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Abstract
The earliest stages of animal development occur without the benefit of zygotic transcription. The
absence of transcription necessitates that all changes in the levels of specific proteins must be
controlled by post-transcriptional mechanisms, such as the regulated translation of stored maternal
mRNAs. One of the major challenges to investigating translational mechanisms is the availability of
reliable methods for assaying the translational state of specific mRNAs. The most definitive assay
of an mRNA's translational state is polyribosome association; mRNAs actively translated are engaged
with polyribosomes while mRNAs translationally repressed are not. While linear gradient
centrifugation is commonly used to purify polyribosomes from a wide variety of cell types in different
organisms, the isolation of polyribosomes from Xenopus oocytes, eggs and embryos presents some
unique challenges. Here we detail the methodology for the isolation and analysis of polyribosomes
from Xenopus oocytes, eggs and embryos using step gradient centrifugation. We present detailed
protocols, describe the critical controls and provide several examples to guide the interpretation of
experimental results regarding the translational state of specific mRNAs.
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1. Introduction
The earliest stages of animal development occur in the absence of zygotic transcription (1-4).
These circumstances necessitate that all changes in the levels of specific proteins must be
controlled by post-transcriptional mechanisms, such as the regulated translation of stored
maternal mRNAs. For example, in the oocytes of frogs, mice and marine invertebrates, mRNAs
encoding the c-mos and cyclin proteins are translationally repressed. During oocyte maturation
the translation of these mRNAs is activated and the synthesis of the c-mos and cyclin proteins
drives the completion of meiotic maturation (5-8).
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Many cell fate decisions in vertebrate embryos are initiated during the post-transcriptional
phase of development and are subject to translational control (1,9). Embryonic cells with
different fates accumulate unique maternal proteins, referred to as maternal determinants.
These determinants activate specific signaling pathways that in turn ultimately activate specific
sets of zygotic genes. For example, translation of the maternal mRNA encoding the Xenopus
Wnt11 protein is activated in the embryonic cells that will direct the formation of Spemann's
organizer. Blocking the translation of the Wnt11 mRNA disrupts Wnt signaling and embryos
develop abnormally due to defects in organizer formation and function (10-12). Together these
and other examples demonstrate that the regulated translation of maternal mRNAs is important
for promoting oocyte maturation, driving the embryonic cell divisions and modulating cell fate
decisions in all metazoan organisms (13-17).

Polyribosome isolation and analysis
One of the major challenges to investigating translational mechanisms is the availability of
reliable methods for assaying the translational state of specific mRNAs. The most definitive
assay of an mRNA's translational state is polyribosome association; mRNAs actively translated
are engaged with polyribosomes while mRNAs translationally repressed are not. The
traditional assay used to monitor mRNA translation and polyribosome association involves
fractionating cell lysates on a linear sucrose gradient (18-22). The resulting gradient fractions
are analyzed to reveal the presence of the characteristic repeating UV absorption peaks
corresponding to polyribosomes of varying sizes that migrate at the bottom of the gradient.
The individual polyribosome and non-polyribosome fractions are analyzed to determine the
presence of specific mRNAs and reveal their translational activity.

Xenopus polyribosomes
While linear gradient centrifugation is commonly used to purify polyribosomes from a wide
variety of cell types in different organisms the isolation of polyribosomes from Xenopus
oocytes, eggs and embryos presents some unique challenges. First, oocytes, eggs and embryos
contain large quantities of carbohydrates, membranes and yolk proteins (23). The presence of
these potentially interfering components must be considered when generating and using
extracts for polyribosome isolation. For example, the detergents that disrupt membranes are a
critical component of the buffers used for the preparation of extracts from Xenopus. Otherwise,
if the membranes were left intact they could potentially interfere with gradient fractionation.
Second, the polyribosome content of Xenopus oocytes, eggs and embryos is quite low
compared to tadpole stage embryos or other cell types (24). Consequently, the fractions from
linear gradient analysis of extracts from these sources lack the series of peaks that typically
indicate the presence of polyribosomes. This paucity of polyribosomes makes it more practical
to use simpler step gradients instead of linear gradients for Xenopus polyribosome isolation
(25-27). Third, one reason that polyribosome content of Xenopus oocytes, eggs and embryos
contain relatively few polyribosomes is that many mRNAs in these cells are translationally
repressed (15). The repressed mRNAs reside in specific large mRNP particles and these
particles can migrate in sucrose gradients at the same position as polyribosomes. Such co-
migration can make it difficult to determine whether an mRNA resides within a repressive
mRNP or is associated with polyribosomes. Therefore, it is imperative that all experiments
include appropriate controls to address this issue and distinguish between these possibilities.

Here we detail the methodology for the isolation and analysis of polyribosomes from
Xenopus oocytes, eggs and embryos using step gradient centrifugation. We present detailed
protocols, describe the critical controls and provide several examples to guide the interpretation
of experimental results regarding the translational state of specific mRNAs.
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2. Description of method
2.1 Overview

To analyze the translational state of specific mRNAs, polyribosomes are isolated from
Xenopus oocytes, eggs and embryos using a simple sucrose step gradient (Figure 1) (27,28).
The resulting material in the pellet fraction contains the polyribosomes and associated mRNAs
while the supernatant fraction contains the non-polyribosome associated mRNAs. To ensure
that mRNAs are present in the pellet fraction due to their association with polyribosomes each
fractionation experiment is repeated with the addition of EDTA to the polyribosome buffers.
EDTA chelates Mg2+ ions, causing polyribosomes to dissociate and release bound mRNAs
into the supernatant fraction. Therefore the analysis of each sample involves performing two
fractionations in parallel; one under standard conditions and one in the presence of EDTA. The
quantitative analysis of mRNAs from the polyribosomal and non-polyribosomal fractions can
reveal the translational status of specific maternal mRNAs. This general strategy readily lends
itself to monitoring how translation of a specific mRNA changes during the course of
development or comparing the translation of different mRNAs within a single cell type.

2.2 Detailed methods
2.2.1 Collection of oocytes, eggs and embryos—Oocytes were harvested from
anesthetized females (0.02% benzocaine) and manually defolliculated with forceps in oocyte
ringers (100mM NaCl, 1.8mM KCl, 1mM MgCl2, 2mM CaCl2, 5mM NaHCO3 pH 7.0) (29).
Xenopus oocytes, eggs and embryos were obtained as described (29). Oocytes were collected
and used immediately or frozen on dry ice and stored at -80°C for later use. Eggs were harvested
from females injected with chorionic gonadotropin (Sigma). For fertilization, eggs were
collected in a glass dish and mixed with macerated testes. After 10 minutes the dish was filled
with 0.25× MMR and embryos were allowed to develop at room temperature. Eggs and
embryos were dejellied with 2% cysteine-HCl, pH 8.0 and used immediately or frozen on dry
ice and stored at -80°C for later use. We have compared polyribosome analysis from fresh
versus frozen oocytes, eggs and embryos and have not observed a significant difference
between frozen and non-frozen samples (Fritz and Sheets, unpublished).

2.2.2 Cell lysate preparation and gradient fractionation—Polyribosome buffer
(PB-300mM KCl, 2mM MgCl2, 20mM Tris-HCl pH 7.5, 4μg/ml polyvinylsulfate) is prepared
on ice (27). Immediately prior to use, polyribosome buffer is supplemented with sodium
deoxycholate to 0.5% (from freshly prepared 10% w/v stock), dithiothreitol (DTT) to 4mM
and rRNasin (Promega) to 25U/ml. A maximum of twenty, but no fewer than five oocytes,
eggs or embryos are homogenized on ice (4°C) in 500μl of polyribosome buffer (PB). An
additional 500μl of PB is added to the homogenate and mixed by pipetting several times.
Homogenates are spun in a microfuge at 12,000× g, 4°C for 15 minutes. The supernatant from
the clearing spin is removed, taking care not to disturb the cell debris pellet, and transferred to
a 15ml falcon tube. To each supernatant either 2ml of PB or 2ml of PB plus 15mM EDTA is
added. Diluted supernatants are layered over 2.5ml of PB, or PB+EDTA, containing 25% (w/
v) sucrose and subjected to ultracentrifugation at 149,000× g, 4°C for 2 hours, in a Beckman
SW55Ti rotor.

2.2.3 Fraction collection and RNA extraction—Following ultracentrifugation, the
supernatant fractions are recovered (taking care not to disturb the pellet) and transferred to
sterile 10ml centrifuge tubes. RNA is isolated from the nonpolyribosomal supernatant fractions
with two extractions using an equal volume of phenol/chloroform. The extracted RNA is
precipitated overnight with 2.5 volumes of ethanol, 1/10th volume of 5M NaCl, and 50μg of
glycogen at -20°C. The RNA is further purified by addition of an equal volume of 8M LiCl
and precipitation at -20°C for at least 4 hours. The precipitate is collected by

Sheets et al. Page 3

Methods. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microcentrifugation (10,000×g, 4°C for 30 minutes), washed with 150μl of cold 70% ethanol,
resuspended in DEPC-treated water, and stored at -80 °C.

2.2.4 Isolation of RNA from polyribosomal pellet—The polyribosome pellet is
resuspended in 800 μl Trizol and incubated for 5 min. After the addition of 160μl of chloroform,
the sample is vortexed for 15 seconds and incubated 2 minutes at room temperature. Following
microcentrifugation (12,000 × g, 15 minutes, 4°C) the recovered aqueous layer is mixed with
an equal volume of phenol/chloroform, vortexed and the mixture spun for 2 minutes at 12,000
× g. The aqueous layer is mixed with 450μl isopropanol, vortexed and incubated 10 minutes
at room temperature. After microcentrifugation (10 minutes, 12,000 × g, 4°C) the supernatant
is removed and the pellet washed (70% ethanol). The pellet is air dried briefly at room
temperature and resuspended in 30 μl DEPC-H2O.

2.2.5 The isolation of RNA from unfractionated Xenopus oocytes, eggs and
embryos—Total RNA was isolated from Xenopus oocytes, eggs or embryos by Trizol
extraction (Gibco BRL) following the manufacturer's instructions, with the addition of a
phenol/chloroform extraction prior to the precipitation of RNA with isopropanol. RNA was
resuspended in DEPC-treated water and stored at -80°C.

2.2.6 Quantitative RNA analysis—To reliably monitor the translation of specific mRNAs
and compare the results from different samples and experiments requires methods for
accurately detecting specific mRNAs in the polyribosome and nonpolyribosome fractions. We
rely upon quantitative RNA blot hybridization (5). Quantitative RT-PCR can be used but this
method relies upon oligo-dT priming via the mRNA's poly (A) tail for first strand cDNA
synthesis. Since polyadenylation of Xenopus maternal mRNAs is highly regulated, RT-PCR
may not the ideal strategy for detecting specific mRNAs. This problem with RT-PCR could
be potentially avoided by using random hexamers to prime first-strand cDNA synthesis instead
of oligo-dT. Random hexamer priming can also be problematic as there is a vast excess of
rRNAs and tRNAs relative to mRNAs in Xenopus oocytes, eggs and embryos. The presence
of these abundant RNAs makes efficient cDNA synthesis with random priming challenging
and thus mRNAs may not be accurately represented in the cDNA.

2.2.7 RNA Blot Hybridization Analysis—RNA for analysis is treated with deionized
glyoxal and subjected to electrophoresis through 1% agarose (Seakem LE), 10mM sodium
phosphate (pH 7.0) at 50 volts for 3-4 hours with recirculation (5). RNA is transferred to Pall
Biodyne A nylon membranes via capillary action with 20× SSC for 16-24 hours. The
transferred RNA is fixed to the membrane by UV crosslinking and baking at 80°C for two
hours. Glyoxal adducts are removed by boiling the filters in 20mM Tris, pH 8.0 for 3 minutes.
To detect specific mRNAs, single-stranded antisense DNA probes are generated with
asymmetric PCR using either phage promoter primers or template - specific primers (100pmol),
1μg of template DNA, 0.2mM dTTP, dGTP and dATP, 0.02mM dCTP and 50-150μCi
of 32P-dCTP per 50μl reaction. Probes are purified using G-50 columns as recommended by
the manufacturer (General Electric). Filters are prehybridized at least 1 hour at 65°C in
hybridization solution (1% BSA, 7% SDS, 0.25mM NaPhosphate, pH 7.2 and 1mM EDTA).
Following replacement of the hybridization solution, filters are hybridized overnight at 65°C
with 1.0×106 to 3.5×106 cpm/ml of probe. Hybridized filters are washed 3 times for 30 minutes
in 250ml wash solution (5% SDS, 40mM NaPhosphate, pH 7.2 and 1mM EDTA) at 65°C.
Longer wash times (up to 16 hours) are necessary when filters were simultaneously hybridized
with multiple probes. Hybridization signals are quantified using a phosphorimager (Molecular
Dynamics).
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3. Example of polyribosome analysis
To illustrate how polyribosome analysis can be used to investigate the translational activity of
Xenopus maternal mRNAs we will use the results from our previous study of mRNAs that
encode proteins of the BMP signaling pathway, Fritz and Sheets 2001 (27) (Figures 2A and
B).

Lysates from Xenopus oocytes, unfertilized eggs and embryos were separated into
polyribosomal (P) and nonpolyribosomal (N) fractions. Each fraction was analyzed using
quantitative RNA blot hybridization to detect the presence of mRNAs encoding the BMP7
ligand, two closely related putative BMP type I receptors (ALK2 and ALK3), a BMP type II
receptor (XSTK9) and a BMP-specific transcription factor (Smad1) (30-37). A sample of these
results is shown in Figure 2A and a quantitative summary of three independent experiments is
shown in Figure 2B.

Analyzing the polyribosome association of mRNAs that encode proteins of the BMP pathway
at different stages of development indicate that the translation of these mRNAs is highly
regulated. All mRNAs analyzed were inefficiently associated with polyribosomes and found
predominantly in the nonpolyribosomal (N) fraction from oocytes (Fig. 2A, compare lanes 2
and 3). The small amount of the mRNA encoding the XSTK9 type II BMP receptor present in
the polyribosomal fraction from both oocytes and eggs (Fig. 2A, lanes 2 and 5) was not due to
a bona fide ribosome association, since these interactions were not disrupted by EDTA (not
shown). During oocyte maturation, a significant fraction of the ALK2 and Smad1 mRNA
populations load onto polyribosomes (Fig. 2A, compare lanes 2 and 5; Fig. 2B: 22% of the
ALK2 mRNA and 53% of the Smad1 mRNA was associated with polyribosomes in eggs). In
contrast, the ALK3 and XSTK9 mRNAs remained predominantly in the non-polyribosomal
fraction from eggs (Fig. 2A, compare lanes 2 and 5).

Additional translational regulation was observed when polyribosome analysis was performed
using Xenopus embryos. The amounts of the BMP7 and XSTK9 mRNAs associated with
polyribosomes increased significantly compared to unfertilized eggs by the early blastula
stages (Fig. 2A, st.7 embryos, compare lanes 8 and 11, Fig. 2B). In contrast, the association of
ALK3 mRNA with polyribosomes was not efficient at any stage examined (Fig. 2A, lanes 2,
5, 8 and 11, Fig. 2B). Thus, the BMP7 and XSTK9 mRNAs are efficiently recruited to
polyribosomes during Xenopus embryogenesis, while the ALK3 mRNA was not associated
with polyribosomes in oocytes, eggs and maternal embryonic stages.

Activation of the Xenopusbone morphogenetic protein (BMP) pathway during early
development requires maternal signaling proteins, but that requirement is not understood. Our
polyribosome analysis indicates that the translation of several different mRNAs encoding
proteins of the BMP pathway is regulated during Xenopus development. These mRNAs were
either not associated or inefficiently associated with polyribosomes in oocytes, and each was
recruited to polyribosomes at different stages of developmental. Such temporal regulation may
be one mechanism to ensure the appropriate assembly and activation of the BMP pathway.

Important controls
There are three important controls that need to be performed for each sample analyzed. First,
the amount of each mRNA in the combined polyribosome and non-polyribosome fractions is
compared to the amount of each mRNA present in the equivalent amount of unfractionated
material (total RNA) for each sample. Only samples from experiments where the amount of
each message in the combined polyribosomal pellet and nonpolyribosomal supernatant is at
least 75% of the unfractionated starting material are used for analysis. This ensures that
substantial amounts of material are not lost during fractionation. Second, the polyribosome
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association of mRNAs whose translational behaviors have been well characterized must be
analyzed for each sample. For these controls we use the D7 and cytoskeletal actin mRNAs.
Previous studies demonstrated that the D7 mRNA is not loaded onto polyribosomes in oocytes,
but translated in eggs and embryos (Fig. 2A lanes 2 and 3) (38). The cytoskeletal actin mRNA
exhibits the opposite behavior; it is translationally active in oocytes, but not in eggs or embryos
(Fig. 2A lanes 2 and 3)(39,40). The analysis of these well-characterized mRNAs in fractions
from all samples ensures that the polyribosome fractionation accurately reflects the translation
activity of the mRNAs being analyzed. Only samples in which the control mRNAs fractionate
correctly should be considered for further analysis. Third, to ensure that an mRNA's presence
in the polyribosome fraction is due to its association with polyribosomes each fractionation
experiment is repeated with the addition of EDTA to the polyribosome buffers. The chelation
of Mg2+ ions by EDTA causes polyribosomes to dissociate and release any bound mRNAs
into the supernatant fraction. Therefore, the analysis of each sample requires fractionating
samples and comparing the fractionation that occurs in the presence of EDTA. mRNAs are
considered to be associated with polyribosomes only if they are released in the supernatant
fraction in the presence of EDTA.

Future directions
The methodology outlined here allows investigators to evaluate the translational states of
different mRNAs at a single stage of development and monitor how these states change over
time. The major limitation of this strategy as presented is that only a modest number of mRNAs
can be analyzed when RNA blot hybridization is used for assaying the presence of specific
mRNAs. In other systems it has been possible to couple polyribosome isolation with microarray
technologies to comprehensively define the translational state of all mRNAs present (20-22).
In principle this same approach could be applied to Xenopus development. However, there are
certain problems that remain to be addressed for this approach to be successful. In particular,
to create labeled probes from mRNAs for microarray analysis requires the production of cDNA.
This cDNA is frequently generated by oligo-dT priming using the poly (A) tails present on
mRNAs. As pointed out above the poly (A) tails of maternal mRNAs are highly regulated and
the presence or absence of poly (A) heavily influences translation. Therefore, to thoroughly
analyze translational changes that occur during Xenopus development a different strategy
should be considered for labeling polyribosome associated mRNAs. Recent developments in
RNA-seq methods may provide an alternative for monitoring mRNA expression that
circumvents these and other potential problems of microarray analysis (41).

Recently a new method termed ribosome profiling was developed for high-resolution analysis
of ribosome mRNA interactions (42). Ribosome profiling defines precisely what regions of a
message are being occupied by translating ribosomes. The application of this methodology to
Xenopus mRNAs from different stages of development and mRNAs from different tissues
could define and provide new insights into the precise ribosome-mRNA interactions that
regulate translation. As these new tools become available it should ultimately be feasible to
comprehensively define all the translational changes that occur during development and define
translational events that are confined to specific embryonic cells.
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Figure 1. Monitoring the translational behavior of Xenopus mRNAs by polyribosome analysis
Extacts prepared from oocytes, eggs or are fractionated using sucrose step gradients. During
centrifugation the non-polyribosomal mRNAs remain in the supernatant fraction while the
polyribosome associated mRNAs partition to the bottom of the tube. RNAs extracted from the
non-polyribosomal and polyribosomal fractions are analyzed using quantitative methods to
determine whether specific mRNAs are polyribosome associated and therefore translationally
active.
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Figure 2. The polyribosome association of maternal mRNAs encoding proteins of the BMP signaling
pathway is regulated during oocyte maturation and embryogenesis
[A] Polyribosomal (P) and non-polysomal (N) fractions were prepared from Xenopus laevis
oocytes (lanes 1-3), eggs (lanes 4-6), 2-cell stage embryos (lanes 7-9) and stage 7 blastula
embryos (lanes 10-14). Total RNA was isolated from unfractionated samples (T), the
polyribosomal (P) and non-polyribosomal supernatant (N) fractions. The RNAs were analyzed
by blot hybridization. Filters were hybridized with probes to detect Xenopus mRNAs encoding
the ALK2 type I receptor, the ALK3 type I receptor, the BMP7 ligand, the Smad1 transcription
factor, the XSTK9 type II receptor, the D7 and cytoskeletal actin proteins. Shown is a
representative RNA blot analyzing each mRNA at each stage of development. The EDTA
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control experiment is only shown for the st.7 polyribosome fractionation (lanes 13 and 14).
mRNAs that are genuinely associated with polyribosomes will fractionate with the non-
polyribosomal supernatant in the presence of EDTA. [B] Quantitative analysis of polyribosome
association. The fraction of each mRNA population associated with polyribosomes at different
stages of Xenopus development was quantitated using a phosphorimager (Molecular
Dynamics). The RNA blots from three independent experiments were analyzed and the average
polyribosome association was calculated for each mRNA and plotted for each stage of
development. Polyribosome association was defined as the amount of mRNA in the pellet
fraction minus the amount of RNA in the pellet that forms in the presence of EDTA. Reprinted
from Developmental Biology, 2001. 236(1): p. 230-243. Regulation of the mRNAs encoding
proteins of the BMP signaling pathway during the maternal stages of Xenopus development.
Fritz, B.R. and M.D. Sheets Developmental Biology, 2001. 236(1): p. 230-243 with permission
from Elsevier.
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