 10 mL
DPBS, centrifuged at 1,400 x g for 1 min, and decanting. This wash step was repeated for a
total of 3 times. Digested protein samples were mixed with washed avidin beads (100 pL)
and brought to a volume of 5.5 mL with DPBS in a 15 mL conical and rotated for 1 h to
enrich samples for the covalent desthiobiotin modification. The beads were washed with 25
mM ammonium bicarbonate (3X with 10 mL, centrifuge at 1,400 x g for 3 min, decant) and
then H,O (3X with 10 mL, centrifuge at 1,400 x g for 3 min, decant). Washed beads were
then transferred to a low-bind microfuge tube, centrifuged at 1,400 x g for 3 min, allowed to
rest for 1 min to settle beads, and then excess H,O was removed carefully using a gel-
loading pipette tip. To elute peptides, 100 pL of elution buffer (50% acetonitrile, ACN; 0.1%
formic acid) was added to each sample and incubated for 3 min. Beads were spun down at
1,400 x g for 3 min, allowed to rest for 1 min to settle beads, and then 75 pL of peptide-
containing supernatant was removed carefully using a gel-loading pipette tip and transferred
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to a new low bind centrifuge tube. This step was repeated two more times with 75 uL of
elution buffer and all eluent were collected into the same centrifuge tube (~225 uL total).
Peptides were dried on a speed vacuum, resulting peptide samples acidified in 5% (v/v)
formic acid, and stored at —80 °C until analysis.

LC-MS/MS analysis of SILAC samples—The peptide samples were analyzed by liquid
chromatography-mass spectrometry. An integrated autosampler-LC (Ultimate 3000 RSLC
nanoSystem, Dionex) was used to load the peptides onto a trap column (Nano-Trap, Thermo
Scientific, 2 cm, 5 um C18) and washed for 2 minutes with 1% B (80% ACN, 1% formic
acid). The peptides were eluted from the trap column and through a homemade
nanocapillary analytical column (20 cm, 5 um C18 packed in 360 um o.d. x 75 um i.d. fused
silica), with an integrated electrospray tip, using a 180 min 1-95% reverse-phase LC
gradient (A: 0.1% formic acid; B: 80% ACN, 0.1% formic acid) with the following
parameters: 0-2 min 1% B, 400 nL/min; 2-144 min to 95% B, 300 nL/min; 144.1-180 min
1% B, 400 nL/min. The eluting peptides were electrosprayed into an Orbitrap Q Exactive
Plus mass spectrometer (Thermo Scientific), which was operated with a top 10 data-
dependent acquisition method that consisted of one full MS1 scan (375 — 1,500 m/z)
followed by 10 MS2 scans of the most abundant ions recorded in the MS1 scan. For
recombinant DGKE samples, a data-independent parallel reaction monitoring (PRM)
method was used to detect DGKE peptides. One full MS1 scan (375 — 1,500 m/z) was
followed by MS2 scans of targeted parent ions from a curated inclusion list (DGKE:
EKAPSLFSSR, +2 charge state, 659.3617 m/z (light), 668.3729 m/z (heavy), 103.00-110.00
min). Data analysis was accomplished using the IP2 (Integrated Proteomics Applications)
software package, in which RawConverter was used to generate searchable MS1 and MS2
data from the .raw file followed by using the ProLuCID algorithm to search the data against
a modified human protein database (UniProt human protein database with rat DGKs,
angiotensin | and vasoactive intestinal peptide standards; 40,660 proteins) with the following
parameters: static carbamidomethyl modification of cysteine (+57.0142 Da), differential
modifications of oxidized methionine (+15.9949 Da) and desthiobiotin-labeled lysine
residues (+196.1212 Da), added masses of the SILAC “heavy”-labeled amino acids
(+10.0083 Da for R, +8.0142 Da for K), and trypsin enzyme specificity with 2 missed
cleavages. The resulting MS2 spectra matches were assembled into protein identifications
and filtered using DTA Select 2.0 using the --mass, --modstat, and --trypstat options with a
1% peptide FDR. mzldent files corresponding to searches were generated in IP2-Integrated
Proteomics Pipeline, mzXML spectra data was extracted from the raw file using
RawConverter, and uploaded into Skyline-daily (Schilling et al., 2012) to determine SILAC
ratios (SR) of light/heavy (vehicle/compound treated) peptides. Peptides used for analysis
were assessed for quality in Skyline by the following criteria: isotope dot-product (iDOTP) =
0.8, ratio dot-product (rDOTP) = 0.8, and singletons defined by L/H ratios > 20 were set to
20. Dot-product values are measures of similarity between the precursor peak area and
expected isotope distribution (iDOTP) and between the light and heavy peak area (rDOTP)
as calculated in Skyline and described by Schilling et al (Schilling et al., 2012). Probe-
modified peptides that met these criteria were manually inspected and integrated. Peptide
ratios reported were normalized to DMSO/DMSO peptide ratios to account for potential
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variations in mixing and sample preparations. Additionally, reported DGK and FER peptides
were verified by manual inspection of the raw data (MS1 and MS2).

Sequence alignments and generation of sequence logos—L.ipid kinase sequences
were obtained from Uniprot (http://www.uniprot.org/) and aligned using Clustal Omega
(Goujon et al., 2010; Sievers et al., 2011). Sequence logos shown in Figure 5 were generated
with WebLogo (Crooks et al., 2004; Schneider and Stephens, 1990) (http://
weblogo.threeplusone.com).

DgkB monomer molecular model and alignment—PDB model 2QV7 visualized and
colored using PyMol software. Partial Structure-Aided Sequence Alignment completed as
described previously (Miller et al., 2008) and added to Figure S4 using GIMP software
package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and determination of ICgg values—The percentage of enzyme
activity remaining was determined by comparing integrated band intensities or luminescence
of inhibitor- with DMSO-treated samples for gel-based chemical proteomic or ADP-glo
assays, respectively. For both chemical proteomic and ADP-glo methods, nonlinear
regression analysis was used to determine the ICgq values from a dose-response curve
generated using GraphPad Prism. Data are shown as mean + s.e.m. Determination of
significance was performed by one-way ANOVA. All statistical analyses were performed
using GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mammalian diacylglycerol kinase (DGK) superfamily
(A) DGK enzymes catalyze transfer of phosphate from ATP to diacylglycerol (DAG) to

biosynthesize phosphatidic acid (PA). The molecular structure of fatty acyl chains regulates
functional properties of DAG and PA lipids. (B) The ten DGK isoforms identified to date are
divided into five principal subtypes based on organization of structural motifs. Alternative
splicing of certain DGK subtypes can generate additional structural diversity. RVH:
recoverin homology domain; EF: EF Hands motif; C1: atypical/typical C1 domain; PH:

pleckstrin homology domain; SAM: sterile alpha motif; EPAP: Glu-Pro-Ala-Pro repeats;

PDZ: protein-protein interactions; HD: hydrophobic domain; MARCKS: myristolated
alanine-rich C kinase substrate domain; ANK: Ankyrin repeats; PR: proline-rich region.
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Figure 2. Activity-based probes and inhibitors for functional analysis of DGKs
(A) Chemical structure and mechanism of ATP acyl phosphate probe labeling. The ATP

binding group mediates interactions with lipid and protein kinases to place the reactive acyl
phosphate group in proximity of lysines in the active site. The side chain amino group of
lysine covalently reacts with probe, releasing ATP, and covalently attaches desthiobiotin to
kinase through an amide bond. (B) The DGKa inhibitor ritanserin and matching negative
control inhibitor ketanserin.
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Figure 3. ATP acyl phosphates enable gel-based activity-based profiling of DGKa
(A) /n vitro ICsq values for DGKa inhibition by ritanserin as measured by DAG

phosphorylation substrate assay described in Figure S2. Data shown are mean +/— SEM. for
triplicate measurements. Results are representative of two independent biological replicates.
95% confidence intervals for 1Csq values: 20-30 uM. (B) Gel-based ATP acyl phosphate
assay was used to determine /n vitro ICgq values for DGKa inhibition by ritanserin (95%
confidence intervals for 1C5q values: 17-192 uM). Details of the assay and representative
gels used to calculate potency values can be found in Figure S3. (C) DGKa-HEK293T
soluble proteomes were pretreated with ritanserin (100 uM), ketanserin (100 uM), or ATP (1
mM) for 30 min prior to addition of ATP acyl phosphate probe (10 uM, 30 min) and gel-
based analysis as described in Figure S3. Pretreatment with ritanserin but not ketanserin
blocked probe labeling of ~80 kDa recombinant DGKa.. Western blot analysis (anti-FLAG,
0.8 pg/mL) confirmed equivalent recombinant protein expression across treatment
conditions.
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Figure 4. Elucidation of ATP and ligand-binding sites of DGKa by quantitative chemical
proteomics

(A) Schematic of quantitative LC-MS proteomics workflow to identify ligand binding sites
of recombinant DGKs using ATP acyl phosphate probe. See STAR Methods for more
details. (B) Left - MS2 spectra of probe-modified peptides corresponding to the active site of
DGKa. Major 6-and y~ion fragments derived from neutral losses of the precursor (M) are
indicated on spectrum in red. An asterisk denotes fragments containing probe-modified
lysine residues corresponding to the red-labeled lysine shown in the peptide sequence. Right
- MS1 extracted ion chromatograms of probe-modified peptides with corresponding SILAC
ratios quantifying vehicle-treated (light): compound-treated (heavy). (C) Schematic of
DGKa showing domains where ATP probe binding is detected by quantitative chemical
proteomics. Orange circles represent ATP probe binding at K237 of the C1 domain, K377 of
the DAGKc domain, and K539 of the DAGKa domain.
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Figure 5. Chemical proteomic profiling of the DGK superfamily
(A) Heatmap showing SILAC ratios for probe-binding sites of respective DGK isoforms in

ATP (1 mM, 30 min)- versus DMSO vehicle-treated recombinant HEK293T proteomes.
DGK ATP binding sites are defined by SR> 5. (B-C) Sequence similarity of ATP binding
sites of DGK isoforms measured by quantitative proteomics. Multiple sequence alignments
of probe-modified peptides were performed using Clustal Omega and results analyzed by
sequence logos (See STAR Methods for details) to search for common motifs within the
DAGKCc (B) and DAGKa (C) ATP-binding sites of DGKs. The height of each stack denotes
sequence conservation at the respective position (measured in bits). The height of individual
residues within the stack indicates the relative frequency of corresponding amino acids at
that position. The numbers in parentheses indicate the number of DGKs that show
modification at the respective probe-modified lysine. Color scheme for amino acids in
sequence logos is as follows: hydrophilic, blue; neutral, green; hydrophobic, black. Probe
modified peptides used for sequence alignment and logo analysis can be found in Figure S6
and Table S1.
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Figure 6. Inhibitor profiling of the DGK superfamily
(A) Heat map showing SILAC ratios of DGK probe-binding sites that are competed (SR > 5)

with ritanserin- versus DMSO vehicle control-treated samples. Lack of competition at
respective sites in ketanserin-treated samples indicates ritanserin competition was specific.
(B) Representative extracted ion chromatograms (MS1) of probe modified peptides from
DGKa C1 and DAGKa domains, which represent the primary sites of binding for ritanserin.
Ketanserin is inactive at these same sites. For all studies, proteomes were pretreated with
compounds (100 pM) for 30 min prior to labeling with ATP acyl phosphate probe (10 pM,
30 min).
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Figure 7. Discovery of a lead fragment inhibitor of DGKa by chemical proteomics
(A) Heat map showing potency and selectivity of ritanserin and RF001 against recombinant

DGKSs and native kinases detected in HEK293T proteomes. (B) Representative extracted ion
chromatograms (MS1) of probe modified peptide from FER, showing potent competition
with ritanserin but not RF001. (C) Ritanserin deconstruction to identify the fragment RF001,
which shows concentration-dependent blockade of recombinant DGKa as measured by
substrate assay (Figure S2). Data shown are mean +/— SEM. for triplicate measurements.
Results are representative of two independent biological replicates. 95% confidence intervals
for ICsq values: 120-414 uM. Dotted line represents background activity detected in non-
transfected HEK293T proteomes. (D) Representative extracted ion chromatograms (MS1)
showing the primary sites of binding for RF001 against DGKa. Quantified SILAC ratios
shown are averages of two biological replicates. (E) Bar graph comparing the total number
of kinase targets (recombinant DGKs and native kinases in HEK293T proteomes) observed
with potent (SR = 5), moderate (SR = 3), and weak competition (SR = 2) at respective
probe-binding sites in ritanserin- versus RF001-treated samples. For quantitative LC-MS
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experiments, proteomes were pretreated with compounds (100 pM) for 30 min prior to
labeling with ATP acyl phosphate probe (10 uM, 30 min).
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