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Abstract
Our knowledge of cell cycle events such as DNA replication and mitosis has been advanced
significantly through the use of Xenopus egg extracts as a model system. More recently, Xenopus
extracts have been used to investigate the cellular mechanisms that ensure accurate and complete
duplication of the genome, processes otherwise known as the DNA damage and replication
checkpoints. Here we describe several Xenopus extract methods that have advanced the study of the
ATR-mediated checkpoints. These include a protocol for the preparation of nucleoplasmic extract
(NPE), which is a soluble extract system useful for studying nuclear events such as DNA replication
and checkpoints. In addition, we describe several key assays for studying checkpoint activation as
well as methods for using small DNA structures to activate ATR.
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1. Introduction
The maintenance of genomic integrity is essential for the survival of all organisms. As a result,
cells have evolved multiple processes to prevent genomic instability caused by normal DNA
metabolism and insults from DNA damaging agents or replication inhibitors. These processes,
which are coordinated by the DNA damage and replication checkpoints, include arrest of cell
cycle progression, initiation of apoptosis, regulation of DNA repair, and maintenance of
replication fork stability (1,2). In eukaryotes, checkpoint activation is centrally mediated by
the ATR (Ataxia Telangiectasia and Rad3-related) kinase and its homologs (3), which in
combination with a number of other checkpoint proteins forms a signaling complex competent
to phosphorylate and activate downstream targets (4).

The ATR-mediated checkpoint pathways are highly conserved, and similar mechanisms of
checkpoint activation are found in organisms as divergent from humans as Saccharomyces
cerevisae and Schizosacharomyces pombe (4). The evolutionarily conserved nature of this
response has permitted the use of a number of systems for checkpoint analysis, ranging from
yeast genetic systems to transgenic mice. These systems have provided valuable insights into
the processes that lead to checkpoint activation, as have biochemical studies with purified
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proteins. Yet as activation of the checkpoint following many types of DNA damage has been
linked to DNA replication (5-8), the Xenopus egg extract system has offered several advantages
for analysis of checkpoint signaling and activation. This in vitro system involves the use of
extracts prepared from the eggs of Xenopus laevis which can cycle through S and M phase in
a highly synchronous manner, replicating chromatin in a semi-conservative fashion (9-13).

Indeed, various types of Xenopus egg extracts have proven to be quite effective for the study
of DNA replication and these studies have revealed that replication in extracts occurs through
mechanisms very similar to those in mammalian cells [reviewed in (14)]. The cell-free nature
of the system allows extensive manipulation of the proteins present, through immunodepletion
and protein addition experiments, as well as alteration of the DNA template, which can take
the form of chromatin, plasmid or even simpler structures. For the cell cycle checkpoint field,
this has allowed a level of biochemical analysis difficult to achieve in mammalian cells due to
the essential nature of many proteins involved in checkpoint activation. Furthermore, these
extracts have allowed the assessment of biochemical events reconstituted with purified proteins
in a system that more closely resembles that of a cell.

Here we describe recently developed methods that are useful for the study of checkpoint
activation in Xenopus extracts. Specifically, we outline the preparation of nucleoplasmic
extracts (NPE), which is a relatively new and powerful addition to the repertoire of Xenopus
extracts (15). These extracts have the ability to replicate double-stranded plasmid templates
(15,16), and have proven useful for understanding the connection between DNA replication
and the nature of the DNA damage signal (17). Additionally, we discuss our experience using
ATR-mediated phosphorylation events for studying activation of the checkpoint. Lastly, we
discuss the use of plasmid-based DNA templates for activating ATR, as well as methods for
assessing the replication of these templates in Xenopus extracts.

2. Extract preparation
Four different types of extracts derived from Xenopus eggs have been used for checkpoint
studies. The first type is a low-speed (interphase) extract (LSE). To prepare this type of extract,
eggs are harvested and centrifuged to separate the yolk, pigment, and lipid contents from the
cytoplasm. The result is a cytoplasmic extract containing small amounts of lipids that is
competent for nuclear formation and replication of chromatin (9,10), and arrests in interphase
following completion of replication. A second type of low speed extract, called cytostatic-
factor arrested (CSF) extract, can be used to recapitulate a full cell cycle, including mitosis
(18,19). High speed centrifugation of LSE to remove membrane components produces the third
type of extract, a high-speed extract (HSE) consisting of egg cytosol devoid of all lipid content
(20,21). HSE is capable of single-stranded M13 replication (21) and pre-RC formation (16);
however, it cannot promote firing of origins of replication. The fourth type of extract is a
nucleoplasmic extract (NPE), which is obtained by replicating sperm chromatin in LSE (15).
The nuclei that form upon incubation of sperm chromatin with LSE are isolated and centrifuged
to yield the highly concentrated, membrane-free NPE. Both chromatin and double-stranded
plasmids can be replicated by sequential incubation in HSE followed by NPE (16).

2.1. Preparation of Xenopus interphase (LSE) and cytosolic (HSE) extracts
Xenopus cell-free extracts are obtained from the unfertilized eggs of female Xenopus laevis
frogs. To induce egg production, female frogs are “primed” to lay eggs by injection of pregnant
mare serum gonadotropin (PMSG), followed by an injection of human chorionic gonadotropin
(HCG) several days later to induce the laying of eggs. Harvested eggs are then crushed by
centrifugation and the cytoplasmic layer is isolated for use. For in-depth information on frog
injection and egg collection techniques, we direct the reader to the excellent protocols
previously described by Murray (22), Walter and Newport (23) and Tutter and Walter (24).
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These papers are also excellent references for the preparation of LSE, HSE, NPE and CSF
extract, as well as the preparation of demembranated sperm chromatin from male Xenopus
laevis frogs.

2.1.1. Special considerations for the preparation of HSE—When making LSE in
preparation for HSE, care should be taken to remove only the light brown cytoplasmic layer
while completely avoiding both the yolk and pigment below and the lipids at the top. We have
also found that gently inverting the LSE 60-80 times prior to centrifugation increases the yield
of HSE following ultracentrifugation.

2.2. Preparation of Xenopus nucleoplasmic extract (NPE)
First developed by Walter et al. (15), NPE is a highly concentrated nuclear fraction that can
be used in combination with HSE to replicate both chromatin and double-stranded plasmids.

2.2.1. Special considerations for the preparation of NPE
2.2.1.1. LSE: When making LSE in preparation for NPE, it is helpful to completely remove
the middle cytoplasmic layer until the lipid and pigment layers touch. During this process,
invariably a small amount of the yellow lipid layer is also removed with the cytoplasmic layer.
We find that these extra lipids removed with the cytoplasmic extract aid in nuclear formation
following addition of chromatin.

2.2.1.2. Sperm chromatin: Optimal nuclei formation occurs around 4,000 nuclei/μL of
extract. Typically, this is achieved by adding the appropriate amount of a 250,000 nuclei/μL
chromatin stock to the extract. Unfortunately, the percentage of viable sperm heads (i.e., sperm
that can form good nuclei) varies between preparations. To account for this variability, after a
new chromatin preparation is made, a number of different dilutions of sperm (for example,
3000, 4000, and 5000 nuclei/μL) are tested to find the optimal concentration at which the largest
nuclear layer is obtained. Each dilution of new sperm chromatin is tested in a 4.5 mL batch
against a previously characterized, control sperm preparation at its optimal dilution. Note that
if the volume of sperm to be added is under 100 μL, the sperm should be diluted 1:1 with sperm
dilution buffer prior to addition to the LSE.

2.2.1.3. Nuclear layer: When pipetting the nuclear layer, the viscosity should be such that the
nuclei are somewhat stringy (i.e., when the pipet tip is touched to the surface of the nuclei and
pulled away, a thin string should follow it). We have noticed that these nuclei tend to yield
higher quality NPE than layers that are elastic (i.e., instead of forming a thin string, the nuclei
form a thick clump around the pipet tip when pulled away).

2.2.1.4. Notes on extract volumes: NPE should be prepared from 4.5 mL batches of LSE in
5 mL Falcon tubes. Volumes of extract below 4.5 mL result in smaller nuclear layers that are
difficult to isolate, and volumes greater than 4.5 mL will prevent the cap from snapping onto
the top of the 5 mL tube. Extract that is left over after the individual 4.5 mL batches are prepared
should be used for other experiments or discarded. The expected yield from 18 mL of LSE
(four 4.5 mL tubes) is anywhere from 100-400 μL of NPE, depending on the size of the nuclear
layer.

2.2.2. Materials and reagents
• 10× ELB salt solution: 25 mM MgCl2; 500 mM KCl; 100 mM HEPES-KOH pH 7.7
• 10× MMR: 1 M NaCl, 20 mM KCl, 10 mM MgSO4, 20 mM CaCl2, 1 mM EDTA,

50 mM HEPES-KOH pH 7.8
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• ELB-sucrose: 1× ELB salts containing 250 mM sucrose
• Nocodazole (5 mg/mL in DMSO) Sigma M1404
• Leupeptin (10 mg/mL in dH2O) Chemicon EI8
• Aprotinin (10 mg/mL in dH2O) Sigma A4529
• Dithiothreitol (DTT, 1 M stock in dH2O) Fisher BP172
• Cycloheximide (10 mg/mL in dH2O) Sigma C7698
• Cytochalasin B (10 mg/mL in DMSO) Sigma C6762
• Creatine phosphate (1 M stock in 10 mM KPO4, pH 7) Roche 621-714
• Adenosine triphosphate (0.2 M stock in dH2O, pH adjusted to 7) Roche 519-987
• Creatine kinase (5 mg/mL stock in 10 mM HEPES-KOH pH 7.5, 50% glycerol) Roche

126-969
• Energy mix (for 1 mL extract): 20 μL 1 M creatine phosphate; 10 μL 0.2 M adenosine

triphosphate; 1 μL 5 mg/mL creatine kinase
• Sperm dilution buffer: 1 mM MgCl2; 100 mM KCl; 150 mM sucrose; 5 mM HEPES-

KOH pH 7.7
• Demembranated sperm chromatin (250,000 nuclei/μL), prepared as described in

(22).
• Fix: 0.3 volumes 37% formaldehyde; 0.6 volumes 80% glycerol; 0.1 volumes 10×

MMR; 2 μg/mL DAPI
• 14 mL polypropylene Falcon tubes
• 5 mL polypropylene Falcon tubes
• Polycarbonate ultracentrifuge tubes, 7×20 mm (Beckman 343775)
• 17×100 mm tube adaptors (Fisher 05-566-50A) for 14 mL Falcon tubes
• 13×100 mm tube adaptors (Sorvall 00366) for 5 mL Falcon tubes
• Delrin adaptors (Beckman 358615) for 7×20 mm ultracentrifuge tubes
• 200 μL wide bore pipet tips
• Fluorescent microscope (with 385-400 nm excitation filter for viewing DAPI-stained

nuclei)
• Refrigerated centrifuge (Beckman JS13.1 rotor)
• Ultracentrifuge (Beckman TLS-55 rotor)

2.2.3. Preparation of NPE—Prime and induce 16-20 frogs and prepare LSE according to
Walter et al. (23). On average, approximately 1-2 mL of LSE can be obtained from a single
frog, and ideally at least 18 mL of LSE (four 4.5 mL tubes) should be used for each NPE
preparation. Immediately after removing LSE from the tube after the crushing step, add
cycloheximide (1:200), protease inhibitors (leupeptin and aprotinin, 1:1000), DTT (1:1000),
and cytochalasin B (1:2000) and invert gently 40X. After mixing, add nocodazole (1:1500)
and again gently invert 40X. Transfer the extract into 14 mL Falcon tubes (using multiple tubes
if necessary) and spin in 17×100 mm adaptors at 16,000×g for 10 minutes at 4°C in a pre-
cooled JS13.1 rotor to clarify the extract. Following the spin, aspirate off the top yellow lipid
layer as well as any black residue along the side of the tube and pour the clarified LSE into a
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new 14 mL Falcon tube on ice, making sure to avoid transferring any of the black material at
the bottom of the tube. Dilute the clarified extract 9% with room temperature ELB-sucrose and
invert 20X. Make energy mix fresh (31 μL for each mL of clarified extract), add to the extract,
invert 20X and let the extract warm to room temperature.

While the extract is warming, thaw an appropriate amount of demembranated sperm chromatin
to give an approximate final concentration of 4,000 nuclei/μL. Slowly pipet each aliquot of
chromatin to ensure that the sperm is fully resuspended, then pool the aliquots into one tube
and gently mix by pipetting. Dilute the sperm chromatin 1:1 with sperm dilution buffer if
necessary, and aliquot the pooled, diluted sperm into 1.7 mL eppendorf tubes (one tube for
each 4.5 mL batch of LSE). Add 1 mL of the energized extract to the sperm and slowly pipet
15X, then add the extract-sperm mixture to a 5 mL Falcon tube already containing 3.5 mL of
the energized extract. Cap and invert the tube 30X to mix the extract. Incubate the extract at
room temperature for 100 minutes or until replication of chromatin is complete, inverting once
every 15 minutes. Nuclei formation and replication can be monitored by adding 1 μL of the
extract to 1 μL of fix and observing the DAPI-stained chromatin. Demembranated sperm
initially appears as a thin blue curve, which then becomes fatter and elongated after chromatin
decondensation. After nuclei formation (the nuclear envelope can seen using phase-contrast
microscopy), the chromatin staining becomes hazy and mesh-like in appearance, and then
recondenses to a solid blue mass upon completion of replication. The exact time to finish
replication may vary slightly based on the extract or sperm chromatin, therefore incubation
times may need to be adjusted. Replication should be complete before proceeding further in
order to maximize the size of the nuclear layer.

After the incubation, tubes are spun in 13×100 mm adaptors at 16,000×g for 2 minutes at 4°C
in a pre-cooled JS13.1 rotor. 1 mL of water should be added to the bottom of the adaptors to
cushion the tube. At this point, the nuclei will form a thin, opaque white layer at the top of the
tube. There is also a dark brown plug of extract below the nuclear layer. Tubes should be kept
on ice following this spin. Using a wide bore 200 μL pipet tip, carefully pipet the nuclei into
a 7×20 mm polycarbonate tube. The pipet tip should be touched just to the surface of the layer
and approximately 20 μL of nuclei at a time should be drawn up slowly while rotating the tube.
Avoid disturbing the lower plug, which can cause the LSE below to leak into and dilute the
nuclear layer. Transfer the nuclei into a 7×20 mm ultracentrifuge tube. Place tubes in 7×20
mm Delrin adaptors and centrifuge the isolated nuclei at 55,000 rpm for 30 minutes at 2 °C in
a pre-cooled TLS-55 rotor. Following the spin, there should be a tan pellet at the bottom, a
clear middle layer (NPE) bracketed by hazy layers, and a thin white film on the top. Carefully
aspirate off the film without taking the NPE below and pipet out the clear layer. NPE should
be pooled if multiple tubes were spun. The hazy fractions can also be taken and kept as a
separate batch; however, this NPE is typically less robust than the clear fraction. The NPE is
mixed to ensure uniformity, divided into 10 μL aliquots, snap frozen in liquid nitrogen, and
stored at −80°C.

2.3. Using geminin to inhibit replication in extracts
Recombinant Xenopus geminin can be used to efficiently inhibit DNA replication in
Xenopus extracts (5,17,25,26). For LSE, pre-incubate the extract with 250 nM geminin for 10
minutes at room temperature before beginning the experiment. For NPE experiments, pre-
incubate HSE with 250 nM geminin for 10 minutes at room temperature before addition of
DNA. Make sure to test the ability of the recombinant geminin to inhibit DNA replication by
gel electrophoresis (see section 5).
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3. Detection of phosphorylated checkpoint proteins in Xenopus extracts
DNA damage causes the recruitment of a number of checkpoint proteins to the site of damage,
which in turn leads to assembly of the ATR kinase signaling complex (4). Once activated, ATR
phosphorylates a number of proteins in order to regulate the cellular response to DNA damage
(3). In order to investigate ATR activation, methods to assay the phosphorylation state of ATR
targets have been developed.

3.1. ATR-mediated phosphorylation of Chk1
After genotoxic stress, ATR phosphorylates and activates its downstream effector kinase, Chk1
(27-30). Active Chk1 then phosphorylates and inactivates the Cdc25 phosphatase, leading to
Cdc2 inhibition and interphase arrest [reviewed in (31)]. Because of the importance of ATR-
mediated Chk1 activation in damage-induced cell cycle arrest, Chk1 phosphorylation has
become a principal readout of ATR activity. In humans, Chk1 has been shown to be
phosphorylated on two sites by ATR, S317 and S345, and phosphorylation of these sites has
been shown to regulate Chk1 activation (29,30). In Xenopus, only phosphorylation of the latter
site (S344 in Xenopus Chk1) has been observed (17,32,33), although a uncharacterized TQ site
at residue 314 in Xenopus Chk1 aligns with S317 in human Chk1.

3.1.1. Inducing Chk1 phosphorylation in Xenopus extracts—Chk1 phosphorylation
can be induced in Xenopus extracts by many types of DNA damage, including ultraviolet (UV)
irradiation, methylmethanesulfonate (MMS), and 4-nitroquinoline-1-oxide (4-NQO), as well
as by the DNA polymerase inhibitor aphidicolin [(5,34) and unpublished data]. For UV
damage, the sperm or plasmid is aliquoted onto parafilm and treated with >250 J/m2 UV in a
Stratalinker. For MMS treatment, MMS is added to a stock solution of sperm chromatin
(∼250,000/μL) at 1% and incubated at room temperature for 30 minutes. Sperm chromatin is
then diluted for use in extract 50-100 fold (2500-5000 nuclei/μL), a dilution at which MMS
does not affect the ability of the extract to form nuclei. 4-NQO is dissolved in DMSO (50 mM
stock) and added directly to the extract at a concentration of 500 μM. Aphidicolin is diluted in
DMSO (30 mM stock) and added to the extract at 15-150 μM. Stock solutions of aphidicolin
should be divided into one-time use aliquots, as we have seen loss of activity upon multiple
freeze-thaw cycles.

3.1.2. Phospho-specific antibody detection of endogenous Chk1—The most
common method for assaying Chk1 phosphorylation is with a phospho-specific antibody raised
against the ATR phosphorylation site S345 (Cell Signaling Technology Cat. # 2341, Figure
1A and 2). This antibody is raised against the human epitope, but works quite well for
Xenopus Chk1 that is phosphorylated at S344. To visualize phosphorylated Chk1, run an 8%
gel and follow the manufacturer's instructions closely for the western blotting procedure. As
a loading control, total Chk1 levels can be analyzed with a commercially available Chk1
antibody (Santa Cruz Biotechnology Cat. # SC-8408).

3.1.3. Using a Chk1 fragment for assaying ATR activity—In lieu of a phospho-specific
antibody for Chk1, an in vitro-translated, 35S-labeled Chk1 fragment can be added to a
Xenopus extract to assess the activity of ATR. This 218-amino acid C-terminal fragment (amino
acids 258-473), originally identified by Michael et al. (25), undergoes a significant
phosphorylation-induced mobility shift on SDS-PAGE in response to DNA damage. To use
this assay, in vitro translate this fragment in the presence of 35S-methionine using a rabbit
reticulocyte lysate system (TnT, Promega) and add 1 volume of 35S-labeled Chk1 to 20
volumes of extract. After the experiment is complete, it is necessary to isolate the nuclei from
the extract to enrich for the phosphorylated form of the Chk1 fragment. To isolate nuclei from
LSE, follow the first several steps of the protocol for chromatin isolation in Section 3.3.1.2.
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After spinning the LSE through the first ELB-sucrose cushion, aspirate the ELB-sucrose and
resuspend the nuclei-enriched brown pellet in 1 mL ELB-sucrose and spin again at 5000×g for
two minutes. Aspirate the ELB-sucrose and resuspend and boil the nuclear pellet in 40 μL
sample buffer. Phosphorylation of the Chk1 fragment is analyzed by running 10 μL of the
sample on an 8% SDS-PAGE gel and visualized by autoradiography.

3.1.4. Considerations for phospho-Chk1 assays—It is important to note that in LSE,
good nuclei formation is necessary for robust Chk1 phosphorylation. Additionally, Chk1
phosphorylation in response to non-chromatin templates is difficult to assay in LSE or HSE,
presumably due to the presence of cytoplasmic phosphatase activities. The phosphatase
inhibitor tautomycin has been used with some success to help enrich the phosphorylated
fraction of Chk1 (33). Alternatively, Chk1 phosphorylation can be induced by small DNA
templates or plasmids in the NPE system (Figure 1A and 2) (17,35).

3.2. Phosphorylation of the Rad9-Hus1-Rad1 (RHR) complex
Phosphorylation of all three subunits of the Xenopus RHR complex occurs in response to DNA
damage in Xenopus extracts, and these phosphorylation events can be monitored by the
analyzing electrophoretic mobility shift in each protein on an SDS-PAGE gel (Figure 1B)
(35, 36).

3.2.1. Phospho-specific antibody detection of Rad1—Rad1 is robustly
phosphorylated in an ATR-dependent manner on T5 in response to DNA damage, and phospho-
specific antibodies against this residue have been generated (Figure 1C). Phosphorylation of
this residue is dependent on ATR activation and the TopBP1 protein, yet it is independent of
both Claspin and the carboxy-terminal region of Rad9 (35). Phosphorylation of Chk1 on S345
requires all of these proteins (17, 35), indicating that the requirements for Rad1 T5
phosphorylation are distinct for those for Chk1 S345 phosphorylation. Therefore
phosphorylation of Rad1 on T5 can be used as a complementary readout for ATR activation.

3.2.2. Monitoring the phosphorylation state of 35S-labeled RHR complex—In lieu
of antibodies capable of western detection of the three RHR complex subunits, in vitro-
translated, 35S-labeled RHR complex can be added as a tracer to the extract and be used to
assess phosphorylation induced by DNA damage (35). In order to prepare the 35S-labeled RHR
complexes, each subunit is in vitro translated individually, mixed in a 1:1:1 ratio and incubated
for 30 minutes to assemble the heterotrimeric complex. The assembled RHR complex is then
added to the extract at 5-10% by volume.

Importantly, Rad1 and Hus1 are of almost identical size (31 kD) so only one of those two
subunits can be 35S-labeled at a time. Rad9 runs at approximately 45-55 kD and does not
interfere with assessment of Rad1 or Hus1 phosphorylation by SDS-PAGE. The
phosphorylation state of the radiolableled RHR complex subunits is best visualized on a 10%
gel followed by autoradiography.

3.3. Isolating chromatin-bound checkpoint proteins from LSE and NPE
One of the more powerful tools developed in the Xenopus extract system has been a
straightforward and reproducible assay for the isolation of chromatin-associated proteins. This
simple assay has been very useful for understanding binding requirements for replication and
checkpoint proteins, and has led to the development of a number of models for how these
processes work (5,16,25,27,32).

3.3.1 Isolating chromatin from LSE
• 10X ELB salt solution: 25 mM MgCl2; 500 mM KCl; 100 mM HEPES-KOH pH 7.7
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• ELB-sucrose cushion: 1X ELB salts containing 0.8 M sucrose
• Chromatin extraction buffer (CEB): 50 mM HEPES-KOH pH 7.7; 50 mM KCl; 5

mM MgCl2; 5 mM EGTA; 0.1% NP-40; 500 μM spermidine; 150 μM spermine;
0.057% β-mercaptoethanol

• Spermine (0.5 M stock in dH2O) Sigma S2876
• Spermidine (1 M stock in dH2O) Sigma S2626
• Swinging bucket microfuge (capable of 11,700×g, similar to Eppendorf 5417C)
• 1.7 mL eppendorf tubes
• Sample buffer

3.3.1.2. Procedure for isolation of chromatin from LSE: To isolate sperm chromatin from
LSE, it is generally preferable to work with a minimum of 50 μL extract containing >4000
sperm/μL. This ensures a robust isolation of chromatin-bound proteins. After the experiment
is completed, the extract is carefully layered on top of a 1 mL cushion of room temperature
ELB-sucrose in a 1.7 mL eppendorf tube. The extract will sit on top of the dense sucrose-
containing ELB. The extract is then centrifuged through the sucrose cushion at 5000×g in the
swinging bucket microfuge for 2 minutes. In order to get the best nuclear enrichment, care
should be taken not to disturb the layer of extract on top of the cushion while moving the tubes
to the centrifuge. This step isolates the nuclei from the cytoplasmic fraction of the extract. After
centrifugation, a loose pellet of tan nuclei should be visible at the bottom of the tube. Aspirate
the ELB-sucrose from the top of the nuclei, being careful not to get too close to the pellet (leave
∼50 μL of liquid above the pellet).

At this point, it is necessary to lyse the nuclei and extract the chromatin with a detergent and
poly-amine containing buffer. Add 250 μL CEB and mix by pipet action 10-15 times. Incubate
on ice for 15 minutes. After the incubation with CEB, slowly pipet the CEB-chromatin mix on
top of another 1 mL ELB-sucrose cushion in an eppendorf tube. The CEB-chromatin mix will
layer on top of the dense sucrose-containing ELB. Again, it is important not to disturb the layer
at this point in order to get maximum enrichment of chromatin-bound versus nuclear proteins.
Spin the tubes at 11,700×g for 2 minutes in the swinging bucket microfuge. The chromatin
will form a near-invisible pellet at the bottom of the tube. Carefully aspirate the ELB-sucrose
supernatant leaving 10-20 μL in the tube, add 30 μL of sample buffer, and boil for 5-10 minutes.
If the isolation worked, there will be a significant amount of chromatin in the pellet. The
presence of chromatin will make the sample buffer extremely viscous, and necessitates
shearing of the chromatin with a pipet or syringe.

3.3.2. Isolating chromatin from NPE
• 10X ELB salt solution: 25 mM MgCl2; 500 mM KCl; 100 mM HEPES-KOH pH 7.7
• NPE resuspension buffer: 1X ELB salts containing 0.25 M sucrose and 0.2% Triton

X-100
• ELB-sucrose cushion: 1X ELB salts containing 0.5 M sucrose
• ELB-sucrose wash buffer: 1X ELB salts containing 0.25 M sucrose
• Beckman microfuge B (horizontal rotor, 11,000 RPM fixed-speed)
• 1.7 mL eppendorf tubes
• 2X Sample buffer
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3.3.2.2. Procedure for isolation of chromatin from NPE: To isolate chromatin from NPE,
a 10 μL reaction containing >4000 nuclei/μL is sufficient. Begin by resuspending the 10 μL
NPE reaction in 60 μL cold NPE resuspension buffer. Slowly pipet the resupended NPE on
top of a 180 μL cushion of ELB-0.5 M sucrose in a 1.7 mL eppendorf tube. The diluted NPE
will layer on top of the more dense ELB-0.5 M sucrose. Gently place the eppendorf tubes in
the horizontal rotor of the microfuge and spin the tubes for 30 seconds at the fixed speed of
11,000 RPM. The chromatin will form a near-invisible pellet at the bottom of the tube. Aspirate
the supernatant down to ∼1 μL, and add 200 μL of cold ELB wash buffer. Spin the tubes again
at 11,000 RPM for 30 seconds. Aspirate the wash buffer down to ∼1 μL and add 10-20 μL of
2X sample buffer. Boil the samples for 5-10 minutes and, if necessary, shear the DNA in the
samples with a pipet or syringe before loading on an SDS-PAGE gel.

3.3.3. Considerations for analyzing chromatin-bound proteins—It is difficult to
keep the volume of individual chromatin isolation reactions constant, therefore we generally
load the entire sample in order to ensure even loading between samples. For a loading control,
a member of the ORC complex (Orc1-6) is commonly used. The levels of the DNA binding
protein RPA and many checkpoint proteins are generally increased after genotoxic stress (5,
32,36), and therefore are not good readouts for visualizing the amount of chromatin loaded.

4. Plasmid-based methods for activating ATR in Xenopus extracts
4.1. Using a gapped plasmid structure to activate ATR

Activation of ATR in Xenopus extracts using the simple DNA structure poly dA(70)/poly
dT(70) was first described by Kumagai and Dunphy (33). Later, Costanzo et al. (37) showed
that sperm chromatin treated with exonuclease III (exoIII) could also activate the ATR-
mediated checkpoint. Merging these two findings, we found that exoIII treatment of a nicked
plasmid activates ATR in a number of types of extract, including LSE, HSE, and NPE. We
have found the exoIII-treated plasmid to be the most robust method for inducing RHR complex
phosphorylation (35).

4.1.1. Preparation of exoIII-treated DNA
• 0.5 mL 5-6 kB plasmid (e.g. pEGFP) at 1 mg/mL
• Phenol/chloroform/isoamyl alcohol (25:24:1)
• 100% Ethanol
• 3 M Sodium Acetate pH 5.2
• Exonuclease III (NEB M0206)
• NEB Buffer 1 (10 mM Bis Tris Propane-HCl; 10 mM MgCl2; 1 mM DTT; pH 7.0)
• 37°C water bath

4.1.1.2. Procedure: A 5-6 kB plasmid (e.g. pEGFP) at a concentration of 1 mg/mL is first
phenol/chloroform extracted to strip all bacterial DNA binding proteins then ethanol
precipitated to remove all traces of phenol. The plasmid is re-dissolved in the original volume
of dH2O, then snap frozen and thawed ten times to create nicks in the DNA. 1 μg of this plasmid
is then treated with 5-10 U exoIII in 20 μL Buffer 1 for two minutes at 37°. The plasmid is
kept on ice, and should be used within several hours. To ensure that the exoIII has not
completely degraded the plasmid, an aliquot is run on an 0.8% agarose gel containing ethidium
bromide to visualize the DNA (Figure 1D). The plasmid band should be fuzzy, indicating a
heterogenous population of single- and double-stranded DNA structures.
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4.1.2. Using an exoIII-treated plasmid to activate the checkpoint—ExoIII-treated
DNA will activate ATR in several types of Xenopus extracts, including LSE, HSE, and NPE
(35,37). Energy mix, 2 mM DTT, and 20 μM nocodazole (see Section 2.2.2) are added to the
extract prior to addition of the DNA. ExoIII-treated DNA is an extremely efficient activator
of ATR, and incubation of 500 pg DNA/μL extract for 15-30 minutes will induce Chk1
phosphorylation in NPE or RHR complex phosphorylation in LSE, HSE, or NPE.

4.2. Using a double-stranded plasmid to activate the checkpoint in NPE
One of the major advantages of the HSE/NPE system is the ability to replicate double-stranded
plasmids, shown by Walter et al. (15). Addition of a double-stranded plasmid into HSE leads
to formation of a pre-replication complex on the plasmid, which is followed by single round
of semi-conservative replication after subsequent addition of NPE (15,16). Our lab has used
this system to monitor activation of ATR in response to varying types of replication stress and
damaging agents, including aphidicolin and UV irradiation (17). Use of a plasmid in the NPE
system also allows us to study structural intermediates that occur during replication and
checkpoint activation through gel electrophoresis (see section 5).

4.2.1. Considerations for plasmid-induced checkpoint activation in NPE
4.2.1.1. Concentrations: Typical plasmid concentrations used in replication experiments are
1-10 ng/μL, but as much as 50 ng/μL can be replicated successfully. For checkpoint activation,
at least 10 ng/μL should be used. If plasmids are stored in TE, MgCl2 is added to a final
concentration of 20 mM prior to addition into extract.

4.2.1.2. Radiolabeling: In order to monitor replication, trace amounts of α32P-dCTP (0.1 μCi/
μL HSE) can be added to HSE prior to addition of the plasmid. Incorporation can be monitored
by gel electrophoresis and autoradiography (see section 5).

4.2.1.3. UV and aphidicolin treatment: UV and aphidicolin dosages used to activate Chk1
phosphorylation are typically 250-1500 J/m2 and 15-150 μM, respectively (Figure 2) (17). If
necessary, dilute aphidicolin in PIPES buffer prior to use. It should be noted that high
concentrations of aphidicolin (>300 μM) have been shown to prevent Chk1 phosphorylation
by inhibiting the polymerase activity of DNA Polymerase α, thereby preventing loading of the
RHR complex (17).

4.2.1.4. HSE and NPE dilution: Reagents can be added to HSE or NPE up to 30% of the
starting volume without loss of activity.

4.2.2. Materials and reagents
• Creatine phosphate (1 M stock in 10 mM KPO4, pH 7) Roche 621-714
• Adenosine triphosphate (0.2 M stock in dH2O, pH adjusted to 7) Roche 519-987
• Creatine kinase (5 mg/mL stock in 10 mM HEPES-KOH pH 7.5, 50% glycerol) Roche

126-969
• Energy mix (for 1 mL extract): 20 μL 1 M creatine phosphate; 10 μL 0.2 M adenosine

triphosphate; 1 μL 5 mg/mL creatine kinase
• Nocodazole (0.5 mg/mL in DMSO) Sigma M1404
• 10 mM PIPES, pH 7.4
• Aphidicolin (30 mM in DMSO) Sigma A0781
• α32P-dCTP (1 μCi/μL, 3000 Ci/mmol)
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• UV Stratalinker (Stratagene)
• Replication stop buffer: 0.5% SDS; 20 mM EDTA pH 8.0
• Proteinase K (10 mg/mL in water) Sigma P6556
• DNA loading buffer with bromophenol blue
• SDS-PAGE loading buffer

4.2.3. Procedure—Quickly thaw aliquots of HSE and NPE and put on ice. To HSE, add 0.31
μL energy mix (made fresh) and 0.133 μL nocodazole per 10 μL extract and pipet to mix. If
the replicating plasmid is to be radiolabeled, add α32P-dCTP to a final concentration of 0.1
μCi/μL HSE. Add plasmid to the HSE, pipet to mix, and incubate at room temperature. If UV
irradiation is being used, the plasmid must be irradiated prior to addition to the extract (see
3.1.1 for procedure). For aphidicolin treatment, add the desired concentration to the HSE 15
minutes after addition of the plasmid and pipet to mix. Add an equal volume of energized NPE
to the HSE/plasmid reaction 30 minutes after plasmid addition and pipet to mix. NPE should
be energized (0.31 μL energy mix per 10 μL NPE) 5 minutes before addition and warmed to
room temperature. For faster replication, up to 2 volumes of NPE can be added to HSE (15).
Samples can then be taken at various time points, added to SDS loading buffer and boiled, and
then run on SDS-PAGE gels and analyzed for Chk1 phosphorylation by western blotting.

5. Monitoring DNA replication in Xenopus extracts
Agarose gel electrophoresis offers a simple method to track plasmid replication as well as
observe structural intermediates during replication and checkpoint activation. Native gel
electrophoresis is commonly used to track plasmid or chromatin replication either visually
(through staining with dyes such as ethidium bromide or SybrGold) or quantitatively (by
measuring incorporation of radionucleotides) (5,16,17). However, native gels yield a limited
amount of structural information and therefore alkaline denaturing gels and chloroquine gels
are also useful for plasmid and chromatin analysis. Alkaline gels denature the DNA sample
and can be used to analyze single-stranded intermediates formed during replication (38-40).
Agarose gels containing chloroquine, an intercalating agent, have been previously utilized in
studying plasmid unwinding at replication forks during checkpoint activation (16,17).

5.1. Use of native agarose gels to analyze replication products
5.1.1. Materials and reagents

• Agarose
• 50× TAE: 2 M Tris; 50 mM EDTA pH 8.0; 5.7% (v/v) glacial acetic acid
• Replication stop buffer: 0.5% SDS; 20 mM EDTA pH 8.0
• Proteinase K (10 mg/mL in water) Sigma P6556
• Phenol/chloroform/isoamyl alcohol (25:24:1)
• 100% Ethanol
• 3 M Sodium Acetate pH 5.2
• DNA loading buffer with bromophenol blue
• SybrGold (Invitrogen S-11494)
• Vacuum pump and gel dryer
• Phosphorimager and Phosphorimager screen
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5.1.2. Sample preparation—Typical plasmid concentrations used in replication
experiments are 1-10 ng/μL extract. Typical chromatin concentrations used are 4000 nuclei/
μL extract. Samples containing sperm chromatin or plasmids are first treated with a minimum
of one volume of replication stop buffer. This is followed by treatment of the extract with 500
μg/mL of proteinase K at 37°C for >30 minutes. At this point, DNA loading buffer can be
added and the samples can be electrophoresed, or alternatively they can be phenol/chloroform
extracted, ethanol precipitated, and dried in a speed vac in order to isolate the DNA and reduce
the volume.

5.1.3. Native gel procedure—Add 0.8% agarose (w/v) to 1× TAE, and heat until TAE is
boiling and agarose is fully dissolved. Cool for 10-15 minutes and then pour into a gel casting
set-up. Allow the agarose to solidify. Load samples (>2 ng DNA or 1×104 nuclei) and run at
100-140 V in 1× TAE (approximately 30 minutes for a 7.5 cm gel and 90 minutes for a 13 cm
gel). Upon completion, the gel can be stained by incubating in 1× TAE containing SybrGold
(1:1000 dilution) for 30-60 minutes on an orbital shaker. The gel should be covered with foil
during incubation due to the light sensitivity of the SybrGold dye. Overnight incubations can
also be done for increased sensitivity. When running radiolabeled samples, the area of the gel
below the leading dye front should be cut off to prevent background from unincorporated
radionucleotides. The gel can then be dried down onto filter paper using a gel dryer and vacuum
pump and exposed to a phosphorimager screen for quantification.

5.2. Use of alkaline gel conditions to analyze replication products
DNA samples can be denatured under alkaline conditions and analyzed using alkaline gel
electrophoresis. This method has been useful for monitoring nascent replicating strands of
DNA normally complexed with the parental DNA in Xenopus extracts (38-40). These nascent
DNA strands are seen as a broad band that moves up in molecular weight as replication
progresses.

5.2.1 Materials and Reagents
• Agarose
• 10 M NaOH stock
• 0.5 M EDTA pH 8.0 stock
• Alkaline Running Buffer (1X): 30mM NaOH; 1mM EDTA
• Alkaline Gel Loading Buffer (5X): 250mM NaOH; 5mM EDTA; 2.5% Ficoll-400,

0.025% bromocreosol green
• Trichloroacetic acid

5.2.2. Sample preparation—See 5.1.2. for information on sample preparation. It is
important to note that samples prepared for alkaline gel electrophoresis require phenol/
chloroform extraction and ethanol precipitation, followed by resuspension in alkaline gel
loading buffer.

5.2.3. Alkaline gel procedure—Make a 1% agarose-dH2O solution and boil to dissolve
the agarose. When the melted agarose solution cools to approximately 55°C, add 10 M NaOH
stock to 50 mM and 0.5 M EDTA stock to 1 mM. Pour gel and let solidify. After the gel
solidifies, add running buffer to the gel running unit and load samples (>2 ng plasmid or
1×104 nuclei) that have been resuspended in 1X loading buffer. Run the gel at 110 volts until
the dye front runs three-quarters the length of the gel. Fix the gel in 7% trichloroacetic acid for
30 minutes, dry gel and visualize by autoradiography.
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5.3. Use of chloroquine gels to analyze replication products
During checkpoint activation with replication inhibitors such as UV irradiation or aphidicolin,
the MCM helicase functionally uncouples from the polymerase and continues to unwind the
plasmid template DNA (16,17,41). Upon digestion and extraction of bound proteins, the
plasmid strands reanneal and the now hyperunwound plasmid takes on a high degree of negative
supercoiling. This unwound plasmid form, known as U-form, can be detected using an agarose
gel containing chloroquine. On agarose gels, supercoiled plasmids run with a higher mobility
than normal plasmids. Chloroquine is an intercalating agent that unwinds DNA and causes
compensatory positive supercoiling, which causes a negatively supercoiled plasmid to exhibit
a decrease in mobility. However, U-form plasmids, being hyperunwound, still retain a high
degree of negative supercoiling and continue to run as a high mobility band, which is then
distinguishable from normal replicating plasmid forms that have been retarded due to
chloroquine (Figure 2). For further information on U-form mobility and appearance and
protocols on U-form detection, we direct the reader to several papers in the primary literature
(16,17,24,41).

5.3.1. Considerations for chloroquine gels
5.3.1.1. Chloroquine: The concentration of chloroquine can be adjusted depending on the type
of resolution desired (16). Chloroquine should be made fresh prior to use.

5.3.2. Materials and reagents
• Agarose
• 10× TBE: 0.89 M Tris, 0.89 M Borate, 0.02 M EDTA pH 8
• Chloroquine, 100 mM in water (Sigma C6628)
• DNA loading buffer with bromophenol blue
• Ribonuclease A (Qiagen 19101)

5.3.3. Sample preparation—See 5.1.2. for information on sample preparation. As with
alkaline gels, samples require phenol/chloroform extraction (pipet to mix, do not vortex) and
ethanol precipitation followed by resuspension in DNA loading buffer containing 100 ng/mL
ribonuclease A.

5.3.4. Chloroquine gel procedure—Add 0.8% agarose (w/v) to 100 mL 1× TBE and heat
until TBE boils and agarose is fully dissolved. Cool until TBE is warm to touch, then add
chloroquine to a final concentration of 4 μM. Swirl to mix and then pour into a 12×14 mm gel
tray. Allow gel to solidify for 2-3 hours. Load samples (20-30 ng) and run at 100 V in 1× TBE
containing 4 μM chloroquine until the bromophenol blue dye front runs off (∼3.5 hrs). The gel
can be stained with SybrGold and dried down for quantification as detailed in Section 5.1.3.

6. Concluding Remarks
The essential nature of many proteins involved in checkpoint signaling have made it difficult
to study certain aspects of these pathways in intact cellular systems. Xenopus egg extracts
provide a cell-free system that can recapitulate many of the events that take place in the
nucleoplasm. The in vitro nature of this system allows for extensive manipulation of protein
and DNA content, yet the checkpoint pathways can be completely reconstituted in a manner
not possible with recombinant in vitro systems. These advantages guarantee that the
Xenopus model system will continue to provide powerful methods for studying DNA damage
checkpoint signaling in higher eukaryotes.
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Figure 1.
Exonuclease III-treated plasmid DNA can induce phosphorylation of checkpoint proteins. (A)
ExoIII-treated DNA induces Chk1 phosphorylation at S344. Mock- or exoIII-treated plasmid
(2.5 ng) was incubated with 5 μL Xenopus NPE for 30 minutes. 1 μL of each sample was run
on an 8% SDS-PAGE gel and analyzed for phospho-Chk1 (P-S344) and total Chk1 by
immunoblotting. (B) ExoIII-treated DNA induces RHR complex phosphorylation. ExoIII-
treated plasmid DNA (5 ng) was incubated in 10 μL HSE for 30 minutes. 1 μL in vitro translated
RHR complex (35S-Rad9, 35S-Hus1, cold Rad1) was added to the extract prior to plasmid
addition to trace Rad9 and Hus1 phosphorylation. 1 μL extract was run out on a 10% SDS-
PAGE gel. Rad9 and Hus1 were visualized by autoradiography, and Rad1 was analyzed by
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immunoblotting with anti-Rad1 antibodies. (C) Rad1 is phosphorylated on T5. ExoIII-treated
plasmid DNA (2.5 ng) was incubated in 5 μL HSE for 30 minutes. To inhibit ATR activity, 5
mM caffeine was added to the extract prior to the addition of the plasmid. Rad1 was analyzed
by immunoblotting with anti-Rad1 and anti-P-T5 phospho-specific antibodies. (D) ExoIII
treatment of a nicked plasmid creates a heterogenous set of structures. Plasmid DNA (pEYFP)
containing nicks was mock-treated or treated with 100 U exonuclease III for 2′ at 37 degrees.
The mock- and exoIII-treated plasmid was electrophoresed along with an equivalent amount
of single-stranded M13 DNA on an 0.8% agarose gel and stained with ethidium bromide.
[Figures 1A and 1C reprinted with permission from Molecular Biology of the Cell, copyright
2006.]
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Figure 2.
Aphidicolin induces hyperunwinding of plasmid DNA and Chk1 phosphorylation. Plasmid
DNA was incubated in HSE for 30 minutes, and then transferred to an equal volume of NPE
in the presence or absence of aphidicolin (final concentration 15 μM). 1 μL of each sample
was analyzed for phospho-Chk1 (S344) or total Chk1 by immunoblotting at the indicated times
(bottom panels). Replication was analyzed in parallel by incorporation of [α32P]-dCTP into
plasmid DNA. DNA samples were analyzed via chloroquine agarose gel electrophoresis
followed by SybrGold staining (top panel) and autoradiography (middle panel). [Reprinted
with permission from Genes and Development, copyright April 15th, 2005.]
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