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Minichromosome maintenance protein 10 (Mcm10) is essential for DNA
unwinding by the replisome during S phase. It is emerging as a promising
anti-cancer target as MCM10 expression correlates with tumour progression
and poor clinical outcomes. Here we used a competition-based fluorescence
polarization (FP) high-throughput screening (HTS) strategy to identify com-
pounds that inhibit Mcm10 from binding to DNA. Of the five active
compounds identified, only the anti-parasitic agent suramin exhibited a
dose-dependent decrease in replication products in an in vitro replication
assay. Structure–activity relationship evaluation identified several suramin
analogues that inhibited ssDNA binding by the human Mcm10 internal
domain and full-length Xenopus Mcm10, including analogues that are selec-
tive for Mcm10 over human RPA. Binding of suramin analogues to Mcm10
was confirmed by surface plasmon resonance (SPR). SPR and FP affinity
determinations were highly correlated, with a similar rank between affinity
and potency for killing colon cancer cells. Suramin analogue NF157 had the
highest human Mcm10 binding affinity (FP Ki 170 nM, SPR KD 460 nM) and
cell activity (IC50 38 µM). Suramin and its analogues are the first identified
inhibitors of Mcm10 and probably block DNA binding by mimicking
the DNA sugar phosphate backbone due to their extended, polysulfated
anionic structures.
1. Introduction
Minichromosome maintenance protein 10 (Mcm10) is an essential replication
factor first identified in budding yeast over 30 years ago [1]. The core of
Mcm10 harbours the evolutionarily conserved and essential internal domain
(ID), which is composed of an oligonucleotide/-saccharide (OB-fold) and an
adjacent zinc finger (ZnF) domain [2–6]. The ID is connected to the N-terminal
(NTD) and C-terminal (CTD) domains by flexible linkers, highlighting the mod-
ular structure of Mcm10 [7]. The CTD is metazoan-specific and contains a
second ZnF motif that facilitates DNA binding [1,8–10]. The overall absence
of any known catalytic domains is consistent with the notion that Mcm10
acts as a DNA binding scaffold [1,8,9].
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Mcm10 associates with DNA regardless of sequence con-
text and topology [6,11]. It binds both double-stranded (ds)
and single-stranded (ss) DNA with similar affinity. The
NTD facilitates protein oligomerization, but does not exhibit
any DNA binding activity [5]. Mcm10-ID displays high
sequence similarity among species, and is 81% identical
between Xenopus laevis (x) and human (h) [6]. Crystallo-
graphic studies of the xMcm10-ID have revealed that the
OB-fold and ZnF domains are configured in a unique orien-
tation that is not found in any other DNA binding protein
[6]. In Mcm10, both motifs form a continuous DNA binding
surface [6]. The residues identified by nuclear magnetic res-
onance chemical shift perturbation to make contact with
DNA span a patch of basic lysines and aromatic amino
acids [6]. Although the CTD ZnF significantly increases the
DNA binding affinity of full-length Mcm10, small molecules
that bind ZnF domains are unlikely to lead to selective drugs
due to the similarity of ZnF domains in diverse proteins
[12–14], suggesting that the ID alone is the best target for
Mcm10-specific inhibitors.

There is accumulating evidence that Mcm10 plays an
important role in cancer development. Many studies
have reported MCM10 overexpression in a variety of
cancer types [1,15–18]. Furthermore, the level of MCM10
upregulation in some cancers has been correlated with
tumour progression or poor clinical outcomes [1,15,19].
Consistent with expression studies, cancer genome ana-
lyses reveal that the majority of chromosomal changes
are gene amplifications, whereas MCM10 is rarely deleted
[1]. Given that MCM10 has been identified as a key sup-
pressor of DNA damage in several studies, including
two independent genome-wide screens, it has been
hypothesized that cancer cells rely on high levels of
Mcm10 to promote growth and reduce genome instability
[1,20–22].

Taken together, Mcm10 appears to be a promising anti-
cancer drug target. To date, chemical inhibitors of Mcm10
have not been reported and only a handful of drugs have
been isolated that interfere with protein-DNA binding
[23,24]. Because Mcm10 function is tied to DNA binding, a
high throughput screen was performed to elucidate inhibi-
tors of Mcm10 that interfere with its binding to ssDNA.
The anti-microbial agent suramin and several of its ana-
logues were found to inhibit the DNA binding activity of
human Mcm10 internal domain (hMcm10-ID) with affinity
values ranging from 0.17 to 77 µM by fluorescence polariz-
ation (FP) and similar values by surface plasmon
resonance (SPR).
2. Material and methods
2.1. Mcm10 fluorescence polarization HTS assay
A fluorescence polarization (FP) HTS assay was established
to detect inhibitors of the binding of the 50-6FAM 10-mer
oligo probe to Mcm10. Test compounds dissolved in DMSO
were added to 384-well plates (Corning 4514) using an
Echo 550 acoustic dispenser (final DMSO 0.1%) to achieve a
final single point screening concentration of 10 µM. Then
10 µl of 2× Xenopus internal domain Mcm10 (xMcm10-ID,
final concentration 2 µM) in binding buffer (20 mM Tris
HCl, 100 mM NaCl, 5% glycerol, and 0.01% triton, pH 7.5)
was added using the Combi nL Multidrop dispenser. Finally,
10 µl of 2× 50-6FAM DNA (final 12.5 nM) in binding buffer
was added using the Multidrop. DMSO (0.1%, high signal)
and probe only (low signal) controls were included on
every plate. Plates were mixed for 2 min, incubated for
60 min at RT in the dark, and read on a CLARIOstar multi-
mode plate reader (excitation: 482-16, emission: 530-40,
dichroic filter: LP504).
2.2. Xenopus egg extract preparation and in vitro DNA
replication assay

Xenopus egg extracts were prepared according to the method
of Murray [25,26]. Replication of sperm chromatin in S-phase
egg extracts was monitored as previously described [25].
Compounds identified by HTS were added to replication
reactions immediately prior to addition of [α-32P]dGTP
(Perkin Elmer BLU514H250UC).
2.3. Surface plasmon resonance
SPR experiments were performed using a Biacore S200 (GE
Healthcare) equipped with a research-grade CM5 sensor
chip. hMcm10-ID, at a concentration of 15 µg ml−1 in
10 mM sodium acetate, pH 4.5, was immobilized at a den-
sity of 6000–8000 RU, using an amine coupling kit (GE
Healthcare) to either flow cell 2 or 4 following manufacturer
directions. The reference flow cell (either flow cell 1 or 3)
was left untreated. All compounds were dissolved in run-
ning buffer (10 mM PBS, 150 mM NaCl, 0.005% P20, pH
7.4) prior to injection over the chip surface at a flow rate
of 30 µl min−1 and at a temperature of 25°C. Zero concen-
tration samples were injected for double referencing. Data
were collected at a rate of 40 Hz and were fitted to a
simple 1 : 1 interaction model (unless otherwise noted)
using the global data analysis within the Biacore S200
evaluation software.
2.4. Cell viability assay
HCT116 cells were grown in McCoy’s 5A medium (Corning
10-050-CV) supplemented with 10% FBS (Sigma F4135), 1%
Pen Strep (Gibco 15140) and 1% L-Glutamine (Gibco
205030). hTERT RPE-1 cells were grown in DMEM/F12
medium (Gibco 11320) supplemented with 10% FBS (Sigma
F4135) and 1% Pen Strep (Gibco 15140). Cells were cultured
at 37°C and 5% CO2. Cells were plated at 250 cells (hTERT
RPE-1) or 500 cells (HCT116) per well in white-walled
96-well plates (Costar 3610) and allowed to recover for
24 h. Stock solutions of each inhibitor were prepared in ster-
ile 1× PBS (Gibco 14190), and further diluted in the
appropriate growth medium for each cell type. Cells were
allowed to grow for 4 days in inhibitor containing
medium and cell viability was measured with the CellTi-
ter-Glo Luminescent Cell Viability Assay (Promega G7572)
following the manufacturer’s instructions. Viability of each
drug treatment condition was normalized to the untreated
control for each cell line and fitted to the sigmoidal
dose–response variable slope four parameter equation in
GraphPad Prism 6.0.
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Figure 1. Suramin inhibits DNA replication in an in vitro Xenopus replication assay. HTS hits were evaluated for inhibition of [α-32P]dGTP incorporation into DNA
using a cell-free extract prepared from Xenopus eggs at increasing concentrations (10, 50, 150 and 300 µM indicated by black triangle from right to left). No chemical
(–) and DMSO were used as negative controls for replication inhibition (far left and far right lanes).
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3. Results
3.1. High throughput screening identifies five active

inhibitors
A previously described FP assay for determining binding affi-
nities of ssDNA to Mcm10 [5] was used to screen compound
libraries for inhibitors of the binding of a 50-6-carboxyfluores-
cein 10-mer DNA (50-6-FAM-ATGGTAGGCA) (50-6FAM)
probe to xMcm10-ID. The 50-6FAM DNA probe binds
xMcm10-ID with a KD of 1.3 µM (electronic supplementary
material, figure S1 and table S1). A pilot screen of the Library
of Pharmacologically Active Compounds (LOPAC) using a 30-
rather than 50-6FAM provided an average Z0 value of 0.61.
Although Z0 scores greater than or equal to 0.5 are indicative
of a robust assay suitable for high-throughput screening
(HTS), the 50-6FAM probe was subsequently evaluated in an
effort to improve assay robustness and shown to provide a
higher signal window with a Z0 of 0.90. Although speculative,
the higher ΔmP value provided by 50 attachment of the fluor-
ophore to the oligo may be due to better engagement of the
fluorophore with Mcm10 in this position, resulting in reduced
‘propeller effect’ [27]. An HTS of greater than 150 000 com-
pounds was conducted with the 50-6FAM probe (mean Z0

value for entire screen was 0.89) (electronic supplementary
material, figure S2). A low threshold of 25% inhibition was
selected due to the low hit rate. This low hit rate is not surpris-
ing as DNA binding proteins, such as transcription factors,
are generally considered to be undruggable [28]. A total of
158 compounds produced greater than or equal to 25% inhi-
bition of the mP signal, providing a primary hit rate of
0.10%. However, only 39 of these compounds exhibited little
effect on total fluorescence intensity, suggesting lack of fluor-
escence interference, resulting in a low effective hit rate of
0.025%. Based on dose–response studies of these 39 hits
cherry-picked from DMSO stocks, 11 were weak or inactive
(IC50 values > 100 µM), five exhibited structural alerts (e.g.
reactive, polymers) and 16 had substantial fluorescence inter-
ference. The seven remaining hits were repurchased: twowere
found to be inactive or produce partial inhibition and five
were active. The five confirmed HTS hits were: suramin
sodium salt, a poly-sulfated napthylamine originally devel-
oped in the 1920s to treat African trypanosomiasis [29];
bronopol, a brominated di(hydroxymethyl) nitromethane
that is used as an anti-bacterial agent and pharmaceutical pre-
servative [30]; fumarprotocetraric acid, a lichen derived
depsidone reported to have anti-microbial, anti-carcinogenic,
antioxidant, and immunostimulatory properties [31]; the
natural product derivative iriginol hexaacetate, which has
been shown to inhibit a bacterial ribonuclease [32]; and 4-
chloromercuribenzoic acid (PCMB), a cysteine active site
modifier that inhibits some enzymes requiring unmodified
cysteine residues for activity (e.g. adenylyl cyclases) [33].
Although initially used as a positive control during the
HTS, PCMB was eliminated from further studies because it
probably covalently reacts with surface cysteine residues to
block DNA binding to Mcm10.

3.2. Suramin inhibits DNA replication in vitro
To determine whether the four remaining confirmed HTS hits
affected DNA replication, in vitro replication assays were per-
formed using Xenopus S-phase egg extracts incubated with
sperm chromatin [25,34]. DNA replication was measured in
the presence of bronopol, fumarprotocetraric acid, iriginol
and suramin or DMSO by the incorporation of [α-32P]dGTP.
Of the HTS hits tested, only suramin exhibited a dose-dependent
decrease in DNA replication (figure 1). For this reason,
further studies focused on suramin alone.

3.3. SAR and selectivity of Mcm10 inhibitors
About 30 commercially available suramin analogues and
smaller sulfated polycyclic organic compounds were ident-
ified and purchased to establish the structure–activity
relationships (SAR) for suramin-like compounds at
hMcm10-ID using the FP assay. Similar to xMcm10-ID, the
50-6FAM DNA oligo probe bound hMcm10-ID with low
micromolar affinity (electronic supplementary material,
figure S1 and table S1). While the lower molecular weight
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Figure 2. Structures of suramin and suramin analogues.
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analogues were weakly active or inactive (Ki> 100 µM), nine
of the poly-sulfated, high-molecular-weight compounds
displaced the FP probe with Ki values < 100 µM (structures
are shown in figure 2). The active suramin analogues dis-
played a broad range of potencies for hMcm10-ID with Ki

values ranging from 170 nM to 77 µM (table 1; electronic
supplementary material, figure S3A).

Having confirmed that suramin and analogues bind with
a range of affinities to the hMcm10-ID, this series of com-
pounds was then tested with full-length Xenopus Mcm10
(xMcm10-FL) to determine if they also bind to the full-
length protein. xMcm10-FL was chosen for these studies
instead of hMcm10-FL because the human protein is signifi-
cantly less stable. The affinity of the 50-6FAM DNA oligo
for the xMcm10-FL protein was 1.1 µM (electronic sup-
plementary material, figure S1 and table S1) prior to testing
compounds. The larger compounds were active towards
both proteins but displayed higher affinity for hMcm10-ID
over xMcm10-FL, up to 20-fold in the case of NF157. Interest-
ingly, iso-pyridoxalphosphate-6-azophenyl-20, 40-disulfonic
acid (iso-PPADS) and PPADS inhibited probe binding to
xMcm10-FL by less than 50% when added up to a concen-
tration of 2 mM (table 1; electronic supplementary material,
figure S3B). The higher potencies of the compounds for
hMcm10-ID over xMcm10-FL could be due to overall confor-
mational changes between the full-length protein and the
internal domain or, alternatively, species differences between
the human and Xenopus proteins. To explore this, iso-PPADS
and PPADS were tested with xMcm10-ID and found to pos-
sess little activity toward xMcm10-ID (electronic
supplementary material, figure S5), suggesting that these
compounds preferentially bind human over Xenopus Mcm10.

To investigate the selectivity of suramin and its analogues
for Mcm10 relative to other DNA binding proteins involved
in DNA replication, the affinity of these compounds for
human replication protein A (RPA) was determined. We
expressed a construct containing both the A and B DNA
binding domains of RPA70 (RPA70AB; table 1; electronic
supplementary material, figure S3C). RPA70AB is the
tandem high-affinity ssDNA binding domain, which plays
an important role in DNA replication and repair [35]. The
50-6FAM DNA probe had a KD of 0.4 µM for RPA70AB (elec-
tronic supplementary material, figure S1 and table S1). The
compound with the highest affinity for hMcm10-ID, NF157,
was 11-fold selective for hMcm10 over RPA70AB. Complicat-
ing this selectivity analysis was the finding that certain
compounds (NF449, NF110, and NF546) produced biphasic
dose–response curves for displacement of the probe from
RPA70AB. Although the mechanism of this two component
displacement is unknown, one explanation is that these com-
pounds displace the probe from the A and B domains with
differential affinity. However, this explanation assumes that
the probe binds the A and B domains independently and
with similar affinities, which does not fit with the proposed
sequential DNA binding model in which the A and B
domains bind simultaneously to the DNA strand due to the
short linker between them [35]. Considering the predominant
low-affinity component, NF449 was the most selective of
these biphasic compounds for Mcm10 over RPA (32-fold).
Despite being weaker inhibitors of Mcm10, PPADS and iso-
PPADS were the most selective (greater than 50-fold) for
hMcm10 as they were very weak inhibitors of RPA70AB.

3.4. Validation of binding kinetics by surface plasmon
resonance

To confirm the binding of suramin and analogues to Mcm10
using an orthogonal method, KD values were obtained using
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SPR (figure 3; table 1; electronic supplementary material,
figure S6). All sensorgrams were fitted to a one-to-one binding
surface model, except for NF546. Overall, the resulting kinetic
KD values correlated well with the Ki values determined from
FP (electronic supplementary material, figure S7). The most
potent compounds, NF157, NF279, NF449 and suramin, had
submicromolar kinetic KD values ranging from 0.46 to
0.74 µM, whereas NF110 and NF023 exhibited KD values of
1.5 and 4.7 µM. PPADS and iso-PPADS were the least potent
of the compounds tested by SPR with double digit micromolar
KD values (57 and 40 µM, respectively). The NF546 kinetic
data fitted poorly to the 1 : 1 Langmuir model, having larger
residuals (difference between the experimental data and
fitted curves) and a significantly higher χ2 value compared
to the more complex models (electronic supplementary
material, figure S8). Using the two-state fit, NF546 bound
hMcm10-ID with ka,1 = 1.38 ± 0.08 × 104 M−1 s−1, kd,1 = 0.63 ±
0.03 s−1, ka,2 = 8.1 ± 0.8 × 10−3M−1 s−1, kd,2 = 0.0014 ± 0.0002,
and overall kinetic KD= 7.0 ± 1.6 µM.

Inspection of the sensorgrams (figure 3; electronic sup-
plementary material, figure S6) indicated that most of the
compounds had rapid binding kinetics best exemplified by
NF023. In contrast, the small, phosphate-containing binders,
PPADS and iso-PPADS, exhibited slow on and off rates.
These observations suggested the possibility that the fast
and slow kinetic components might have corresponded to
compound binding to two discrete sites, one with rapid
and one with slow binding kinetics. To explore this possi-
bility, competition-based SPR experiments were conducted
using the ABA injection method to determine if the slow
binder iso-PPADS competes with the fast kinetic compound
NF023 (figure 4). ABA injection allows solution A (NF023
at 10× its KD) to be injected over the surface with solution
B (NF023 + competitor at 1× KD) in the same cycle. Competi-
tive binding should result in little or no change in binding
response between the A and B injections, whereas non-com-
petitive binders are expected to produce an additive
binding response. When NF023 at 1× KD was the competitor,
a significant response was observed in the B phase (figure 4b,
black line), but there was no increase in response above that
produced by a 10-fold higher concentration of its KD

(figure 4b, green line), consistent with a competitive inter-
action. Both suramin (figure 4c) and iso-PPADS (figure 4d )
exhibited similar responses when run as competitors in that
neither compound showed additive binding. The lack of
additive binding during the B-phase of the SPR experiment
indicated that the fast and slow kinetic inhibitors compete
for the same binding site on Mcm10.
3.5. Suramin and its analogues preferentially kill
transformed cells that overexpress Mcm10

To investigate the potential of Mcm10 inhibitors to preferen-
tially kill cancer cells, the effect of suramin, NF157 (the most
potent suramin analogue), NF546 (lower affinity, but higher
selectivity), iso-PPADS and PPADS (low affinity, but most
selective) on the survival of two cell lines of epithelial
origin was tested. We selected non-transformed hTERT
RPE-1 and colon cancer HCT116 cells, which—unlike
hTERT RPE-1—overexpress Mcm10 (table 2; electronic sup-
plementary material, figure S9). NF157 was the most potent
cytotoxic compound tested against the cancer cell line,
whereas iso-PPADS and PPADS were the least potent, match-
ing their relative affinities by FP and SPR and suggesting that a
correlation exists between cell killing potency and inhibition of
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Figure 4. The slow binding inhibitor iso-PPADS competes with the fast binder NF023 for the same site on Mcm10. Representative sensorgrams of ABA SPR com-
petition experiments (n > 3) in which injections of NF023 flank an injection of a ‘competitor’ compound: (a) running buffer, (b) NF023 self-competition, (c) suramin,
or (d ) iso-PPADS with and without NF023 at 10× KD. Note that a KD concentration of NF023, suramin, and iso-PPADS produce the expected RU in the B phase (black
line), but none produce a greater response than a 10× KD concentration of NF023 alone (green line in B phase compared to A phases), indicating that they compete
with NF023 for the same site.

Table 2. Cytotoxicity of suramin analogues for human epithelial hTERT
RPE-1 cells and colon cancer HCT116 cells.a

compound

IC50, μM
b

selectivityHCT116 hTERT RPE-1

NF157 38 ± 1 120 ± 16 3.2

NF546 91 ± 7 310 ± 30 3.4

suramin 109 ± 10 400 ± 22 3.7

PPADS 310 ± 20 400 ± 14 1.3

iso-PPADS 370 ± 30 560 ± 55 1.5
aCytotoxicity of suramin analogues for hTERT RPE-1 and HCT116 cells was
determined by measuring intracellular ATP concentrations. Selectivity =
hTERT RPE-1 IC50/HCT116 IC50.
bMean ± s.e.m. where n = 3.
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Mcm10 binding to DNA. The larger, higher-affinity molecules
suramin, NF157 and NF546 showed approximately 3.5-fold
higher cytotoxicity for HCT116 cancer cells in comparison to
hTERT RPE-1 cells, whereas the weakly cytotoxic compounds
iso-PPADS and PPADS showed little cell type specificity.
4. Discussion
Suramin and its analogues have been extensively studied
since the parent compound was first developed in the 1920s
to treat African sleeping sickness [36]. Suramin is best
known as a purinergic receptor agonist, and captured
renewed attention when reports about its ability to correct
autism-like features in mice and a small phase I/II random-
ized clinical trial for the treatment of autism spectrum
disorder were published [37–39]. In addition, suramin has
shown anti-proliferative effects in several human cancer cell
lines and human tumour specimens, and in animal cancer
models [40–42]. Use as an anti-neoplastic agent in clinical
trials has been problematic due to limited membrane per-
meability [40]. However, new drug delivery systems, such
as the recently reported glycol chitosan-based nanoparticles,
demonstrated effective treatment of lung metastases arisen
from triple-negative breast cancer in mice without any cardi-
otoxicity or renal damage [43]. Therefore, interest in suramin
and its mechanism of action remains high. Diverse protein
targets for suramin have been reported, ranging from puri-
nergic receptors to anti-viral and cancer targets [44].
Suramin, NF546 and NF157 are P2Y11 purinergic receptor
antagonists [45–47]. Recently, suramin has been shown to
interfere with intracellular signalling proteins in the WNT
pathway to inhibit the growth of breast cancer cells in a
mouse xenograft model [48], and to target SH2 domains
of STAT5a/b and STAT1 [49]. Suramin has also been
reported to compete with a poly(A),oligo(dT) primer for the
inhibition of reverse transcriptase [50] and to disrupt
dsDNA binding to cyclic GMP-AMP synthase [51]. Despite
the large number of potential targets, only a few interactions
have been characterized in depth.

In the present study, we carried out a fluorescence-based
DNA competition HTS using xMcm10-ID and identified
seven active compounds that exhibited greater than 25%
inhibition of DNA oligo binding and did not produce
any significant fluorescence interference. After subsequent
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dose-dependent inhibition of chromatin replication in
Xenopus egg extracts, suramin was the only compound
of interest that not only prevented DNA binding to
xMcm10-ID, but also disrupted in vitro DNA synthesis.

After identifying and testing several commercially avail-
able suramin analogues for hMcm10-ID affinity, we
observed that the presence of phosphate groups conferred
reduced activity, as three of the four least potent compounds
(NF546, iso-PPADS and PPADS) all contain at least one phos-
phate or phosphonate group. Phosphate and sulfate
functional groups have slightly differing Lewis acid com-
plexation geometries that could result in differences
regarding preferential hydrogen bond architecture [52],
potentially explaining why the sulfate-containing com-
pounds are more potent. The number and positioning of
the sulfates on the naphthalene rings also appear to be impor-
tant for activity (figure 2). NF340, the least potent compound
with a Ki of 77 µM, has only two sulfate groups in positions 3
and 7 of the naphthalene core. In comparison, the higher affi-
nity compounds suramin, NF157, NF279 and NF023 all have
three sulfate groups in the 4, 6 and 8 positions of the naphtha-
lene ring. Additionally, NF449 and NF110 are identical in
structure in all but the number of sulfate groups present on
the benzene rings. NF449, with two sulfate groups per ben-
zene ring, is more potent than NF110, which has only one
sulfate per benzene ring. These observations, taken together
with the literature studies discussed above, suggest it is
likely that the long, polysulfated suramin molecule mimics
the DNA sugar phosphate backbone, allowing it to bind
several DNA interacting proteins including Mcm10.

As suramin and its analogues appear to mimic the DNA
sugar phosphate backbone, we carried out additional dose–
response activity assays with xMcm10-FL and hRPA, a related
DNA binding protein, to test for selectivity. Overall, the com-
pounds were selective for hMcm10-ID over xMcm10-FL and
hRPA. Several compounds were more than 10-fold selective
for hMcm10 over hRPA (NF157, NF549 and NF546) and
PPADS/iso-PPDAS were greater than 50-fold selective for
hMcm10, suggesting that these compounds are useful probes
to selectivity inhibit the function of Mcm10 in cells. Further,
dose–response studies with xMcm10-ID using iso-PPADs and
PPADs suggest that the increased affinity toward hMcm10-ID
is species-specific and probably not due to conformational
changes between the ID and full-length proteins.

As SPR competition studies indicated that fast and slow
binders interact with the same site on Mcm10, and noting
the correlation between the binding kinetics and structural
features of the inhibitors, we hypothesize that slow-binding
small molecules containing phosphate groups and fast-bind-
ing sulfate-containing inhibitors bind to two different
conformations of Mcm10. This conformation-dependent
binding could be mediated through an induced-fit mechan-
ism in which the binding event and protein conformational
change occur simultaneously, or by conformational selection
in which the binder interacts with only one of multiple pre-
existing protein conformations. Our data is consistent with
the conformational selection model in which one Mcm10 con-
formation is bound by fast on/fast off sulfate-containing
inhibitors (e.g. NF023), and a second Mcm10 conformation
is bound by slow on/slow off phosphate-containing inhibi-
tors (e.g. iso-PPADS) that mimic the DNA backbone.
However, binding to this second conformation may involve
an induced-fit mechanism in which the slow binding kinetics
of phosphate-containing inhibitors is due to the time required
for Mcm10 conformational change. In support of this theory,
DNA binding induces conformational changes in Mcm10 by
NMR [6]. In this context, the sulfate- and phosphonate-con-
taining inhibitor NF546 demonstrates clear multicomponent
binding kinetics (figure 3; electronic supplementary material,
figure S8), suggesting that it binds both Mcm10 confor-
mations. The two-state conformational change model is
favoured over the heterogeneous ligand model as the confor-
mation of Mcm10 is known to change on DNA binding [6]
and because hMcm10-ID eluted as a single peak on gel fil-
tration, suggesting a single population of Mcm10 was
immobilized on the chip surface.

Lastly, the effects of suramin, NF157 (the most potent sur-
amin analogue), NF546 (lower affinity, but higher selectivity),
and iso-PPADS and PPADS (low affinity, but most selective)
on colon cancer HCT116 cells and normal epithelial hTERT
RPE-1 cells were evaluated (table 2; electronic supplementary
material, figure S9). We found that analogue NF157 was the
most potent compound tested against the cancer cell line
and that overall, the high affinity molecules showed approxi-
mately 3.5-fold higher cytotoxicity for HCT116 cells over the
hTERT RPE-1 cells. These results suggest that suramin and
analogues NF157 and NF546 may preferentially kill cancer
cells by inhibiting Mcm10 function, although activities at
other proteins cannot be ruled out for these promiscuous
compounds.

In summary, the anti-parasitic agent suramin and several
of its analogues are potent inhibitors of the DNA binding
protein Mcm10. NF157 was the most potent inhibitor and
the suramin analogues displayed a range of selectivity for
Mcm10 over RPA70AB. Moreover, suramin, NF157 and
NF546 may preferentially kill cancer cells by blocking
Mcm10-dependent DNA replication. Suramin and its ana-
logues represent the first reported inhibitors of Mcm10 and
these compounds may lead to the development of higher
potency and more selective small molecules with improved
physico-chemical properties targeting Mcm10 to treat cancer.
Abbreviations
FP, fluorescence polarization; hMcm10-ID, human Mcm10
internal domain; Mcm10, mini-chromosome maintenance
protein 10; RPA70AB, replication protein A 70 kD DNA-
binding subunit A and B DNA binding domains; SPR,
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domain.
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with xMcm10-ID; SPR kinetic sensorgrams of NF 449,
NF110, NF 157, NF279 and PPADS; log Ki versus log KD



royalsocietypublish

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

09
 M

ar
ch

 2
02

2 
correlation plot; comparison of binding models to NF546 SPR
sensorgrams; SPR kinetic sensorgrams of suramin with a
lower density surface; IC50 curves of suramin analogues
with hTERT RPE-1 and HCT116 cells.

Data accessibility. This article has no additional data.

Competing interests. The authors declare no potential conflicts of interest.
Funding. This work was supported by an Academic Health Center Fac-
ulty Research Development grant from the University of Minnesota
Medical School and NIH grant no. 5R01 GM074917 to A.-K.B. This
work was also supported by an NIH NIGMS grant no. R35-
GM118047 to H.A., NIH ORIP grant no. 1S10OD021539 to J.E.H.,
and NIH grant no. R35 GM118089 to W.J.C.

Acknowledgements. We would like to thank Dr Matthew Cuellar for
performing the LCMS purity analysis.
ing.org/journ
References
al/rsob
Open

Biol.9:190117
1. Baxley RM, Bielinsky A-K. 2017 Mcm10: a dynamic
scaffold at eukaryotic replication forks. Genes 8,
73–95. (doi:10.3390/genes8020073)

2. Ricke RM, Bielinsky A-K. 2004 Mcm10 regulates the
stability and chromatin association of DNA
polymerase-α. Mol. Cell 16, 173–185. (doi:10.1016/
j.molcel.2004.09.017)

3. Fien K, Cho Y-S, Lee J-K, Raychaudhuri S, Tappin I,
Hurwitz J. 2004 Primer utilization by DNA
polymerase α-primase is influenced by its
interaction with Mcm10p. J. Biol. Chem. 279,
16 144–16 153. (doi:10.1074/jbc.M400142200)

4. Das-Bradoo S, Ricke RM, Bielinsky A-K. 2006
Interaction between PCNA and diubiquitinated
Mcm10 is essential for cell growth in budding yeast.
Mol. Cell. Biol. 26, 4806–4817. (doi:10.1128/MCB.
02062-05)

5. Robertson PD et al. 2008 Domain architecture and
biochemical characterization of vertebrate Mcm10.
J. Biol. Chem. 283, 3338–3348. (doi:10.1074/jbc.
M706267200)

6. Warren EM, Vaithiyalingam S, Haworth J, Greer B,
Bielinsky A-K, Chazin WJ, Eichman BF. 2008
Structural basis for DNA binding by replication
initiator Mcm10. Structure 16, 1892–1901. (doi:10.
1016/j.str.2008.10.005)

7. Du W, Stauffer ME, Eichman BF. 2012 Structural
biology of replication initiation factor Mcm10.
Subcell. Biochem. 62, 197–216. (doi:10.1007/978-
94-007-4572-8_11)

8. Thu YM, Bielinsky A-K. 2013 Enigmatic roles of
Mcm10 in DNA replication. Trends Biochem. Sci. 38,
184–194. (doi:10.1016/j.tibs.2012.12.003)

9. Thu YM, Bielinsky A-K. 2014 MCM10: one tool for
all-Integrity, maintenance and damage control.
Semin. Cell Dev. Biol. 30, 121–130. (doi:10.1016/j.
semcdb.2014.03.017)

10. Robertson PD, Chagot B, Chazin WJ, Eichman BF.
2010 Solution NMR structure of the C-terminal DNA
binding domain of Mcm10 reveals a conserved MCM
motif. J. Biol. Chem. 285, 22 942–22 949. (doi:10.
1074/jbc.M110.131276)

11. Eisenberg S, Korza G, Carson J, Liachko I, Tye B-K.
2009 Novel DNA binding properties of the Mcm10
protein from Saccharomyces cerevisiae. J. Biol.
Chem. 284, 25 412–25 420. (doi:10.1074/jbc.M109.
033175)

12. Cassandri M, Smirnov A, Novelli F, Pitolli C, Agostini M,
Malewicz M, Melino G, Raschellà G. 2017 Zinc-finger
proteins in health and disease. Cell Death Discov. 3,
17071. (doi:10.1038/cddiscovery.2017.71)
13. Najafabadi HS et al. 2015 C2H2 zinc finger proteins
greatly expand the human regulatory lexicon. Nat.
Biotechnol. 33, 555–562. (doi:10.1038/nbt.3128)

14. Razin SV, Borunova VV, Maksimenko OG, Kantidze
OL. 2012 Cys2His2 zinc finger protein family:
classification, functions, and major members.
Biochemistry 77, 217–226. (doi:10.1134/
S0006297912030017)

15. Cui F, Hu J, Ning S, Tan J, Tang H. 2018
Overexpression of MCM10 promotes cell proliferation
and predicts poor prognosis in prostate cancer.
Prostate 78, 1299–1310. (doi:10.1002/pros.23703)

16. Kucherlapati M. 2018 Examining transcriptional
changes to DNA replication and repair factors over
uveal melanoma subtypes. BMC Cancer 18, 818.
(doi:10.1186/s12885-018-4705-y)

17. Liu Z, Li J, Chen J, Shan Q, Dai H, Xie H, Zhou L,
Xu X, Zheng S. 2018 MCM family in HCC: MCM6
indicates adverse tumor features and poor outcomes
and promotes S/G2 cell cycle progression. BMC
Cancer 18, 200. (doi:10.1186/s12885-018-4056-8)

18. Senfter D, Erkan EP, Özer E, Jungwirth G, Madlener
S, Kool M, Ströbel T, Saydam N, Saydam O. 2017
Overexpression of minichromosome maintenance
protein 10 in medulloblastoma and its clinical
implications. Pediatr. Blood Cancer 64, e26670.
(doi:10.1002/pbc.26670)

19. Mahadevappa R et al. 2018 DNA replication
licensing protein MCM10 promotes tumor
progression and is a novel prognostic biomarker and
potential therapeutic target in breast cancer.
Cancers 10, 282–301. (doi:10.3390/
cancers10090282)

20. Chattopadhyay S, Bielinsky A-K. 2007 Human
Mcm10 regulates the catalytic subunit of DNA
polymerase-alpha and prevents DNA damage during
replication. Mol. Biol. Cell 18, 4085–4095. (doi:10.
1091/mbc.e06-12-1148)

21. Lukas C et al. 2011 53BP1 nuclear bodies form around
DNA lesions generated by mitotic transmission of
chromosomes under replication stress. Nat. Cell Biol.
13, 243–253. (doi:10.1038/ncb2201)

22. Paulsen RD et al. 2009 A genome-wide siRNA
screen reveals diverse cellular processes and
pathways that mediate genome stability. Mol. Cell
35, 228–239. (doi:10.1016/j.molcel.2009.06.021)

23. Anciano GVJ, Earley JN, Shuck SC, Georgiadis MM,
Fitch RW, Turchi JJ. 2010 Targeting the OB-folds of
replication protein A with small molecules. J. Nucleic
Acids 2010, Article ID 304035. (doi:10.4061/2010/
304035)
24. Altschuler SE, Croy JE, Wuttke DS. 2012 A small
molecule inhibitor of Pot1 binding to telomeric
DNA. Biochemistry 51, 7833–7845. (doi:10.1021/
bi300365k)

25. Sobeck A et al. 2006 Fanconi anemia proteins are
required to prevent accumulation of replication-
associated DNA double-strand breaks. Mol. Cell. Biol.
26, 425–437. (doi:10.1128/MCB.26.2.425-437.2006)

26. Murray AW. 1991 Cell cycle extracts. In Methods in
cell biology, vol. 36 (eds BK Kay, HB Peng), pp.
581–605. San Diego, CA: Academic Press.

27. Jameson DM, Ross JA. 2010 Fluorescence
polarization/anisotropy in diagnostics and imaging.
Chem. Rev. 110, 2685–2708. (doi:10.1021/
cr900267p)

28. Hagenbuchner J, Ausserlechner MJ. 2016 Targeting
transcription factors by small compounds: current
strategies and future implications. Biochem.
Pharmacol. 107, 1–13. (doi:10.1016/j.bcp.
2015.12.006)

29. Steverding D. 2010 The development of drugs for
treatment of sleeping sickness: a historical review.
Parasit. Vectors 3, 15–24. (doi:10.1186/1756-
3305-3-15)

30. Peters MS, Connolly SM, Schroder AL. 1983
Bronopol allergic contact dermatitis. Contact
Dermatitis 9, 397–401. (doi:10.1111/j.1600-0536.
1983.tb04436.x)

31. White AP et al. 2014 Antioxidant activity and
mechanisms of action of natural compounds
isolated from lichens: a systematic review. Molecules
19, 14 496–14 527. (doi:10.3390/
molecules190914496)

32. Liu X, Chen Y, Fierke CA. 2014 A real-time
fluorescence polarization activity assay to screen for
inhibitors of bacterial ribonuclease P. Nucleic Acids
Res. 42, e159. (doi:10.1093/nar/gku850)

33. Santos KL, Vento MA, Wright JW, Speth RC. 2013
The effects of para-chloromercuribenzoic acid
and different oxidative and sulfhydryl agents
on a novel, non-AT1, non-AT2 angiotensin
binding site identified as neurolysin.
Regul. Pept. 184, 104–114. (doi:10.1016/j.
regpep.2013.03.021)

34. Sobeck A, Stone S, Landais I, de Graaf B, Hoatlin
ME. 2009 The Fanconi anemia protein FANCM is
controlled by FANCD2 and the ATR/ATM pathways.
J. Biol. Chem. 284, 25 560–25 568. (doi:10.1074/
jbc.M109.007690)

35. Arunkumar AI, Stauffer ME, Bochkareva E,
Bochkarev A, Chazin WJ. 2003 Independent and

http://dx.doi.org/10.3390/genes8020073
http://dx.doi.org/10.1016/j.molcel.2004.09.017
http://dx.doi.org/10.1016/j.molcel.2004.09.017
http://dx.doi.org/10.1074/jbc.M400142200
http://dx.doi.org/10.1128/MCB.02062-05
http://dx.doi.org/10.1128/MCB.02062-05
http://dx.doi.org/10.1074/jbc.M706267200
http://dx.doi.org/10.1074/jbc.M706267200
http://dx.doi.org/10.1016/j.str.2008.10.005
http://dx.doi.org/10.1016/j.str.2008.10.005
http://dx.doi.org/10.1007/978-94-007-4572-8_11
http://dx.doi.org/10.1007/978-94-007-4572-8_11
http://dx.doi.org/10.1016/j.tibs.2012.12.003
http://dx.doi.org/10.1016/j.semcdb.2014.03.017
http://dx.doi.org/10.1016/j.semcdb.2014.03.017
http://dx.doi.org/10.1074/jbc.M110.131276
http://dx.doi.org/10.1074/jbc.M110.131276
http://dx.doi.org/10.1074/jbc.M109.033175
http://dx.doi.org/10.1074/jbc.M109.033175
http://dx.doi.org/10.1038/cddiscovery.2017.71
http://dx.doi.org/10.1038/nbt.3128
http://dx.doi.org/10.1134/S0006297912030017
http://dx.doi.org/10.1134/S0006297912030017
http://dx.doi.org/10.1002/pros.23703
http://dx.doi.org/10.1186/s12885-018-4705-y
http://dx.doi.org/10.1186/s12885-018-4056-8
http://dx.doi.org/10.1002/pbc.26670
http://dx.doi.org/10.3390/cancers10090282
http://dx.doi.org/10.3390/cancers10090282
http://dx.doi.org/10.1091/mbc.e06-12-1148
http://dx.doi.org/10.1091/mbc.e06-12-1148
http://dx.doi.org/10.1038/ncb2201
http://dx.doi.org/10.1016/j.molcel.2009.06.021
http://dx.doi.org/10.4061/2010/304035
http://dx.doi.org/10.4061/2010/304035
http://dx.doi.org/10.1021/bi300365k
http://dx.doi.org/10.1021/bi300365k
http://dx.doi.org/10.1128/MCB.26.2.425-437.2006
http://dx.doi.org/10.1021/cr900267p
http://dx.doi.org/10.1021/cr900267p
http://dx.doi.org/10.1016/j.bcp.2015.12.006
http://dx.doi.org/10.1016/j.bcp.2015.12.006
http://dx.doi.org/10.1186/1756-3305-3-15
http://dx.doi.org/10.1186/1756-3305-3-15
http://dx.doi.org/10.1111/j.1600-0536.1983.tb04436.x
http://dx.doi.org/10.1111/j.1600-0536.1983.tb04436.x
http://dx.doi.org/10.3390/molecules190914496
http://dx.doi.org/10.3390/molecules190914496
http://dx.doi.org/10.1093/nar/gku850
http://dx.doi.org/10.1016/j.regpep.2013.03.021
http://dx.doi.org/10.1016/j.regpep.2013.03.021
http://dx.doi.org/10.1074/jbc.M109.007690
http://dx.doi.org/10.1074/jbc.M109.007690


royalsocietypublishing.org/journal/rsob
Open

Biol.9:190117

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

09
 M

ar
ch

 2
02

2 
coordinated functions of replication protein A
tandem high affinity single-stranded DNA binding
domains. J. Biol. Chem. 278, 41 077–41 082.
(doi:10.1074/jbc.M305871200)

36. Wiedemar N, Graf FE, Zwyer M, Ndomba E, Kunz
Renggli C, Cal M, Schmidt RS, Wenzler T, Mäser P.
2018 Beyond immune escape: a variant surface
glycoprotein causes suramin resistance in
Trypanosoma brucei. Mol. Microbiol. 107, 57–67.
(doi:10.1111/mmi.13854)

37. Naviaux JC, Schuchbauer MA, Li K, Wang L,
Risbrough VB, Powell SB, Naviaux RK. 2014 Reversal
of autism-like behaviors and metabolism in adult
mice with single-dose antipurinergic therapy. Transl.
Psychiatry 4, e400. (doi:10.1038/tp.2014.33)

38. Naviaux JC, Wang L, Li K, Bright AT, Alaynick WA,
Williams KR, Powell SB, Naviaux RK. 2015
Antipurinergic therapy corrects the autism-like
features in the Fragile X (Fmr1 knockout)
mouse model. Mol. Autism 6, 1. (doi:10.1186/2040-
2392-6-1)

39. Naviaux RK et al. 2017 Low-dose suramin in autism
spectrum disorder: a small, phase I/II, randomized
clinical trial. Ann. Clin. Transl. Neurol. 4, 491–505.
(doi:10.1002/acn3.424)

40. Ahmed K, Shaw HV, Koval A, Katanaev VL. 2016
A second WNT for old drugs: drug repositioning
against WNT-dependent cancers. Cancers 8, 66–93.
(doi:10.3390/cancers8070066)
41. Li H, Li H, Qu H, Zhao M, Yuan B, Cao M, Cui J.
2015 Suramin inhibits cell proliferation in ovarian
and cervical cancer by downregulating heparanase
expression. Cancer Cell Int. 15, 52–63. (doi:10.1186/
s12935-015-0196-y)

42. Taylor CW, Lui R, Fanta P, Salmon SE. 1992 Effects
of suramin on in vitro growth of fresh human
tumors. J. Natl. Cancer Inst. 84, 489–494. (doi:10.
1093/jnci/84.7.489)

43. Cheng B, Gao F, Maissy E, Xu P. 2019 Repurposing
suramin for the treatment of breast cancer lung
metastasis with glycol chitosan-based nanoparticles.
Acta Biomater. 84, 378–390. (doi:10.1016/j.actbio.
2018.12.010)

44. Voogd TE, Vansterkenburg EL, Wilting J, Janssen LH.
1993 Recent research on the biological activity of
suramin. Pharmacol. Rev. 45, 177–203.

45. Meis S et al. 2010 NF546 [4,40-(carbonylbis(imino-
3,1-phenylene-carbonylimino-3,1-(4-methyl-
phenylene)-carbonylimino))-bis(1,3-xylene-
α,α0-diphosphonic Acid) tetrasodium salt] is a non-
nucleotide P2Y11 agonist and stimulates release of
interleukin-8 from human monocyte-derived
dendritic cells. J. Pharmacol. Exp. Ther. 332,
238–247. (doi:10.1124/jpet.109.157750)

46. Moreschi I et al. 2006 Extracellular NAD+ is an
agonist of the human P2Y11 purinergic receptor in
human granulocytes. J. Biol. Chem. 281,
31 419–31 429. (doi:10.1074/jbc.M606625200)
47. Ullmann H et al. 2005 Synthesis and
structure−activity relationships of suramin-derived
P2Y11 receptor antagonists with nanomolar potency.
J. Med. Chem. 48, 7040–7048. (doi:10.1021/
jm050301p)

48. Koval A, Ahmed K, Katanaev VL. 2016 Inhibition of
Wnt signalling and breast tumour growth by the
multi-purpose drug suramin through suppression of
heterotrimeric G proteins and Wnt endocytosis.
Biochem. J. 473, 371–381. (doi:10.1042/
BJ20150913)

49. Berg A, Berg T. 2017 A small-molecule screen
identifies the antitrypanosomal agent suramin
and analogues NF023 and NF449 as inhibitors
of STAT5a/b. Bioorg. Med. Chem. Lett. 27,
3349–3352. (doi:10.1016/j.bmcl.2017.
06.012)

50. De Clercq E. 1979 Suramin: a potent inhibitor of
the reverse transcriptase of RNA tumor viruses.
Cancer Lett. 8, 9–22. (doi:10.1016/0304-3835(79)
90017-X)

51. Wang M, Sooreshjani MA, Mikek C, Opoku-Temeng
C, Sintim HO. 2018 Suramin potently inhibits
cGAMP synthase, cGAS, in THP1 cells to modulate
IFN-β levels. Future Med. Chem. 10, 1301–1317.
(doi:10.4155/fmc-2017-0322)

52. Kanyo ZF, Christianson DW. 1991 Biological
recognition of phosphate and sulfate. J. Biol. Chem.
266, 4264–4268.

http://dx.doi.org/10.1074/jbc.M305871200
http://dx.doi.org/10.1111/mmi.13854
http://dx.doi.org/10.1038/tp.2014.33
http://dx.doi.org/10.1186/2040-2392-6-1
http://dx.doi.org/10.1186/2040-2392-6-1
http://dx.doi.org/10.1002/acn3.424
http://dx.doi.org/10.3390/cancers8070066
http://dx.doi.org/10.1186/s12935-015-0196-y
http://dx.doi.org/10.1186/s12935-015-0196-y
http://dx.doi.org/10.1093/jnci/84.7.489
http://dx.doi.org/10.1093/jnci/84.7.489
http://dx.doi.org/10.1016/j.actbio.2018.12.010
http://dx.doi.org/10.1016/j.actbio.2018.12.010
http://dx.doi.org/10.1124/jpet.109.157750
http://dx.doi.org/10.1074/jbc.M606625200
http://dx.doi.org/10.1021/jm050301p
http://dx.doi.org/10.1021/jm050301p
http://dx.doi.org/10.1042/BJ20150913
http://dx.doi.org/10.1042/BJ20150913
http://dx.doi.org/10.1016/j.bmcl.2017.06.012
http://dx.doi.org/10.1016/j.bmcl.2017.06.012
http://dx.doi.org/10.1016/0304-3835(79)90017-X
http://dx.doi.org/10.1016/0304-3835(79)90017-X
http://dx.doi.org/10.4155/fmc-2017-0322

	The anti-parasitic agent suramin and several of its analogues are inhibitors of the DNA binding protein Mcm10
	Introduction
	Material and methods
	Mcm10 fluorescence polarization HTS assay
	Xenopus egg extract preparation and in vitro DNA replication assay
	Surface plasmon resonance
	Cell viability assay

	Results
	High throughput screening identifies five active inhibitors
	Suramin inhibits DNA replication in vitro
	SAR and selectivity of Mcm10 inhibitors
	Validation of binding kinetics by surface plasmon resonance
	Suramin and its analogues preferentially kill transformed cells that overexpress Mcm10

	Discussion
	Abbreviations
	Supporting information
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


