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Inositol hexakisphosphate (IPg) is an abundant metabolite
synthesized from inositol 1,3,4,5,6-pentakisphosphate (IP5) by
the single IP5 2-kinase (IP5K). Genetic and biochemical studies
have shown that IP4 usually functions as a structural cofactor in
protein(s) mediating mRNA export, DNA repair, necroptosis,
3D genome organization, HIV infection, and cullin—RING ligase
(CRL) deneddylation. However, it remains unknown whether
pharmacological perturbation of cellular IP¢ levels affects any of
these processes. Here, we performed screening for small mole-
cules that regulate human IP5K activity, revealing that the anti-
parasitic drug and polysulfonic compound suramin efficiently
inhibits IP5K in vitro and in vivo. The results from docking
experiments and biochemical validations suggested that the sur-
amin targets IP5K in a distinct bidentate manner by concur-
rently binding to the ATP- and IPs-binding pockets, thereby
inhibiting both IP5 phosphorylation and ATP hydrolysis.
NF449, a suramin analog with additional sulfonate moieties,
more potently inhibited IP5K. Both suramin and NF449 dis-
rupted IP¢-dependent sequestration of CRL by the deneddylase
COP?9 signalosome, thereby affecting CRL activity cycle and
component dynamics in an IP5K-dependent manner. Finally,
nontoxic doses of suramin, NF449, or NF110 exacerbate the loss
of cell viability elicited by the neddylation inhibitor and clinical
trial drug MLN4924/pevonedistat, suggesting synergistic ef-
fects. Suramin and its analogs provide structural templates for
designing potent and specific IP5K inhibitors, which could be
used in combination therapy along with MLN4924/pevonedi-
stat. IP5K is a potential mechanistic target of suramin,
accounting for suramin’s therapeutic effects.

Inositol hexakisphosphate (IPg), is the most abundant inosi-
tol polyphosphate metabolite ubiquitously present from yeast
to mammals and plants (1). In plants, IPg is also known as phy-
tate and can represent up to 1% of the mass of a plant seed. The
biosynthesis of IP¢ originates from the GPCR second messen-
ger inositol triphosphate, which is stepwise phosphorylated by
a series of inositol phosphate kinases (IPKs), including inositol
1,4,5-trisphosphate 3-kinase (IP3K), inositol 1,3,4-triphosphate
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5/6-kinase, inositol polyphosphate multikinase (IPMK), and
inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IP5K), to gener-
ate inositol 1,3,4,5-tetrakisphosphate to IPg (2). IP¢ can be
further phosphorylated by IP¢ kinases (IP6Ks) and diphospho-
inositol-pentakisphosphate kinases, generating inositol pyro-
phos-phate species (diphosphoinositiol pentakisphosphate and
bis-diphosphoinositol tetrakisphosphate) that are less abun-
dant but more dynamic molecules containing energetic pyro-
phosphate bond(s) (3). The higher inositol polyphosphates are
highly conserved from yeast to human but are not as well-stud-
ied as inositol triphosphate.

In mammals, IP¢ is generated by a single IP5K, which phos-
phorylates the 2?-OH group of IP5, the only isoform of endoge-
nous IP5 (4, 5). IP¢ has been found to play critical structural and
regulatory roles in several proteins or protein complexes
involved in 3D genome organization (6), DNA repair (7),
mRNA editing and export (8, 9), HIV infection (10), and pro-
tein ubiquitylation (11-13). Although the biochemical impor-
tance of IP4 in the abovementioned processes has been firmly
established by structural studies, dissecting the cellular func-
tions of IPg has been difficult, in part because of the lack of
genetic materials to study IP5K, which is essential for embry-
onic viability in mice (14).

An alternative, nongenetic approach to study the physiology
of higher inositol polyphosphates and their biosynthetic kinases
is via pharmacologic inhibition. In this regard, small molecule
screening has been conducted for mammalian IP3K (15, 16),
IPMK (17) and the various IP6K isoforms (18-21). However, a
screen for mammalian IP5K inhibitors/activators has not been
reported to date, although recent effort has identified active-
site probes for plant IP5K (22). The development of a pharma-
cologic tool to regulate IP5K could be of future therapeutic
relevance, because low, physiologic concentrations of IP¢ pro-
mote tumor cell proliferation (23). Although the underlying
mechanism remains unclear, this protumorigenic observation is
in line with the earlier-reported anti-apoptotic effect of overex-
pressed IP5K (24) but is contrary to the known anti-cancer
effect of IPg when applied at high, supraphysiological doses (25).
These seemingly contradictory results of historic and recent IPg
research calls for a pharmacologic tool to manipulate cellular
IP¢ levels and dissect its exact role during carcinogenesis.
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Suramin and NF449 as physiologic IP5K inhibitors

Because IPg is considered a stable metabolite (26), it remains
unknown whether continued synthesis by IP5K is required to
supply IPg for its many cellular functions. This question can be
answered by acute pharmacologic IP5K blockade. Here, we per-
formed high-throughput screening for small molecules that
modulates the catalytic activity of human IP5K (hIP5K). Sur-
prisingly, none of the compounds from the kinase inhibitor
library targets IP5K. Rather, we identified suramin, an anti-hel-
minthic drug belonging to the World Health Organization’s
model list of essential medicine, as an IP5K inhibitor with low-
micromolar ICsq values. Mechanistically, suramin inhibits the
binding of both ATP and IPs, suggesting an unusual bidentate
inhibition mechanism. We further validated that suramin and
its more potent analog NF449 inhibit cellular IP5K by assaying
for IP4 levels and by examining complex formation between
Cullin—RING E3 ligases and the COP9 signalsome (CSN), which
employs IP¢ as an intermolecular bridge for Cullin deneddyla-
tion (11, 27). Moreover, by disrupting IPs-mediated Cullin—
RING ligases (CRL) sequestration by CSN, suramin synergizes
with the phase III clinical trial drug MLN4924 to prevent cancer
cell proliferation.

Results

Identification of suramin as an IP5K inhibitor via unbiased
screening

MBP-tagged human IP5K was purified to apparent homoge-
neity in monomeric form and used for subsequent enzymatic
assays (Fig. 1, A and B). The ADP-Glo assay, which measures
ADP formation (15), was opted to monitor IP5K catalysis (Fig.
1C). Concentrations of ATP, IP5, and IP5K were optimized
such that reactions were terminated at steady state, when the
percentage of IP5 converted to IP4, determined by ATP con-
sumption, is ~50% (Fig. S1A). This turnover rate is further vali-
dated by using the PAGE gel method to separate and visualize
IP; and IP, with 35.5% PAGE (28) (Fig. S1B).

The IPKs, including IP5K (29), contain a kinase fold that is
distantly related to protein kinases (30-32). We therefore
started by screening a library of 243 known protein kinase
inhibitors in a 96-well-based assay. To our surprise, none of
these kinase inhibitors displayed strong activity against IP5K.
Although three compounds (ryuvidine, HP372, and PD169316)
do inhibit IP5K to some extent (Table 1), the ICs, values are
much higher than that for their cognate kinase targets. Within
this screened library, the flavonol quercetin is a pleiotropic ki-
nase inhibitor (33) that has previously been found to inhibit
several IPKs, including IPMK, IP6K1, and IP6K2 (17, 18, 20).
However, quercetin fails to inhibit IP5K at the various IP5K
concentrations tested (Fig. S1C), indicating that the kinase
active site of IP5K is quite distinct from the other IPKs and
from canonical protein kinases.

We then conducted screening against a Food and Drug
Administration—approved compound library, a natural product
collection, as well as some ChemDiv compounds selected based
on virtual screening of IP5K binders using the mouse IP5K
crystal structure (34). This primary screen of ~700 representa-
tive compounds revealed suramin, 5-iodotubericin, and L-thy-
roxine as potential IP5K inhibitors (Fig. 1D and Table 1). Sura-
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min, an anti-parasitic drug approved by the World Health
Organization (35), is by far the most potent IP5K inhibitor,
with an apparent ICso of ~2.6 um based on the ADP-Glo assay
(Fig. 1E) or 2.8 um based on PAGE gel imaging analysis (Fig.
1F). In comparison, suramin does not inhibit IP6K1 activity
until 25 pm (Fig. S1D), suggesting rather specific inhibition of
IP5K.

Suramin is a bidentate IP5K inhibitor that competes with
both ATP and IP5

To understand how suramin inhibits IP5K, we first examined
their binding affinity by isothermal titration calorimetry analy-
sis. Suramin binds IP5K with a dissociation constant (K,) of
~1.1 um (Fig. 2A). This K, value is well-aligned with suramin’s
ICsp against IP5K (2.6 um; Fig. 1E) and is comparable with the
K,(IPs) of IP5K (1.5 pw; Fig. 2G).

To probe the mode of interaction between suramin and
IP5K, we performed computational docking. Docked poses
with best scores consistently suggest that suramin binds to the
catalytic active site of IP5K through extensive polar and nonpo-
lar contacts with residues lining the ATP and IPs-binding
pocket (Fig. 2, D and E), resulting in favorable binding free
energy (AGping = —14.55 Kcal/mol) for the IP5K-suramin
complex. Specifically, one terminal naphthalene trisulfonate
moiety of suramin binds to the arginine- and lysine-rich IPs-
binding pocket, whereas the benzene ring, amide, and urea
functional groups in the middle portion of suramin occupy the
ATP-binding pocket (Fig. 2E), rendering suramin a bidentate
IP5K inhibitor.

We validated the suramin-binding site by mutagenesis. Resi-
due Lys'?, essential for IP5K catalytic activity (Fig. 2F), lies
deep in the IPs-binding pocket and interacts with IPs’s phos-
phate groups (29, 34). Lys'*® is predicted to also make electro-
static contact with suramin (Fig. 2E). Mutating Lys'*® to alanine
abolishes IP5K-suramin binding (Fig. 2B), suggesting that sur-
amin indeed occupies the IPs-binding pocket.

Another IP5K residue, His**® (His**® in mice), does not
interact with IP5 (29, 34) but makes critical contact with one
sulfonate moiety of suramin (Fig. 2E). Similarly to the K138A
mutation, the H450A mutation dramatically diminishes IP5K—
suramin binding (Fig. 2C). Importantly, suramin no longer
inhibits the catalytic activity of the H450A mutant (Fig. 2F and
Fig. S2A), indicating that His**° selectively interacts with sura-
min and not IPs. Together, these data demonstrate that the ba-
sic IPs-binding pocket of IP5K also binds suramin, despite the
differential requirement of certain residues in this pocket.

We next validated the predicted competition between sura-
min and IPs. ITC measurement detects avid binding of IP5 to
IP5K, with a K; value (1.5 uM) comparable with the reported
K,,(IPs) (5) (Fig. 2G). Suramin supplementation decreased the
binding affinity of IPs—IP5K by 6.3-fold (Fig. 2H), consistent
with steric competition between suramin and IP5 for binding
IP5K.

We then set to confirm that suramin also competes with
ATP. Our measured IP5K’s K,,,(ATP) is high (41 um; Fig. S1A4),
consistent with prior measurement using a different method
(5). High K,,(ATP) suggests low binding affinity, which
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Figure 1. Identification of suramin as an IP5K inhibitor. A and B, SDS-PAGE analysis (A) of purified MBP-Hiss—-tagged human IP5K, after gel filtration (B) on
a HiLoad Superdex 200. Fractions corresponding to peak 2 are collected for subsequent assays. C, scheme depicting the enzymatic reaction catalyzed by IP5K,
leading to ADP generation. D, primary screening for IP5K kinase regulators. The raw data from the plate containing suramin are shown. E and F, suramin dose-
dependently inhibits IP5K activity as measured by the ADP-Glo™ kinase assay (£) and the native PAGE assay (F). The data points were fitted in GraphPad with
approximate ICs, determined following the equation described under “Experimental procedures.”

precludes reliable examination of suramin—-ATP competition
by ITC. We therefore took advantage of the observation that
IP5K can hydrolyze ATP in the absence of IP5, an activity that
still requires the Mg”"-coordinating catalytic residue Asp**
(Fig. S2, B and C), thereby excluding the possibility of nonspe-
cific ATP hydrolysis caused by enzyme impurity. Suramin
dose-dependently inhibits this IPs-independent ATP hydrolysis
by IP5K, with an ICsy of 8.1 um (Fig. 21), supporting competi-
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tion between suramin and ATP. Together, these data are con-
sistent with the docked model of the suramin—-IP5K complex,
whereby suramin directly interacts with IP5K in a bidentate
manner and sterically blocks the access of both ATP and IP5.

Suramin inhibits hIP5K in vivo

To investigated whether suramin inhibits IP5K in cells, we
examined cellular IP4 levels by using the established PAGE gel

J. Biol. Chem. (2020) 295(30) 10281-10292 10283
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Table 1
The ICsq values of screened compounds that exhibit inhibitory effect on IP5K enzymatic activity
Compound KP372 Ryuvidine PD169316 5-Iodotubericidin L-Thyroxine Suramin
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Figure 2. Mechanistic basis of IP5K inhibition by suramin. A-C, quantitative ITC measurement of suramin binding to IPSK WT (A), K138A (B), and H450A (C)
mutant proteins. D, the ATP and IPs binding sites in the crystal structure of IP5K (PDB code 5MW1). £, docking generated structural model of the suramin—IP5K
complex with the lowest free energy value. Right top panel, close-up view of the docked model. Potential suramin-interacting residues (Lys'*® and His**°) are
shown as sticks. Right bottom panel, close-up view of the docked model with IP5K shown in surface and suramin shown as spheres. F, catalytic activity of IP5K-
K138A and IP5K-H450A in the presence/absence of suramin, measured by the native PAGE assay. G and H, quantitative ITC measurement of IPs—IP5K binding
affinity in the absence (G) and presence (H) of suramin (20 um). /, suramin dose-dependently inhibits the IPs-independent ATP hydrolysis activity of IP5K, meas-
ured by the ADP-Glo™ kinase assay. N.d., not detected.
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method (28), which is more accurate than the traditional [*H]
inositol-labeling method (36). Although the level of cellular IP4
does not usually fluctuate (1), suramin significantly decreased
P levels in two different cell lines (Fig. 3, A and B). These data
are in line with the diminishment of cellular IP¢ levels upon
IP5K knockdown (11) or knockout (12). Together, these data
suggest that sustained IP5K catalysis is required to replenish
cellular IPg pool, which is amenable to suramin inhibition.

Suramin regulates CRL-CSN complex formation and CRL
activation in an IP5K/IPs-dependent manner

We wondered how suramin affects IP5K/IPg downstream
effector(s). IP¢ is a multifunctional metabolite that serves as a
structural cofactor in several protein and protein complexes
(1). We recently identified a “glue”-like role for IP4 in linking
CRLs with their cognate deneddylase: the CSN, thereby regu-
lating the neddylation status and catalytic cycle of CRLs (11, 27,
37, 38). Consistent with suramin-mediated IP¢ depletion, cellu-
lar interactions between CSN and Cullin 4A (Cul4A) are signifi-
cantly diminished by suramin (Fig. 3C). Importantly, suramin
does not decrease CSN binding to Cul4A in IP5K-depleted
cells, suggesting that it regulates CRL—CSN complex formation
via IP5K inhibition (Fig. 3D).

Disruption of CRL-CSN binding would prevent cullin
deneddylation (37). Consistently, suramin time-dependently
stimulates the neddylation of Cull-Cul4 in the HCT116 colo-
rectal cancer cell line (Fig. 3E). This suramin-augmented Cullin
neddylation is also observed in WT, but not IP5K ™/~ HEK293
cells (Fig. S3), suggesting that suramin acts via IPs. Apart from
catalyzing deneddylation, CSN binding also protects CRL sub-
strate receptors from self-ubiquitylation because of prolonged
activation (37). Skp2, the CRL1 substrate receptor, and p27, a
CRL1%*? gubstrate, are also destabilized following suramin
treatment (Fig. 3F). To more broadly understand the effect of
suramin on CRL dynamics, we examined some other CRL sub-
strate receptors, including the CRL1 substrate receptors
Fbx022 and Fbx030 (39), and the CRL4 substrate receptors
DDB1 and CSA (40). Levels of Fbxo22 and DDB2 decrease
markedly after suramin treatment, whereas CSA and Fbxo30
are only weakly affected (Fig. 3F). Overall, these data are con-
sistent with suramin enhancing CRL neddylation and activa-
tion but also eliciting activation-induced self-destruction of
certain substrate receptors (37, 41, 42). Thus, suramin can per-
turb IPg-mediated physiological changes, specifically in CRL
regulation by CSN.

Suramin sensitizes cancer cells to the neddylation inhibitor
pevonedistat/MLN4924

Many CRL ubiquitylation substrates are involved in cell fate
determination processes such as apoptosis, cell cycle arrest, se-
nescence, immune evasion, proliferation, and/or migration.
Aberrant activation of specific CRLs are common in cancers,
which makes them attractive therapeutic targets (43-45). CRL
activity requires cycles of neddylation and deneddylation. The
CRL neddylation inhibitor MLN4924 (also known as pevonedi-
stat) is under phase III anti-cancer clinical trial (NCT03268954)
(46). CSN-mediated sequestration and deneddylation facilitates
CRL catalytic cycle by protecting CRL substrate receptor com-
ponents and by enabling CAND1 binding to nonneddylated
CRL for substrate receptor exchange (37, 41, 42, 47, 48). Thus,
inhibitors of CSN can also deprotect CRL components, can dis-
rupt CRL activity cycle, and have been explored as anticancer
agents (49).

We have previously observed that MLN4924-elicited cyto-
toxicity is synergized by IP5K knockdown, which disrupts IPs-
bridged CRL protection by CSN (11). Given that suramin also
induces CSN-CRL dissociation (Fig. 3C) and destabilizes CRL
substrate receptors (Fig. 3F), we examined whether suramin
will sensitize cancer cells to MLN4924, similarly to IP5K deple-
tion. Although suramin is nontoxic at 10 and 20 um concentra-
tions, it significantly potentiates the cytostatic effect of
MLN4924 on HCT116 cells, at all MLN4924 doses examined
(Fig. 3G). Consistently, MLN4924-induced cell cycle arrest is
significantly enhanced by suramin (Fig. 3H). Direct measure-
ment of cell death by annexin V/propidium iodide (PI) double
staining (Fig. 31) or by blotting for Caspase-3 and PARP cleav-
age (Fig. 3/) showed that suramin also augments the apoptotic
effects of MLN4924 in HCT116 and HeLa cancer cells. To-
gether, these data suggest that IP5K inhibition and consequent
disruption of CRL—CSN complex formation could be employed
as combination therapy along with MLN4924.

The suramin analog NF449 is a monodentate but more
potent IP5K inhibitor that also synergizes with MLN4924

To further understand the structure—function relationship
between IP5K and suramin, we examined the effect of several
suramin analogs on IP5K (Fig. 44). Among them, NF023
weakly inhibits IP5K, whereas NF110 inhibits IP5K to levels
comparable with suramin (Fig. 4B). Notably, NF449 is a more
potent IP5K inhibitor than suramin (Fig. 4B), with its apparent
ICs0 (1.1 um) ~3-fold lower than that of suramin (Fig. 4C and
Fig. 1F). This result seems fitting, with NF449 having more sul-
fonate moieties that could potentially interact more robustly

Figure 3. Suramin inhibits IP5K function in vivo. A and B, effect of suramin (20 um, 12 h) on cellular IPg levels in HEK293 (A) and HCT116 (B) cells. IPg was
extracted from cells for PAGE separation and toluidine blue staining. B, right panel, bar graph quantification of relative IP¢ levels in HCT116 cells after normal-
ization to cell number. C, immunoprecipitation of myc-CSN2 from myc-CSN2-HEK293 stable cell line treated with or without suramin for 8 h. D, immunopreci-
pitation of myc-CSN2 from myc-CSN2-HEK293 stable cell after IP5K knockdown, with or without suramin or NF449 treatment. E, Western blotting analysis of
Cullin neddylation levels in HCT116 cells after treatment with 20 um suramin for the indicated time periods. F, Western blotting analysis of the CRL substrate
receptors and ubiquitylation substrate p27 after treatment with suramin (20 um) for the indicated time periods. G, effect of MLN4924, alone or in combination
with suramin, on cell viability. HCT116 cells were treated with MLN4924, suramin, or both for 48 h to examine cell viability. *, p < 0.05; **, p < 0.01 (Student's t
test). H, HCT116 cells were treated with MLN4924 (0.5 um), suramin (20 um), or both for 24 h. DNA profiles of treated cells were analyzed by flow cytometry after
Pl staining. Right panel, bar graph representation of the cell cycle data expressed as means * standard deviation. **, p < 0.01 (Student's t test). |, HCT116 cells
were treated as described for H and then stained with FITC-conjugated annexin V and Pl before being analyzed by flow cytometry. J, HelLa cells were treated
as described in H. After 40 h, apoptosis marker proteins were blotted. Ctrl, control; Sur, suramin; MLN, MLN4924; M + S, MLN4924 and suramin.
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Figure 4. The suramin analogs NF449 and NF110 are also functional IP5K inhibitors. A, structures of suramin (panel i) and its analogs: NF449 (panel ii),
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with the many arginine, lysine, and histidine residues in the
IPs-binding pocket of IP5K. In support of more efficient IPs5
competition by NF449, IPs—IP5K binding is pronouncedly
inhibited by NF449, to levels undetectable by ITC (Fig. S4, A
and B), whereas suramin addition reduces IP;—IP5K affinity by
~6-fold (Fig. 2, D and E).

The above results led us to hypothesize that NF449 would
bind IP5K similarly to suramin, which we probed by docking
analysis (Fig. 4D). To our surprise, although optimal docked
models of the NF449-IP5K complex have indeed lower free
energy values (—15.42 Kcal/mol) than that of the suramin—
IP5K complex (—14.55 Kcal/mol), and NF449 occupies only
the IP5-binding pocket, without extending to the neighboring
ATP-binding site. This model, if correct, predicts that NF449
does not compete with ATP for binding IP5K. Consistent with
this notion, in the absence of IPs5, NF449, up to 25 um, barely
inhibits the ATP hydrolysis activity of IP5K (Fig. 4E), in sharp
contrast to suramin (Fig. 21).

Despite the distinct mode of IP5K binding, NF449 still dis-
rupts CSN—CRL4 complex formation in WT (Fig. 4F) but not
in IP5K-depeleted cells (Fig. 3D), suggesting that it acts via IP5K.
Moreover, NF449 exacerbates the cytotoxicity of MLN4924 at all
doses tested (Fig. 4G and Fig. S4C), similar to suramin. Finally,
NF110, which inhibits IP5K with potency comparable with sura-
min (Fig. 4H), also synergizes with MLN4924 in reducing cell via-
bility (Fig. 41). Together, these data suggest that IP5K active-site
inhibitors have the general potential to enhancing the cytotoxic
effect of MLN4924 against cancer cells.

Discussion

IPKs are small molecule kinases that share the overall kinase
fold with conventional protein kinases (18). Despite their ubiq-
uitous presence and versatile functions, IPKs receive relatively
less attention as drug targets when compared with protein ki-
nases. The IP5Ks, in particular, are the last few IPK family
members without any reported inhibitors. Our study reports
the first identification of a class of sulfonic acid-rich com-
pounds, exemplified by the prescribed drug suramin, as human
IP5K inhibitors. We further demonstrate that suramin and its
analogs inhibit cellular IP¢ production and function and are
candidate chemotherapy potentiators.

IP5K is notably distinct from the other IPKs. Structurally,
IP5K has the most elaborate C-terminal IP-binding lobe, which
ensures stringent substrate selectivity (29, 34). Indeed, although
the only substrate for IP5K is IPs, other IPKs generally are capa-
ble of phosphorylating more than one IP substrate (30). More-
over, an IPK signature PXXXDXKXG motif that binds inositol
polyphosphate and is present in other IPKs including IP3K,
IPMK, and IP6K, is absent in IP5K, making IP5K the most dis-
tant member among the IPK family (30). IP5K is also most di-
vergent from canonical protein kinases in that its N-lobe lacks
an acidic residue known to form salt bridge with an ATP-coor-
dinating lysine (34). Consistent with these unique properties of
IP5K, we found that quercetin, a common inhibitor of other
IPKs and many protein kinases (17, 18, 20, 33), is ineffective
against IP5K. On the other hand, suramin, a compound not
known to inhibit protein kinases, is now identified as an effi-
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cient inhibitor of IP5K but not IP6K1. This effectiveness of sur-
amin likely arises from its rare mechanism of action: as a biden-
tate inhibitor targeting both the ATP- and IPs-binding sites.
Suramin could be an attractive starting point to generate highly
selective and potent IP5K inhibitors upon medicinal chemistry
optimization.

What kind of biomedical purposes might an IP5K inhibitor
serve? First, from a biological perspective, effective reduction of
cellular IP¢ levels by suramin provides a pharmacologic tool to
directly prove that IPg is being constantly turned over, a conclu-
sion difficult to draw with genetic approaches. Second, from a
translational perspective, suramin and its analogs could be
explored to target IP¢ effector modules, especially those related
to diseases. In this regard, the CRLs, one of the major IP6 effec-
tors we recently identified (11, 27, 37), are emerging anticancer
targets (43, 44), we found that suramin and NF449 effectively
disrupted IP¢-dependent CRL regulation by the deneddylase
CSN. The lack of effect of suramin and NF449 in IP5K knock-
down and knockout cells verified that they specifically target
IP5K to regulate CRL neddylation. Interestingly, suramin also
interferes with the binding of CRL to the E2 enzyme CDC34
(50), suggesting that it can disrupt CRL catalytic cycle via two
different mechanisms. Importantly, we directly demonstrate
synergistic cytotoxic effects between nontoxic doses of suramin
and MLN4924, a CRL inhibitor under phase III clinical trial
(46), suggesting novel means of combination therapy.

Suramin is a century-old drug that has been used mainly to
treat parasitic disease such as sleeping sickness caused by try-
panosome infection (35). However, attempts has been made to
repurpose suramin for treating other diseases, including AIDS
(51) and prostate cancer (52), based on favorable pharmacolog-
ical outcome. The mechanistic target(s) of suramin remain
unclear in many of these cases. In view of our findings, it is
worth investigating whether parasite or human IP5Ks are tar-
geted by suramin to exert its reported therapeutic effects.
Indeed, HIV critically relies on cellular IP¢ for its capsid assem-
bly and cell replication (10, 53), calling for reanalysis of sura-
min’s mechanism of action in inhibiting HIV replication.

Experimental procedures
Materials

Suramin was purchased from MCE (HY-B0879A, >99.9%
purity), and NF449 was obtained from Millipore (480420,
>95% purity). NF110 and NF023 were kind gifts from the Shu-
wen Liu’ laboratory at the School of Pharmaceutical Sciences of
Southern Medical University (54). Anti-CSN2 and anti-Fbxo22
antibodies were purchased from Preoteintech (10969-2-AP).
Anti-Cul4A, anti-PARP, anti-Skp2, anti-DDB2, and anti-
cleaved Caspase3 antibodies were obtained from Cell Signaling
Technology. Anti-Cul3 antibody was obtained from Bethyl Lab-
oratories. Anti-IP5K antibody was codeveloped by us and Abcam.
Anti-p21 and anti-p27 antibodies were from Santa Cruz. Anti-
CSA antibody was from GeneTex. Anti-Fbxo30 antibody was
from ABNOVA. IP5 was purchased from Cayman (10007784).
MLN4924 was from APEXBIO (B1036). ADP-GLO™ kinase
assay was purchased from Promega (V9101).
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Recombinant expression and purification of hIP5K and IP6K1

The ¢cDNA encoding hIP5K was obtained as previously
described (11). To avoid the formation of inclusion bodies, a
truncated version of hIP5K, in which the unstructured C-
terminal 21 amino acids are deleted, is amplified using
primers hIP5K-FP (atatggatccatggaagaggggaagatg) and hIP5K-
RP (cgagcttaaggtctttggcacgtaca) and cloned into pMa-p2X vec-
tors with N-terminal fusion of a maltose-binding protein
(MBP)-Hise tandem affinity tag. Recombinant MBP-Hisg—
hIP5K was then expressed in BL21 and purified to apparent ho-
mogeneity after nickel—-nitrilotriacetic acid affinity chromatog-
raphy, and size-exclusion chromatography was performed
using the AKTA pure apparatus as previously described (55).
IP6K1 was purified as previously described (56).

High-throughput screen for IP5K activity modulators by using
the ADP glo assay

The screen for hIP5K inhibitors was performed using the
Food and Drug Administration—approved drug library and the
protein kinase inhibitor library, obtained from the Chinese
National Compound Library (RRID:SCR_018723), natural
product compound collection from other groups, and virtual
screened compounds purchased from ChemDiv.

The kinase ADP-Glo assay kit containing ADP-Glo reagent
and kinase detection reagents was purchased from Promega. In
this assay, after the hIP5K kinase reaction, unmetabolized ATP
was first degraded to AMP, and ADP was then converted back
to ATP, which serves a luciferase substrate generating lumines-
cence (15). The assay was then adapted for HTS in 96-well
plates to ensure reproducibility. Compounds diluted in DMSO
were added at a final concentration of 20 uMm into a preopti-
mized reaction mixture containing 50 um ATP, 100 nm hIP5K,
50 mm Tris-HCI (pH 7.0), and 5 mm MgCl,, with the addition
of 25 uMm IPs5 initiating the reaction. After 30 min of incubation,
an equal volume of ADP-Glo™ reagent was added for 40 min
to degrade leftover ATP, followed by incubation with kinase
detection reagents for another 30 min. For luminescence meas-
urements, a Synergy H1 (Biotek) plate reader was used at 400
nM with an integration time of 40 ms. For validation of the ini-
tial hits, compounds were used at serial dilutions in duplicates.
To determine ICsy, dose-dependent inhibition of ATP con-
sumption data were fitted in GraphPad using the equation: Y =
Bottom + (Top — Bottom)/[1 + (X/ICs0)], as previously
described (57).

Isothermal titration calorimetry

VP-ITC calorimeter (MicroCal) was used to measure the
equilibrium dissociation constant (Kp) for the interaction
between IP5K and IPs, suramin, and NF449. Titration was per-
formed at 25 °C in the buffer (pH 8.0) that contains 20 mm Tris-
HCI, 150 mMm NaCl, and 10 um IP5K. The ligands were generally
titrated at 100 um. The data were analyzed after being normal-
ized to the average value of the last three normalized delta hear.
Data fitting was based on a OneSites binding model using the
embedded software package MicroCal analysis launcher.
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PAGE-based assay of IP5K and IP6K kinase activity

ADP Glo assay data were validated by the PAGE method,
which allowed direct visualization of IP5 conversion to IPg on a
high-percentage PAGE gel (28). Enzymatic reactions were gen-
erally carried out in 1X buffer (20 mm Tris-HCl, pH 7.4, 5 mm
MgCl,) with 0.5 ug of IP5K protein, 100 um IP5, 200 um ATP, 2
mMm DTT at 30°C for 30 min. Where applied, suramin and
NF449 were added to the reaction at concentrations described
in the figures. The reactions were stopped by adding 6X load-
ing dye with 20 mm EDTA, and the samples were loaded to
35.5% PAGE gel (33.9 ml of 40% acrylamide, 3.8 ml of 10X
Tris-Borate-EDTA butffer, 200 ul of 10% APS, 20 ul of TEMED)
for visualization as described in the next section.

IP4 extraction from cells and visualization

The purification, separation, and visualization of IP¢ was per-
formed accordingly to established protocol (27). Briefly, the cells
were washed twice in PBS and then harvested with 1 m perchloric
acid (PA) containing 5 mm EDTA. The samples were vortexed
for 10 min and then centrifuged at 18,000 X g for 5 min at 4°C.
At this time, we prepared the TiO, beads (Titansphere TiO 5 um;
GL Sciences), which were weighed and prepared by washing once
in water then once in 1 M PA containing 5 mm EDTA, (4-5 mg
for one sample). The supernatants were removed into new
Eppendorf tubes, and TiO, beads were added. The samples were
rotated for 15 min at 4 °C. The beads were pelleted by centrifug-
ing at 3500 X g for 1 min and then washed twice in PA with the
supernatants discarded. Bound inositol phosphates were then
eluted with 200 ul of 5% ammonium hydroxide. The eluents
were then vacuum-evaporated to 50 wl and subjected to 35.5%
PAGE. Phosphate-rich metabolites were imaged with toluidine
blue staining, using commercial IPg as a control.

Western blotting and coimmunoprecipitation

HEK293 cells stably expressing myc-CSN2 were as described
before (12). For CRL-CSN interaction analysis, the cells were
treated with 20 um suramin or 10 um NF449 for 8 h, with
normal HEK 293 cells as control. Myc immunoprecipitation
experiments were performed as previously described (57). The
samples were loaded to SDS-PAGE gel for Western blotting of
the indicated proteins. Where applied, IP5K was knocked
down in myc-CSN2 stable HEK293 cells using reagents as pre-
viously described (11).

Cell viability assay

HCT116 cells were seeded to 24-well plates with 8 X 10*/
well and were treated with various drug or drug combinations
for 48 h to test the viability of cells by counting. The results
were normalized to untreated control wells.

Cell cycle analysis

HCT116 cells were plated in 6-well plate and incubated with
0.5 uwm MLN4924, 20 um suramin, or 0.5 um MLN4924 plus 20
M suramin for 24 h. After trypsinization (0.25% trypsin with-
out EDTA), the cells were washed with cold PBS and fixed with
70% ethanol overnight at 4 °C. Fixed cells were centrifuged at
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1000 rpm for 5 min to remove ethanol and then resuspended
by 50 wg/ul propidium iodide (BD, 550825) and 50 ug/ul
RNase in PBS for 30 min on ice protected from light. Cell cycle
distributions were determined by flow cytometry (BD FACS-
Canto) and analyzed using Flow]Jo 10.

Apoptosis (annexin V-PI) analysis

HCT116 cells were plated in 6-well plate overnight and incu-
bated with 0.5 um MLN4924, 20 um suramin, or 0.5 um
MLN4924 with 20 wm suramin for 24 h, respectively. After
trypsinization, the cells were washed twice with cold PBS and
resuspended in 1X binding buffer at a concentration of 1 X 10°
cells/ml. 1 X 10° cells were stained with FITC—annexin V and
propidium iodide (BD, 556547) for 15 min at room temperature
protected from light. After the addition of 400 ul of binding
buffer, the cells were sorted by flow cytometry (BD FACS-
Canto), and the results were analyzed using FlowJo 10.

Suramin-IP5K docking studies

Many crystal structures of inositol polyphosphate kinase
(PDB codes 5SMWL, 5MWM, and 5MWS8, respectively) are
available in Protein Data Bank, and the structure of IP5K with
the best resolution of 2.4 A (PDB code 5SMW38) (34) was chosen
for molecular docking study. For the docking simulation, the
structure of the protein was prepared by adding hydrogen
atoms, deleting water molecules, and performing a 100-step
energy minimization using CHARMM22/27 force field as
described in a previous study (2). Meanwhile, the structure of
suramin was downloaded from EMBL-EBI (small molecular
code SVR) and optimized using the Optimized Potential for
Liquid Simulations force field. Finally, molecular docking was
carried out via the SwissDock package (3), in which the default
parameters were used. The view of the IP5K—suramin complex
was generated by PyYMOL (RRID:SCR_000305).

Statistics

Where applied, significances were analyzed by one-way anal-
ysis of variance with GraphPad Prism.

Data availability

All data are contained within the article.
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