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ABSTRACT

Silver nanoclusters (AgNCs) have outstanding
physicochemical characteristics, including the abil-
ity to interact with proteins and DNA. Given the grow-
ing number of diagnostic and therapeutic applica-
tions of AgNCs, we evaluated the impact of AgNCs
on DNA replication and DNA damage response in
cell-free extracts prepared from unfertilized Xeno-
pus laevis eggs. We find that, among a number of
silver nanomaterials, AgNCs uniquely inhibited ge-
nomic DNA replication and abrogated the DNA repli-
cation checkpoint in cell-free extracts. AgNCs did not
affect nuclear membrane or nucleosome assembly.
AgNCs-supplemented extracts showed a strong de-
fect in the loading of the mini chromosome mainte-
nance (MCM) protein complex, the helicase that un-
winds DNA ahead of replication forks. FLAG-AgNCs
immunoprecipitation and mass spectrometry analy-
sis of AgNCs associated proteins demonstrated di-
rect interaction between MCM and AgNCs. Our stud-
ies indicate that AgNCs directly prevent the loading
of MCM, blocking pre-replication complex (pre-RC)
assembly and subsequent DNA replication initiation.
Collectively, our findings broaden the scope of silver
nanomaterials experimental applications, establish-
ing AgNCs as a novel tool to study chromosomal
DNA replication.

INTRODUCTION

Silver nanomaterials are routinely incorporated into med-
ical and consumer products due to their excellent antimi-

crobial capacities (1,2). Therefore, it is important to assess
how they interact with macromolecules during biological
processes such as DNA transactions to better understand
their potential toxicity (3). The biological properties and
potential toxic effects of silver nanomaterials are governed
by multiple physicochemical factors including shape, size,
dose and surface coating (4,5). Specifically, the impact of
nanosilver is thought to be related to the release of silver
ions, reactive oxygen production, and the direct interactions
with biomacromolecules proteins and nucleic acid (6–10).
Silver nanoclusters (AgNCs) have gained tremendous at-
tention in recent years owing to the significant promises
for fundamental research, as well as nanotechnology-based
technological and biological applications (11,12). The out-
standing physicochemical characteristics of AgNCs, includ-
ing low cost, excellent dispersibility, easy preparation, facile
functionalization, tunable emission wavelength, and high
catalytical activity (13–16), have boosted their multidisci-
plinary applications in areas of catalysis (17,18), biosensing
and disease diagnosis (19–21), biological imaging (22,23),
biomedicine (24,25), antimicrobial agent (26), optoelec-
tronics (27), and complex logic gates/logic device fabrica-
tions (13,28). The development of AgNCs-based applica-
tions also raises concerns regarding their potential toxicity.

AgNCs can be successfully synthesized by utilizing di-
verse templates, including DNA and proteins (29) since
silver ions show high affinity to deoxyribonucleic acids,
especially the cytosine base in DNA, as well as the Cys
residues, N-terminal amine and metal-binding sites in pro-
teins (30,31). In addition, ultrasmall AgNCs with extremely
high surface-to-volume ratios are also expected to show sig-
nificant interactions with proteins and DNA owing to their
strong affinity to sulfur in proteins and heterocyclic bases
of DNA, which may alter protein function, DNA confor-
mation and potentially DNA transactions resulting in as-
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sociated genotoxicity (30,32). Although some toxicological
studies on large-sized silver nanoparticles have been con-
ducted (33–36), little is known about how AgNCs impact
on complex biological reactions within cells. Moreover, the
mechanisms by which AgNCs could impact DNA replica-
tion and DNA damage repair pathways are not known.

DNA replication is the essential process by which
cells duplicate their genomes to ensure the maintenance
of genetic information throughout cell divisions (37–40).
Genome replication starts with the stepwise assembly
of pre-replication complexes (pre-RCs) throughout the
genome followed by the cell cycle dependent conversion and
activation of a subset of pre-RCs into origins of replica-
tion (37–38,40). A key regulatory step to ensure that the
genome is replicated only once per cell cycle is the loading
and subsequent activation of the minichromosome main-
tenance (MCM) protein complex: these two processes are
temporarily distinct (37,41–42). Activation of the MCM he-
licase requires the binding of CDC45 and the GINS protein
complex, yielding a functional CMG DNA helicase com-
plex (43–45). This activation step is the target of DNA dam-
age checkpoints that prevent further firing in the presence
of damaged templates or dysfunctional DNA polymerases.
This DNA replication checkpoint is critical to maintain ge-
nomic integrity (39,46)

Here, we assessed the impact of silver nanoclusters (Ag-
NCs) on essential DNA transactions to better understand
how these nanoclusters might interfere with cell physiology.
We elected to use cell-free extracts derived from Xenopus
laevis eggs to monitor DNA replication and DNA repli-
cation checkpoint (47–50), processes that are highly con-
served between Xenopus laevis and mammalians cells (49).
We show that AgNCs, but not silver ions, silver nanoparti-
cles (AgNPs) or silver nanoprisms (AgNPrs), inhibit DNA
replication initiation by blocking MCM assembly, thus pre-
venting the formation functional pre-RCs.

MATERIALS AND METHODS

Antibodies and chemicals

A commercial antibody was used to detect ORC1 in ex-
tracts: anti-ORC1 (clone TK1/2, cat.# sc-53391, Santa
Cruz). Antibodies against ORC2, CDC6, MCM and RPA
were generated against the corresponding polypeptides and
previously described (51,52). Mouse anti-phospho-Histone
H2AX (Ser139, JBW301 #05–636; Millipore), rabbit anti-
histone H3 (#9715; Cell Signaling), rabbit anti–CHK1-
pS345 (#2341; Cell Signaling) and mouse anti-phospho-
ATM (Ser1981, #200-301-400 Rockland) were purchased
from commercial sources.

Silver nitrate (AgNO3, 99.9995%) and sodium borohy-
dride (NaBH4, 98%) were purchased from Alfa Aesar.
Poly(acrylic acid) sodium salt 35 wt% (MW≈15 000) and 3-
aminopropyltriethoxysilane (APTES) were obtained from
Sigma-Aldrich. �-[32P]dCTP was purchased from Amer-
sham Biosciences. ANTI-FLAG® M2 Affinity Agarose
Gel and aphidicolin were purchased from Sigma-Aldrich.
SYBR–Gold was purchased from Molecular Probes. All
reagents were of the analytical reagent grades and utilized
as received. All samples were prepared using ultrapure wa-
ter (18.2 M�; Millipore Co.).

Synthesis of poly(acrylic acid)-templated silver nanoclusters

AgNO3 (4.9 mg) was mixed with the 3-
aminopropyltriethoxysilane (APTES) solution in methanol
(2 ml, 2%). The mixture was stirred in the dark at 25◦C for
2 h. Then, the solution (41 �l) was added to PAA solution
(MW ≈ 15 000, 40 ml, 0.12%) and reduced with NaBH4.
The solution was stirred in the dark at 25◦C for 24 h.

Preparation of FLAG peptide-tagged silver nanoclusters

PAA-AgNCs (2 mM) were mixed dropwise with the FLAG
peptide (5 mM, CGGMDYKDHDADYKDHDIDYKD
DDDKGSGSRRRRRRRRR). The mixture was continu-
ously shaken at 4◦C for 12 h to achieve complete absorb-
tion of the −SH group of the peptides to the surface of the
silver nanoclusters. Peptide-tagged silver nanoclusters were
washed three times with ultrapure water using centrifuga-
tion. Excess peptide was removed by centrifugating the so-
lution through a 10 kDa membrane.

Synthesis of silver nanoparticles and silver nanoprisms: see
Supplemental Methods.

Frog egg extract and demembranated sperm nuclei prepara-
tion

Xenopus frogs were handled in accordance with guidelines
provided by the Institutional Animal Care and Use Com-
mittee at Columbia University. LSS, HSS and demem-
branated sperm nuclei (chromatin) were prepared as pre-
viously described (53). For LSS preparation, female Xeno-
pus (Nasco) were injected subcutaneously with 50 U of
pregnant mare serum gonadotropin (EMD Millipore) 3–
7 days before extract preparation. Frogs were induced to
lay eggs by subcutaneous injection of 800 U of human
chorionic gonadotropin (Sigma-Aldrich). Good eggs were
collected overnight and rinsed in 0.25× MMR (20 mM
HEPES−KOH, pH 7.4, 400 mM NaCl, 1 mM MgSO4, 2
mM CaCl2 and 0.1 mM EDTA). The jelly coat was dis-
solved in 10 mM cysteine in 0.25× MMR, eggs were washed
twice with 0.25× MMR, activated by addition of 1 �g/ml
calcium ionophore A23187 (Sigma-Aldrich) for 5 min, and
then washed twice with S buffer (50 mM HEPES−KOH,
pH 7.5, 50 mM KCl, 2.5 mM MgCl2, 250 mM sucrose and 2
mM �-mercaptoethanol). Eggs were crushed in polypropy-
lene tubes at 10 000 rpm for 30 min at 4◦C. The crude cy-
tosol was collected with a syringe, supplemented with 20
�g/ml cytochalasin B (Sigma-Aldrich), and homogenized
by rotation for 5 min at 4◦C. The extract was then subjected
to a high-speed spin in an ultracentrifuge (Optima X-100;
Beckman-Coulter) in a swing-bucket rotor (TLS-55) for 30
min at 55 000 rpm at 4◦C. The cytoplasmic layer and mem-
brane layer fractions were collected and supplemented with
30 mM creatine phosphate, 150 �g/ml phosphocreatine ki-
nase and 20 �g/ml cycloheximide. HSS extract was pre-
pared by spinning the crude extract prepared as described
at 55 000 rpm for 2.5 h. The clear, membrane-free HSS
extract was recovered, carefully excluding the dense mem-
brane layer below.

Demembranated sperm nuclei was prepared as described
in (54). For nuclei isolation, 30 �l sperm-containing
aliquots were diluted in 800 �l ice-cold chromatin isolation
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buffer (50 mM HEPES−KOH, pH 7.8, 100 mM KCl and
2.5 mM MgCl2) supplemented with 0.125% Triton X-100
and overlaid onto 30% sucrose (wt/vol) chromatin isolation
buffer. Samples were spun at 10 000 rpm for 30 min at 4◦C in
a swing-bucket rotor (HB-6; Sorval). The final pellet was re-
suspended in SDS-PAGE loading buffer, resolved on a 10%
SDS-PAGE gel and analyzed by immunoblotting.

DNA replication assay

DNA replication reactions contain 10 �l LSS extracts and
demembranated sperm nuclei (2000 nuclei/�l) were sup-
plemented with �-[32P]dCTP and different Ag nanomate-
rials (AgNCs, Ag+, AgNPs, AgNPrs) with the same equiv-
alent Ag concentration (20 �g ml−1). The reactions were
incubated at 21◦C for 90 min. For DNA replication time-
courses, AgNCs were added at the indicated timepoints.
The reaction was then stopped by addition of stop buffer (50
mM Tris pH 8.0, 5 mM EDTA and 0.1% SDS). Genomic
DNA was isolated by proteinase K digestion at 37◦C for
2 h followed by phenol/chloroform extraction and ethanol
precipitation. DNA pellets were resuspended in 20 �l TE
buffer and ran on a 0.8% TBE−agarose gel, fixed in 30%
trichloroacetic acid, dried by pressing between Whatman
3MM Chromatography Paper and paper towels overnight,
and exposed for autoradiography. Signal quantification was
performed using the ‘Analyze Gel’ tool in ImageJ (http:
//rsb.info.nih.gov/ij/index.html).

DNA damage repair assay

10 �l LSS extracts were mixed with demembranated sperm
nuclei (2000 nuclei/�l) at 21◦C for 15 min. Aphidicolin
with different Ag nanomaterials (AgNCs, Ag+, AgNPs, Ag-
NPrs) with the same equivalent Ag concentration (20 �g
ml−1) or PAA (960 �g ml−1) were added to the mixture for
additional 30 min incubation. Activation of DNA damage
repair was monitored by Chk1 phosphorylation. Phospho-
rylated Chk1 protein was resolved on a 3–8% Tris-acetate
NuPAGE gel according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA).

Nuclear assembly

Sperm nuclei were incubated in Xenopus egg extracts
(2000/�l) for 15 min before AgNCs were added into the re-
actions for another 30 min at 21◦C. The extent of nuclear
assembly was monitored by mixing 1 �l extract sample with
1 �l Hoechst 33258 (20 �g/ml) and immediate observation
under fluorescence microscope using a UV filter.

Micrococcal nuclease digestion assay

Reactions were performed in HSS extracts (10 �l) contain-
ing 3000 sperm nuclei/�l. The mixtures were incubated at
21◦C for 20 min to allow chromatin assembly. 5 mM CaCl2
and 100 units of Micrococcal nuclease were then added to
each sample. Extract were incubated at 21◦C and aliquots
were sampled at 2, 4, 8, 10 min and diluted with 200 �l Stop
Buffer (20 Mm Tris, pH 7.5, 30 mM EDTA, 0.5% SDS).
Proteinase K (500 �g/ml) was then added to each sam-
ple and incubated at 37◦C for 2 h. After that, 1 Volume of

phenol–chloroform saturated with TE was added to each
sample, and centrifuged at 15 000 rpm for 4 min. The aque-
ous phase was then transferred to a new tube. DNA was
precipitated by addition of 20 �l sodium acetate (3 M, pH
5.5) and 5 volumes cold ethanol, and pelleted centrifuga-
tion for 10 min. The DNA pellet was resuspended in 15 �l
TE buffer run on a 1.5% TBE–agarose gel and stained using
SYBR gold following manufacturer instructions.

Chromatin binding assays

For chromatin binding experiments, 15 �l LSS extract
was supplemented with demembranated sperm nuclei (2500
sperm/�l) and incubated for 10 min at 21◦C to allow chro-
matin assembly. For the time-course chromatin binding as-
says, AgNCs were added at the indicated timepoints. The
reaction was then stopped at different times by diluting with
the chromatin isolation buffer (50 mM HEPES–KOH, pH
7.8, 100 mM KCl, 2.5 mM MgCl2, 0.125% Triton-X100).
The extracts were overlaid on top of 30% sucrose cushions
in 1.5 ml protein low-retention tubes (Thermo Fisher Sci-
entific). Samples were spun at 7800 rpm in HB-6 rotor for
30 min at 4◦C. Chromatin pellets were resuspended in 10
�l Laemmli buffer, boiled at 90◦C for 60 s and fractionated
on a 3–8% gradient Tris–acetate gels (Invitrogen) accord-
ing to standard procedures, followed by transfer of resolved
proteins onto PVDF membranes (EMD Millipore). Follow-
ing a 1 h block with 5% non-fat dried milk in PBS, mem-
branes were incubated overnight at 4◦C with one of the fol-
lowing primary antibodies: ORC1, ORC2, CDC6, MCM3
(52), CDC6, RPA32 and histone H3. HRP-conjugated sec-
ondary antibodies (anti-rabbit IgG HRP, anti-mouse IgG
HRP, Fisher Scientific) and chemiluminescence (SuperSig-
nal West Pico Chemiluminescent Substrate, 34077) were
used.

Immunoprecipitation assay

For immunoprecipitations, FLAG-tagged AgNCs were in-
cubated in 50 �l of LSS extract at 21◦C. Extracts were di-
luted in 50 �l IP buffer (1 × ELB salts, 0.25 M sucrose, 75
mM NaCl, 2 mM EDTA, 10 �g/ml apropotin/leupeptin,
0.1% NP-40) and supplemented with 10 �l pre-washed
FLAG M2 agarose beads (Sigma-Aldrich). Beads were in-
cubated in Xenopus extract for 2 h at 4◦C and subsequently
washed using 2.5 ml IP buffer. Beads were taken up in 15
�l of 2× SDS sample buffer and incubated for 5 min at
95◦C. Proteins were loaded on SDS–PAGE and visualized
by western blot with the indicated antibodies.

Mass spectrometry

FLAG-tagged AgNCs were incubated in Xenopus egg ex-
tracts, then affinity-purified and subsequently subjected to
mass spectrometric analysis of AgNCs associated proteins
applying quantitative mass spectrometry (see Supporting
Information).

RESULTS AND DISCUSSION

Poly(acrylic acid) (PAA)-templated AgNCs (Figure 1A)
were synthesized according to a modified protocol previ-
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Figure 1. Synthesis and characterization of silver nanoclusters (AgNCs). (A) Schematic diagram of AgNCs. (B) Absorbance and fluorescence spectra
of AgNCs. (C) Transmission electron microscopy (TEM) image and corresponding size distribution histogram of AgNCs. Scale bars, 20 nm. (D) Zeta
potential and hydrodynamic diameter of AgNCs.

ously described (55). Successful generation of AgNCs was
confirmed by: (i) optical absorption; (ii) fluorescence char-
acteristic and (iii) transmission electron microscopy (TEM).
As shown in Figure 1B, AgNCs exhibit characteristic ab-
sorption peaks at 350 and 515 nm (56). The fluorescent
spectrum reveals that AgNCs displayed a strong emission
peak at 575 nm and were stable for several months (data not
shown). Figure 1C shows a typical TEM image of the Ag-
NCs prepared as described, in which AgNCs were monodis-
persed and uniform with an average size of about 1.54 nm
(57,58). Dynamic light scattering (DLS) characterization
indicates that zeta potential and hydrodynamic diameter of
AgNCs were –38.8 ± 4.2 mV and 4.6 ± 0.5 nm, respec-
tively (Figures 1D). DLS measurements of AgNCs showed
a slightly increased diameter as compared to TEM imag-
ing, which could result from dehydration of AgNCs in sam-
ple preparation for TEM observations (59,60). Similarly, sil-
ver nanoparticles (AgNPs) and silver nanoprisms (AgNPrs)
were characterized by optical absorption, fluorescence and
TEM (Supplementary Figure S1).

First, we sought to investigate the impact of AgNCs,
Ag+, AgNPs and AgNPrs on DNA transactions, given their
properties to interact with DNA and proteins. Cell-free ex-
tracts prepared from unfertilized Xenopus laevis eggs faith-
fully recapitulate, cell cycle-regulated, genomic DNA repli-
cation (47–50). Specifically, we and others have studied the
stepwise assembly and activation of the pre-RC in these
extracts (51–52,61–63). Thus, we investigated first the ef-
fects of AgNCs on DNA replication and DNA replication
checkpoint, a physiological consequence of stalling DNA
replication forks. We used low-speed supernatant (LSS) ex-
tracts from Xenopus laevis eggs to monitor genomic DNA
replication (Figure 2A, control). The addition of increasing
concentrations of AgNCs to extracts concomitant with the
addition of demembranated sperm nuclei abrogated DNA
replication as seen by the inhibition of �-[32P]dCTP, incor-
poration into chromosomal DNA (Figure 2a and b). We
then tested whether AgNCs could also inhibit the DNA
replication checkpoint. AgNCs showed good stability in
replication assay buffer (Supplementary Figure S2). Upon
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Figure 2. AgNCs uniquely inhibit DNA replication and replication checkpoint. (A, B) DNA replication in extracts is sensitive to AgNCs. (A) Xenopus egg
extracts were incubated with sperm nuclei in the presence of increasing concentrations of AgNCs. DNA replication was monitored by agarose gel elec-
trophoresis after incorporation of �-[32P]dCTP into genomic DNA. (B) Quantification of three independent experiments normalized to untreated controls.
(C, D) AgNCs inhibit the DNA replication checkpoint. (C) Xenopus egg extracts were treated with aphidicolin with or without AgNCs at different concen-
trations and incubated with sperm nuclei. ATR activation was monitored by pChk1 western blotting. (D) Quantification of three independent experiments
normalized to aphidicolin alone control. Impact of different silver nanomaterials on DNA replication and replication checkpoint. (E) Replicating extracts
were incubated with silver ions (Ag+), silver nanoparticles (AgNPs), silver nanoprisms (AgNPrs) and silver nanoclusters (AgNCs) and DNA replication
was assessed by incorporation of �-[32P]dCTP into genomic DNA. (F, G) The impact of Ag+, AgNPs, AgNPrs AgNCs and PAA on DNA replication
checkpoint was monitored by pChk1 Western blotting.

inhibition of DNA replication fork progression, single-
stranded DNA is generated as a result of DNA helicase
uncoupling and the ATR-Chk1 signaling pathway, a key
effector of DNA replication checkpoints is activated (64).
A critical substrate of ATR is the protein serine–threonine
checkpoint kinases Chk1, which triggers a broad range of
downstream responses (65). To confirm DNA replication
inhibition, we monitored Chk1 phosphorylation (pChk1)
at serine 343 (S345 in human) as a readout for activation
of the replication checkpoint by ATR. In this experimental
setup, the replication checkpoint is triggered by addition of
aphidicolin, an inhibitor of DNA polymerases (66). Consis-
tent with DNA replication blockade (Figure 2A) pChk1 sig-
nal progressively decreased with increasing concentrations
of AgNCs (Figure 2C and D), strengthening the idea that
AgNCs inhibit DNA replication and subsequent check-
point signaling.

Silver ions and several silver-based nanomaterials display
toxicity (3,6,8). Therefore, we sought to determine whether

other silver materials could inhibit DNA replication in cell-
free extracts. We employed four different types of silver ma-
terials, including silver ions, silver nanoparticles (Supple-
mentary Figure S1a–c), silver nanoprisms (Supplementary
Figure S1d–f) and silver nanoclusters. We reasoned that
in addition to providing information on the role of silver
ions, we could obtain insights on the mechanisms of DNA
replication inhibition by AgNCs related to the geometry
of the silver nanomaterials. Notably, we find that only sil-
ver nanoclusters efficiently inhibited DNA replication and
checkpoint signaling (Figures 2E, second lane and Figure
2F, last lane, Supplementary Figure S3), which strongly ar-
gued against the possibility that inhibition of DNA repli-
cation was due to silver ions toxicity. These data also in-
dicate that the morphology of AgNCs is critical for their
impact on DNA replication and signaling. We also tested
whether distinct nanomaterials with comparable size of Ag-
NCs could inhibit DNA replication in cell-free extracts.
We compared four different types of nanomaterials: gold
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Figure 3. AgNCs affect DNA replication initiation. (A, B) Time-course of DNA replication assay. (A) Experiment time-course showing the time of AgNCs
addition to DNA replication assay. (B) AgNCs were added to extracts at different time points during DNA replication (T = –10, 0, 20, 40, 60 min) and
DNA replication products were monitored by agarose gel electrophoresis at 80 min after addition of AgNCs. For the first lane (control), no AgNCs were
added and replication was monitored at 80 min. (C, D) AgNCs block pre-RC assembly. (C) Chromatin binding assays were performed in Xenopus egg
extracts supplemented with demembranated sperm nuclei (2500 sperm/�l) and incubated for 10 min at 21◦C for chromatin assembly following addition
of AgNCs at indicated timepoints (10, 30, 60 and 90 min). Chromatin was isolated through 30% sucrose cushions and bound proteins were resolved by
SDS-PAGE on 10% Bis-Tris gels and probed with specific antibodies against MCM3, RPA and histone H3. (D) The mean and standard deviation is shown
for three ieendependent biological replicates.

nanoclusters, copper nanoclusters, carbon dots and Ag-
NCs. Notably, we found that only AgNCs efficiently in-
hibited DNA replication (Supplementary Figures S4a) and
downstream signaling (Supplementary Figures S4b). This
strongly suggests a AgNCs-specific effect on DNA replica-
tion. To further establish that the geometry of AgNCs was
critical, we also tested the impact of the PAA synthesis tem-
plate on checkpoint signaling (Figure 2G), showing no in-
fluence on pChk1 signals. In summary, the data suggest that
inhibition of DNA replication is due to the inherent geom-
etry and characteristics of AgNCs.

Nuclear assembly is a prerequisite for efficient DNA
replication in cell-free extracts (50,67). Microscopic obser-
vation of nuclear assembly indicated that nuclei forma-
tion, i.e. the transition from compact ‘worm-like’ demem-
branated sperm nuclei into near spherical nuclei harboring
a nuclear membrane, was not affected by AgNCs (Supple-
mentary Figure S5). We also digested chromatin prepared
from control and AgNCs-treated extracts with micrococcal
nuclease to analyze the impact of AgNCs on nucleosome
assembly (Supplementary Figure S6) (68). We observed a
similar nucleosome ‘ladder’ pattern in control and AgNCs-
supplemented extracts, indicating that AgNCs did not im-
pair nucleosome assembly (69).

DNA replication initiation and elongation proceed syn-
chronously in cell-free extracts. Thus, in an attempt to dis-
tinguish whether AgNCs inhibited an early vs. late repli-
cation step, we added AgNCs at various times during the
process (Figure 3A). When added at the time of nuclei ad-
dition (–10) or at 0 or 20 min, AgNCs completely inhibited
genomic DNA replication. In contrast, the addition of Ag-
NCs at 40 or 60 min had no impact on genomic DNA repli-
cation as seen by the incorporation of �-[32P]dCTP (Figure
3B). This suggests that AgNCs block an early step, such as
DNA replication initiation but do not affect DNA replica-
tion elongation.

Next, to gain further mechanistic insights into the mech-
anism of replication inhibition, we tested whether AgNCs
impaired the assembly of the pre-replication complex (pre-
RC). The synchronous nature of pre-RC assembly and acti-
vation in extracts facilitates the biochemical study of these
processes by monitoring chromatin-bound replication fac-
tors (50). Origin assembly starts with the loading of the ori-
gin recognition complex (ORC) in G1 followed by the se-
quential loading of cell division cycle 6 (Cdc6) which, to-
gether with chromatin licensing and DNA replication fac-
tor 1 (Cdt1), allow the assembly of minichromosome main-
tenance complex proteins 2–7 (MCM2–7) (70), thus com-
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Figure 4. AgNCs interact with MCM protein complex. (A) Synthesis of FLAG-AgNCs (FLAG peptide: CGGMDYKDHDADYKDHDIDYKDDDDK).
The decrease of FLAG peptide absorbance in the filter indicated the successful linkage of FLAG peptide on AgNCs. (B) FLAG-tagged AgNCs inhibits
the DNA replication checkpoint. Xenopus egg extracts were treated with aphidicolin with or without AgNCs or FLAG-AgNCs and incubated with sperm
nuclei. ATR activation was monitored by pChk1 western blotting. (C, D) Chromatin binding assay in the presence of FLAG-AgNCs. (C) Schematic
representation of the experiments. (D) Chromatin was isolated through 30% sucrose cushion and bound proteins (ORC1, CDC6, MCM3, RPA and histone
H3) resolved by 3%-8% gradient Tris-Acetate gels followed by western blot. Left: control, untreated extarcts. Right: extracts incubated with FLAG-
tagged AgNCs. (E) Xenopus egg extracts were incubated with FLAG peptide (control) or FLAG-AgNCs, immunoprecipitated with anti-FLAG antibodies,
whashed and processed for western blot with ORC1, CDC6 and MCM3 antibodies. (F) Xenopus egg extracts were incubated for 1 h with FLAG-AgNCs.
Following FLAG immunoprecipitation, AgNCs-bound proteins were identified by mass spectrometry. MCM polypeptides recovered are indicated. (G)
Purified hexameric MCM complex expressed in baculovirus-infected cells was incubated with FLAG-AgNCs in vitro. Bound and soluble fractions were
processed for Western blotting with MCM3 antibodies.

pleting pre-RC assembly. At the onset of DNA replication,
conversion of the pre-RC into an initiation complex, Cdc45
and the GINS complex bind to the hexameric MCM com-
plex, yielding an active CMG helicase (41,43,71). Follow-
ing DNA unwinding, the heterotrimeric protein complex
replication protein A (RPA) binds single-strand DNA with
high affinity (72). Using specific antibodies previously de-
scribed (51,52), we first monitored chromatin binding of
MCM (MCM3), a key pre-RC component, and RPA, a
readout of the activation of the replicative helicase (Figure
3C, D and Supplementary Figure S7). We used histone H3

as a chromatin loading control. Nuclei were allowed to as-
semble for 10 min in extracts, then chromatin was isolated
and processed for western blotting at 10, 30, 60 and 90 min.
As previously reported, we observed time-dependent load-
ing of MCM followed by the subsequent assembly of RPA
on ssDNA (Figure 3C). In presence of AgNCs, MCM and
RPA loading were strongly inhibited. A representative west-
ern blot is shown in Figure 3C and the normalized MCM
values (to histone H3 loading controls) from three indepen-
dent biological replicates are graphed (Figure 3D). AgNCs
significantly inhibited MCM loading at 30, 60 and 90 min (P
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< 0.001 at 60 min). In contrast the loading of ORC 1, 2 and
CDC6 which takes place prior to MCM loading was un-
affected by AgNCs (Supplementary Figure S7). When Ag-
NCs was added at the beginning of the experiment (Ag0),
chromatin-bound ORC1, ORC2 and CDC6 were present
at similar levels as in controls (no AgNCs). In contrast,
MCM3 and RPA loading was inhibited. When AgNCs were
added at later timepoints, MCM3 and RPA chromatin load-
ing were gradually restored (Ag20, Ag40) (Supplementary
Figure S7). Altogether, these data strongly suggest that Ag-
NCs specifically prevent MCM loading.

Next, we wanted to assess whether AgNCs interact with
MCM proteins, which could provide a mechanism for the
inhibition of MCM chromatin loading. To this aim, we
generated a tagged version of AgNCs. We synthesized a
FLAG peptide-tagged AgNCs (FLAG-AgNCs, Figure 4A,
Supplementary Figure S8). As seen in Figure 4B, FLAG-
AgNCs was equally effective at inhibiting the DNA replica-
tion checkpoint elicited by aphidicolin as AgNCs. In addi-
tion, FLAG-AgNCs-treated extracts failed to properly as-
semble MCM and subsequently load RPA onto chromatin
(Figure 4C, D). These results indicated that the FLAG ad-
dition did not alter the properties of AgNCs with regards
to DNA replication and checkpoint inhibition.

Next, we performed pull-down assays to determine
whether MCM proteins interact with AgNCs. Immunopre-
cipitation of FLAG-AgNCs following incubation in Xeno-
pus cell-free extracts were performed followed by western
blotting with MCM3 antibodies (Figure 4E). MCM3 was
readily detected on beads bound to FLAG-AgNCs but not
in control (FLAG only) beads. In contrast, we could not de-
tect ORC or CDC6 in these pull-downs. Next, to indepen-
dently confirm these observations, we performed immuno-
precipitation of FLAG-AgNCs followed by mass spectrom-
etry. FLAG-tagged AgNCs were incubated in cell-free ex-
tracts, affinity-purified and subsequently subjected to mass
spectrometric analysis (see Materials and Methods). As
shown in Figure 4F, all six subunits of the MCM complex
proteins were identified in the AgNCs immunoprecipitates,
confirming the affinity of AgNCs to MCM proteins by an
unbiased approach.

Finally, we wanted to test whether AgNCs interacted di-
rectly with the hetero-hexameric MCM complex. Recom-
binant MCM protein complex purified from baculovirus
infected cells (51) was incubated with AgNCs beads or
control beads followed by western blot with MCM3 an-
tibodies (Figure 4G). We could observe direct interaction
of AgNCs with the MCM complex. Furthermore, incuba-
tion with higher concentrations of FLAG-AgNCs yielded a
stronger MCM signal in the bound fraction together with a
decreased MCM signal in the soluble, unbound fraction.

The hexameric MCM2–7 complex has a molecular mass
of about ∼560 kDa and a globular shape (13 × 19 nm),
which contains a central channel with a diameter of 3–4 nm
and a smaller side channel (73). Soluble MCM2–7 hexamer
forms a flexible open-ringed structure bound to CDT1.
This complex strongly interacts with ORC-CDC6 bound
to DNA via the C-terminal extensions of MCM polypep-
tides. Subsequently, two MCM rings interacts on DNA in
a head-to-head configuration via the N-terminal domains
of MCM proteins, a process facilitated by CDT1 removal

(42,74). AgNCs could interact with the internal cavity of
MCM open-ringed structure and prevent interaction with
OCR-CDC6 at DNA-bound origins. Alternatively, AgNCs
could interfere with the interface between MCM ring, thus
destabilizing the dimers and preventing the assembly of a
functional helicase. Our laboratory has previously demon-
strated that the MCM complex’s intrinsic DNA helicase ac-
tivity is dispensable for its loading as hexameric complex
on DNA (51). Therefore, we favor the idea that AgNCs al-
ter MCM-DNA interactions rather than DNA unwinding
itself. Further structural studies of the AgNCs–hexameric
MCM complex are warranted to establish the exact mech-
anism of inhibition by AgNCs.

In summary, this study provides an example of specific
interaction between one type of silver nanomaterial and an
essential nuclear protein complex. This in turn, sheds light
on a possible mechanism for AgNCs toxicity. Notably, this
study could serve as a starting point to develop inhibitors
of the MCM protein complex for both experimental and
therapeutic applications (75).
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