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ABSTRACT

Xenopus oocytes provide an excellent model system for understanding the cis-elements and protein factors that carry out mRNA
localization in vertebrate cells. More than 20 mRNAs have been identified that localize to the vegetal cortex during stages II–IV
of oogenesis. The earliest localizing RNAs are presorted to a subcellular structure, the Balbiani body (also called the
mitochondrial cloud in Xenopus), of stage I oocytes prior to entering the vegetal cortex. While some evidence has suggested that
diffusion drives RNA localization to the Balbiani body, a role for temperature and metabolic energy in this process has not been
explored. To address this issue, we developed a quantitative assay to monitor RNA localization in stage I oocytes. Here we show
that the rate of RNA accumulation to the Balbiani body is highly dependent on temperature and the intracellular concentration
of ATP. In fact, while ATP depletion severely impairs RNA localization, increasing the intracellular concentration of ATP by a
factor of two doubles the localization rate, indicating that ATP is limiting under normal conditions. We also show that RNA
localization in stage I oocytes is reduced by inhibition of kinesin II, and that the Xcat-2 RNA localization element recruits
kinesin II to the Balbiani body. We conclude from these studies that the energy state of the cell regulates the rate of RNA
localization to the Balbiani body and that this process, at least to some extent, involves kinesin II.
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INTRODUCTION

The subcellular localization of specific mRNAs to distinct
regions of a cell provides an important mechanism for
polarizing gene expression (St Johnston 2005). For exam-
ple, the localization of mRNAs in neurons serves to
distribute mRNAs to processes where local protein synthe-
sis modulates synaptic activity (Kiebler and Bassell 2006).
Early studies in Drosophila showed that the localization of
several key mRNAs such as gurken, bicoid, oskar, and nanos
generates protein gradients that set up cascades of gene
expression required for establishing the basic structure of
the embryo (St Johnston 2005). While it generally had been
thought that mRNA localization only occurs for a small
subset of mRNAs in the egg that drive embryonic polarity,
a recent study in Drosophila has shown that 71% of more
than 2000 mRNAs expressed in embryos are localized to

subcellular regions where their encoded proteins are trans-
lated (Lecuyer et al. 2007). Likewise, microarray and
computational analyses suggest that thousands of mRNAs
are localized in mammalian neurons (Andken et al. 2007;
Matsumoto et al. 2007; Suzuki et al. 2007). Thus, mRNA
localization appears to be a common mechanism for reg-
ulating gene expression on a global scale in animals.

Xenopus oocytes provide an excellent model system for
RNA localization studies in vertebrates. The value of this
system has been illustrated most clearly by the computa-
tional identification and experimental verification of RNA
localization sequences in human genes that possess a
sequence composition similar to those that direct localiza-
tion to the vegetal cortex of Xenopus oocytes (Andken et al.
2007). Vg1 was one of the first mRNAs shown to localize in
Xenopus oocytes (Rebagliati et al. 1985), and since its
discovery, more than 20 additional mRNAs have been
identified (King et al. 2005) that can be generally catego-
rized into three groups based on the time at which they
fully accumulate at the vegetal cortex. The earliest group of
vegetal RNAs localizes to the cortex during stage II of
oogenesis, whereas intermediate RNAs, such as Xlerk, show
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only partial accumulation at the cortex during stage II, but
become fully localized during stage III (Betley et al. 2002).
The latest pathway is characterized by Vg1 mRNA, which
becomes enriched toward the vegetal region during stage II
of oogenesis followed by its accumulation at the vegetal
cortex during stages III and IV. Interestingly, several lines
of evidence suggest that some basal RNA localization
factors function throughout all pathways (Claussen et al.
2004; Choo et al. 2005).

The primary feature that distinguishes early localizing
RNAs from later ones in Xenopus is that early RNAs show a
robust localization pattern in stage I oocytes, whereas late
RNAs appear uniformly distributed at this stage (Forristall
et al. 1995; Kloc and Etkin 1995). Early RNAs, such as
Xcat-2, Xlsirt, and Xwnt, become localized to a large
subcellular structure called the Balbiani body or mitochon-
drial cloud. The Balbiani body is highly enriched in
membranes of the endoplasmic reticulum (ER), Golgi,
and mitochondria and has been identified in the develop-
ing oocytes of invertebrates as well as vertebrates, including
humans (Kloc and Etkin 2005) and mice (Pepling et al.
2007). Thus, the Balbiani body may provide evolutionarily
conserved functions for oocyte specification and develop-
ment of the egg. Double labeling experiments show that
different localized RNAs occupy distinct subregions of this
structure. For example, Xcat-2, Xlsirts, and Xwnt all localize
to the Balbiani body; however, these RNAs have a discreet
order in their distribution such that Xcat-2 is positioned
closest to the future vegetal cortex of late stage I oocytes,
followed by Xlsirt and then Xwnt (Kloc and Etkin 1995).
This indicates that there is a continuum along the devel-
oping animal–vegetal axis upon which individual mRNAs
adopt distinct positions during oogenesis. The consequence
of such a hierarchical system may be that each mRNA
accumulates in a specific layer within the vegetal cortex as
oocytes grow. This highly organized pattern of gene
expression within the oocytes of adult females is established
relatively slowly, since oogenesis requires several months to
complete (Keem et al. 1979; Green 2002). Thus, even
though molecular motors are thought to mediate this
process in stage III and IV oocytes (Betley et al. 2004;
Yoon and Mowry 2004), motor-dependent movements are
likely to be quite short and function in a probabilistic and
bidirectional fashion, as has been proposed from imaging
the transport of RNA granules in other types of living cells
(Fusco et al. 2003; Bullock et al. 2006).

While functional studies have implicated kinesin II
(Betley et al. 2004), staufen I (Yoon and Mowry 2004),
and Vg1RBP/Vera (Kwon et al. 2002) in the localization of
late pathway RNAs during stage III/IV of oogenesis in
Xenopus, no protein inhibition studies have yet been
performed in stage I oocytes. Consequently, the molecular
mechanism responsible for localizing early RNAs to the
Balbiani body is poorly understood. However, it has been
suggested that transcripts are localized to the Balbiani body

by a diffusion and entrapment mechanism, since micro-
tubule-disrupting drugs have no detectable effect on the
localization of endogenous or microinjected early RNAs
(Kloc et al. 1996; Zhou and King 1996b; Chang et al. 2004).
Moreover, fluorescence recovery after photobleaching (FRAP)
experiments showed that the 228-nucleotide Xcat-2 mito-
chondrial cloud RNA localization element (MCLE) exhibits
dispersion kinetics in the cytoplasm that are similar to a
nonlocalizing RNA (Chang et al. 2004).

Even though a diffusion-mediated mechanism has been
proposed to mediate RNA localization to the Balbiani body
of stage I oocytes (Chang et al. 2004), and molecular
motors drive localization directly to the vegetal cortex of
later-staged oocytes (Betley et al. 2004), a number of
parallels have been observed between early and late RNA
localization mechanisms which suggest that a common
cellular machinery mediates RNA localization throughout
stages I–IV of oogenesis. First, many early and late RNA
localization elements (LEs) are enriched in short CAC-
containing motifs that are essential for localization, indi-
cating that the sequence composition of early and late RNA
LEs is similar (Betley et al. 2002; Bubunenko et al. 2002;
Kwon et al. 2002). In addition, early LEs can utilize later
pathways if injected into stage III/IV oocytes (Zhou and
King 1996b; Allen et al. 2003). Early and late RNA LEs also
compete for common localization factors in vivo (Choo
et al. 2005) and are bound specifically by some of the same
RNA binding proteins, such as Vg1RBP/Vera (Claussen
et al. 2004; Choo et al. 2005). Interestingly, both the late
Vg1 and early Xcat-2 RNA localization elements recruit the
molecular motor kinesin II when microinjected into stage
II oocytes (Betley et al. 2004). Finally, the ER, which
originally was implicated in localization in stage III/IV
oocytes (Deshler et al. 1997), subsequently has been shown
also to be involved in the process that drives RNA
localization to the Balbiani body (Kloc and Etkin 1998;
Chang et al. 2004).

Taken together, these data indicate that early and late
localizing RNAs associate with common localization ma-
chinery that operates throughout early and mid-oogenesis.
Differences in the localization patterns of early and late
RNAs thus may be due to the kinetics and efficiencies with
which each RNA interacts with this machinery (Choo et al.
2005). To gain a better understanding of the underlying
mechanism(s) that determine whether an RNA localizes
to the Balbiani body during stage I of oogenesis or to
the vegetal cortex during stages II–IV of oogenesis, it is
essential to characterize the mechanism that drives RNA
localization in stage I oocytes.

Prior to the studies presented here, it was not known
whether the process of RNA accumulation to the Balbiani
body requires metabolic energy or depends on temperature,
two major characteristics that substantially can distinguish a
mechanism that is driven solely by diffusion from one that
potentially involves enzymatic processes. In this study, we
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developed a quantitative assay to monitor the localization of
RNAs microinjected into stage I oocytes. We find that the
rate of RNA localization in stage I oocytes is highly depen-
dent on the intracellular ATP concentration and increases by
approximately twofold with a temperature increase of 12°C.
We also show that expression of a dominant negative kinesin
II polypeptide reduces localization to the Balbiani body.
Therefore, one factor that could account for the observed
ATP requirement during this localization process could be
the ATP-dependent molecular motor kinesin II. Consistent
with this, the Xcat-2 MCLE is able to recruit kinesin II to the
Balbiani body. These data support a model in which
localization of RNAs to the Balbiani body in Xenopus is most
likely an enzymatically driven process, with one factor
contributing to this process being kinesin II.

RESULTS

A quantitative assay to monitor RNA localization
to the Balbiani body

Previous assays characterizing the early pathway have relied
on qualitative assessments of localization and often
employed a (+, +/�, �) scoring scheme to characterize
the enrichment of RNAs in the mitochondrial cloud. Such
scoring systems have been used successfully to map
sequences, which confer the localization pattern of early
pathway RNAs (Zhou and King 1996a; Kloc et al. 2000).
While this type of assay can be reliable for detecting ‘‘all or
none’’ localization phenomenon, it is less practical for
detecting subtle changes in the localization rate. To
determine if specific treatments of oocyte groups result in
a slight reduction/enhancement in the localization process,
it is essential to establish a more sensitive assay with which
the effects on RNA localization can be compared in a
quantitative fashion.

To establish such a method, we developed a protocol that
gave reproducible linear plots of RNA localization to the
Balbiani body (mitochondrial cloud) of stage I oocytes over
a 3- to 18-h period. This procedure involved microinjecting
stage I oocytes with Alexa Fluor-546 labeled Xcat-2 mito-
chondrial cloud localization element (MCLE) or a standard
control RNA (XbG) that does not localize in oocytes.
Oocytes were cultured at 18°C following injection of the
fluorescent RNAs. After 2, 4, 6, or 18 h, groups of oocytes
were placed in fixative to terminate the localization process.
Confocal images were acquired from an optical section
through the center of the mitochondrial cloud, and
localization was quantified by measuring the integrated
optical density (IOD) within the mitochondrial cloud
(IODMC) and dividing that value by the IOD of the entire
optical section (IODtotal) of the oocyte. To identify reliably
the mitochondrial cloud, a dark-field image was taken from
each oocyte in addition to the fluorescent image (Fig. 1A).
The percentage of fluorescent signal observed in the

mitochondrial cloud from each group of oocytes then
was plotted as an average value of z30 oocytes per group.
When localization is quantified in this manner, a linear
increase in localization is observed from 3 to 18 h in
oocytes injected with MCLE RNA (Fig. 1B). Oocytes
injected with XbG RNA showed consistent values and no
change in localization over an 18-h time period. Oocytes
injected with MCLE RNA showed an increase in fluorescent
signal that was easily detectable by eye over an 18-h time
period (Fig. 1C). After 18 h, the signal in the mitochondrial
cloud generally begins to become saturated, and the data
are no longer linear (data not shown). This is similar to
observations made from single-oocyte recordings of local-
ization in living stage I oocytes, where localization appeared
to be linear for at least the first 10 h of observation (Chang
et al. 2004). Therefore, all subsequent experiments involved
incubation times from 3 to 8 h to ensure that we were
examining localization in the linear range.

RNA localization to the Balbiani body is temperature
dependent

It has been suggested previously that RNA localization to
the Balbiani body of stage I oocytes is mediated by a
diffusion and entrapment mechanism (Zhou and King
1996a; Chang et al. 2004). This conclusion is based
primarily on two observations. First, drugs that depoly-
merize microtubules or actin filaments have little effect on
RNA localization to the Balbiani body. Secondly, FRAP
experiments show that the nonlocalizing XbG RNA and the
Xcat-2 MCLE RNA recover with similar rates into photo-
bleached regions of the cytoplasm in stage I oocytes. To
explore further the role of diffusion in the localization of
RNAs in stage I oocytes, we used our quantitative assay to
determine if RNA localization to the Balbiani body is
affected by temperature. Such an approach is often used
to distinguish between diffusion and enzymatically driven
mechanisms because average displacement rates mediated
solely by diffusion depend on absolute temperature and
are, therefore, relatively unaffected by 10°C–15°C temper-
ature shifts. In contrast, enzymatic processes generally
display a temperature coefficient (Q10) of 1.5–2.5, such
that reaction rates increase approximately twofold when the
temperature is increased by 10°C. Thus, if no detectable
difference is observed in the rate of a particular localization
process with a 10°C temperature shift, it generally is
concluded that diffusion drives the process. For example,
a 10°C temperature shift has no detectable effect on the
redistribution of several proteins within the nucleus (Phair
and Misteli 2000), consistent with diffusion mediating their
localization from one compartment to another. Similar
results have been reported for mRNA movement in the
nucleus (Politz et al. 2006), though this depends to some
extent on the technique used to measure diffusion of
mRNAs (Vargas et al. 2005).
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To determine if the rate-limiting step(s) of RNA local-
ization to the Balbiani body is affected by temperature, we
injected Alexa Fluor-546 labeled MCLE RNA into stage I
oocytes and incubated the oocytes at either 18°C or 30°C.
Groups of oocytes from each temperature were fixed after
3, 6, or 9 h of incubation, and localization to the
mitochondrial cloud was quantified. Figure 2 shows that
at each time point, localization was more extensive in
oocytes incubated at 30°C than in those incubated at 18°C.
Importantly, the slope of the 30°C line (1.92) is approxi-
mately two times that of the 18°C line (1.00), suggesting
that the rate of localization at 30°C is twice as fast as at
18°C (Fig. 2A). In other words, the Q10 for RNA localiza-
tion to the Balbiani body is in the range of most known
enzymatic processes. Corresponding fluorescent images
taken at each time point were consistent with the quanti-
tative assessment of localization and demonstrated
increased fluorescence in the mitochondrial cloud that

was surprisingly easy to detect by visual
inspection of oocytes incubated at
higher temperature (Fig. 2B). These
data imply for the first time that RNA
localization to the Balbiani body in
stage I oocytes is an enzymatically
driven process.

Depletion of endogenous ATP in
stage I oocytes impairs localization

Another method that typically is used to
distinguish between enzymatically and
diffusion-mediated processes is to test
whether metabolic energy is required.
For example, the movement of proteins
to nucleoli, interchromatin granules,
and within nucleoplasm, which is
driven by diffusion, is unaffected by
depletion of ATP (Phair and Misteli
2000). While ATP depletion can create
structural artifacts that reduce the
movement of RNA molecules in the
nucleus (Shav-Tal et al. 2004), similar
effects have not been observed in the
cytoplasm (Vargas et al. 2005). There-
fore, we performed ATP depletion
experiments in stage I oocytes to com-
plement the temperature experiments
above and to establish whether RNA
localization to the Balbiani body
requires metabolic energy.

In order to test whether the rate of
RNA localization in stage I oocytes
depends on the intracellular concentra-
tion of ATP, we employed a previously
reported procedure involving the injec-

tion of apyrase into oocytes to deplete endogenous ATP
(Newmeyer et al. 1986). One group of oocytes was injected
with fluorescent MCLE RNA alone and another group was
co-injected with fluorescent MCLE RNA plus the ATP
hydrolyzing enzyme apyrase (z1 unit/mL final intracellular
concentration). After 6 h of culturing, endogenous ATP
levels were quantified in oocytes isolated from each group
using a luciferase-based assay. In oocytes injected with
MCLE RNA alone, the endogenous ATP concentration was
determined to be z2.4 mM. This is similar to the
intracellular concentration reported for larger stage VI
oocytes (Newmeyer et al. 1986; Gribble et al. 2000). In
oocytes co-injected with the MCLE RNA and apyrase, the
ATP concentration was reduced to z0.3 mM. In stage VI
oocytes, the same procedure reduced the ATP concentra-
tion to undetectable levels (Newmeyer et al. 1986). Our
inability to reduce intracellular ATP below 0.3 mM in stage
I oocytes is likely due to their smaller size, which technically

FIGURE 1. A quantitative assay for RNA localization in stage I oocytes. Stage I oocytes were
injected with either fluorescently labeled MCLE or XbG RNA. At the indicated times after
injection, groups of oocytes were placed in fixative. Confocal images were acquired and
localization was quantified as described in the Materials and Methods. (A) In order to reliably
locate the mitochondrial cloud for quantification, a dark-field image was collected for each
stage I oocyte. In these images the mitochondrial cloud (arrow) and germinal vesicle (GV) are
readily visualized. (B) The average percentage of fluorescent signal that accumulated in the
mitochondrial cloud (MC) from each group of oocytes is shown on the y-axis. The time that
each group of oocytes was cultured following injection is given along the x-axis. This plot
represents a single experiment in which all oocytes were prepared from a single frog. The
numbers of oocytes used to generate the average localization values for each data point in this
experiment were n = 15, 28, 33, and 33 for the MCLE RNA at the 1, 3, 6, and 18 h time points,
respectively. Error bars represent standard error of the mean for each group. For the XbG
RNA, n = 16 and 12 for the 3 and 18 h time points, respectively. (C) Confocal images of
representative oocytes from each group. The mitochondrial cloud is oriented toward the
bottom in each image.
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limits our capacity to inject apyrase to a final intracellular
concentration of z20 units/mL, as was obtained in larger
oocytes (Newmeyer et al. 1986).

Even though we could not decrease endogenous ATP to
background or undetectable levels, we sought to determine
if a z90% reduction affects RNA localization to the
Balbiani body. Qualitative assessment revealed that the
effects of ATP reduction on localization are extremely
robust. While >90% of stage I oocytes injected with the
MCLE alone routinely showed strong enrichment in the
mitochondrial cloud after 6 h of incubation, localization
was severely impaired in oocytes co-injected with the
MCLE and apyrase, with only z20% of oocytes showing
detectable localization (Table 1). In most oocytes injected
with apyrase and the MCLE, no enrichment could be
visualized in the mitochondrial cloud (Fig. 3A). In the

z20% of oocytes where localization was apparent, the
amount of MCLE RNA that reached the Balbiani body was
low compared with oocytes injected with the MCLE alone
(Fig. 3A). When the signal from these oocytes was
quantified, the data were consistent with the qualitative
assessment. Figure 3B shows the quantification of RNA
localization from experiment 4 of Table 1. In oocytes
injected with the MCLE alone, 11.5% of the fluorescent
signal was detected within the mitochondrial cloud. How-
ever, only 6.5% of signal was present in the mitochondrial
cloud of oocytes co-injected with the MCLE and apyrase
(Fig. 3B). To control for background localization, we
consistently found that z3.6% of the fluorescent signal
from the XbG RNA was present in the mitochondrial cloud
under a variety of conditions (data not shown). Subtracting
this value from the localization values obtained for the
MCLE and MCLE/apyrase injected oocytes indicates that
depleting intracellular ATP levels to z0.3 mM reduces
RNA localization by z63% (Fig. 3B). A similar calculation
for each of the four ATP depletion experiments shown in
Table 1 indicates that localization is consistently reduced by
z60% in oocytes co-injected with apyrase and MCLE RNA.
Together, these data demonstrate that decreasing intracel-
lular ATP by z10-fold substantially reduces the rate of
localization in stage I Xenopus oocytes. We also attempted
to utilize nonhydrolyzable analogs of ATP to inhibit the
localization process, but at concentrations similar to
endogenous ATP they were toxic to oocytes (data not
shown).

The rate of RNA localization to the Balbiani body
is enhanced by increasing intracellular ATP

It has been observed that ATP depletion can decrease
diffusion-based movements of RNA in the nucleus by
forming intranuclear barriers that apparently constrain
Brownian motion (Shav-Tal et al. 2004; Vargas et al.
2005). Even though this has not been observed in the
cytoplasm of somatic cells (Vargas et al. 2005), we were
somewhat concerned that the impairment of localization
we observed might have been due to similar artifacts

FIGURE 2. The rate of RNA localization to the mitochondrial cloud
is affected by temperature. Stage I oocytes were injected with
fluorescently labeled MCLE RNA and were then incubated at either
18°C or 30°C. At 2, 4, and 8 h after injection, groups of oocytes from
each temperature were fixed and localization was quantified. (A) The
average percentage of fluorescent signal that accumulated in the
mitochondrial cloud from each group of oocytes is shown on the
y-axis. The time that each group of oocytes was cultured following
injection is given along the x-axis. This plot represents a single
experiment in which all oocytes were prepared from a single frog. The
numbers of oocytes used to generate each data point are as follows:
n = 37, 32, and 34 (18°C) and 40, 29, and 31 (30°C) for the 2, 4, and
8 h time points, respectively. The slope of the 18°C line is 1.00%/h,
whereas that of the 30°C line is 1.92%/h. Thus, these slopes vary by a
factor of about two, indicating that the rate of RNA localization at
30°C is much faster than at 18°C. Error bars represent standard error
of the mean for each group. (B) Confocal images of representative
oocytes from each group.

TABLE 1. Qualitative assessment of localization in ATP-depleted
oocytes

Experiment MCLE alone MCLE + apyrasea

Exp. 1 91% (n = 12) 16% (n = 23)
Exp. 2 96% (n = 52) 16% (n = 12)
Exp. 3 100% (n = 42) 26% (n = 30)
Exp. 4 100% (n = 48) 9% (n = 32)

The percentages of oocytes showing localization from four different
experiments are shown; ‘‘n’’ refers to the number of oocytes
analyzed in each experiment.
aThe extent of localization was very low in positively scoring
oocytes injected with apyrase.
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created by ATP depletion. Thus, another way to determine
if RNA localization to the Babliani body is affected by
intracellular ATP levels is to raise the intracellular ATP
concentration. In fact, since only a 90% reduction of
intracellular ATP in stage I oocytes was sufficient to
extensively impair localization of the MCLE RNA (Fig. 3;
Table 1), we hypothesized that the rate of RNA localization
may be extremely sensitive to intracellular levels of ATP,
such that ATP itself may be limiting for localization. In
such a case, we speculated that it should be possible to
enhance the rate of localization by increasing intracellular
levels of ATP. Therefore, we injected fluorescent MCLE
RNA by itself or co-injected it with ATP such that the final
intracellular ATP concentration was approximately dou-
bled (z5 mM). As a negative control, we co-injected an
identical amount of GTP. Whereas only 6% of the
fluorescent RNA was seen in the Balbiani body of oocytes
injected with the MCLE RNA alone, >10% of the RNA was
localized in oocytes co-injected with the MCLE and ATP
(Fig. 4A). In fact, localization was increased by z250% in

oocytes co-injected with ATP compared with control
oocytes when corrected for background. Interestingly, this
dramatic increase was specific for ATP since GTP did not
promote localization to such an extent (Fig. 4A). Fluores-
cent images of the injected oocytes correlated with the
quantitative assessment and showed distinctive higher
amounts of fluorescence in the mitochondrial cloud of
oocytes injected with MCLE plus ATP compared with
control oocytes injected with MCLE alone or oocytes
injected with MCLE and GTP (Fig. 4B). These data show
clearly that the rate of RNA localization in stage I oocytes is
limited by the intracellular concentration of ATP in vivo.
Moreover, this indicates that the inhibition of localization
observed in our ATP depletion experiments (Fig. 3)
probably does not arise from structural artifacts that form
under ATP-limited conditions, as appears to happen in the
nucleus (Shav-Tal et al. 2004; Vargas et al. 2005).

The Xcat-2 RNA localization element recruits
kinesin II to the Balbiani body

Since RNA localization to the Balbiani body is temperature
and ATP dependent, it is possible that an ATPase directly
contributes to this process. Molecular motors are one type

FIGURE 3. RNA localization to the mitochondrial cloud is severely
impaired in ATP-depleted stage I oocytes. (A) Qualitative assessment
of oocytes injected with fluorescently labeled MCLE alone or co-
injected with MCLE and apyrase (intracellular concentration of 1
U/mL) and incubated for 6 h at 25°C. An oocyte injected with a
nonlocalizing RNA (XbG) is shown as a negative control. Oocytes
that were depleted of ATP showed either no apparent localization to
the mitochondrial cloud (�) or weak signal in the cloud (+/�). (B)
Quantification of MCLE localization. Since the value for XbG
localization stays relatively constant from experiment to experiment,
it was averaged from 11 groups of oocytes in five different experi-
ments (range 2.7%–5%, mean 3.6% signal in the mitochondrial
cloud) and subtracted as background. The break in the x-axis is
shown to indicate that the MCLE values come from a single
experiment, whereas the XbG measurement is an average value from
multiple experiments. Localization is reduced by z60% in ATP-
depleted oocytes (P < 10�17).

FIGURE 4. The rate of RNA localization is increased substantially by
co-injection of ATP, but not GTP. (A) Stage I oocytes were injected
with fluorescently labeled MCLE RNA or co-injected with MCLE and
ATP or GTP such that the final intracellular ATP concentration was
z5 mM, and the endogenous GTP concentration was increased by 2.5
mM. Oocytes were incubated for 6 h at 25°C, fixed, and localization
was quantified. RNA localization was increased to higher levels with
co-injection of ATP (P < 0.001) than GTP. (B) Confocal images of
representative oocytes from each group are shown.
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of ATPase that mediate a multitude of intracellular trans-
port and localization processes, and we have shown pre-
viously that the Xcat-2 MCLE RNA, like the Vg1 mRNA
localization element, recruits kinesin II to the vegetal region
of stage II oocytes. It is interesting to note that kinesin II is
more efficiently recruited by the Xcat-2 MCLE than it is by
the Vg1 RNA localization element (Betley et al. 2004).
Moreover, localization of the Xcat-2 MCLE to the vegetal
region of stage III oocytes is dependent on kinesin II
(Betley et al. 2004). Since a diffusion and entrapment
mechanism is thought to mediate localization of the
Xcat-2 MCLE to the Balbiani body, it is somewhat
surprising that these previous studies demonstrated such
motor-dependent activities in vivo. We wondered whether
the recruitment observed in stage II oocytes (Betley et al.
2004) is a stage-specific phenomenon or whether the MCLE
RNA is also able to recruit kinesin II in stage I oocytes.
Since protein blot analysis has shown that kinesin II is
highly expressed in stage I oocytes (Betley et al. 2004), we
first assessed the distribution of kinesin II in uninjected
stage I oocytes by immunocytochemistry (Fig. 5). As can be
seen in Figure 5B, kinesin II is distributed uniformly
throughout stage I oocytes both within the mitochondrial
cloud as well as in the surrounding cytoplasm. However, no
enrichment is apparent in the Balbiani body region. In fact,
the kinesin II signal appears weaker within the Balbiani
body than it does in the surrounding cytoplasm of stage I
oocytes. This relative distribution of kinesin II is ideal for
testing recruitment because an ectopic enrichment of
kinesin II within the Balbiani body can be visualized easily.

To determine if the MCLE RNA is able to recruit kinesin
II to the Balbiani body, we injected fluorescently labeled

RNA into stage I oocytes, incubated
them for various amounts of time, and
evaluated the distribution of endoge-
nous kinesin II in the Balbiani body.
Low levels of kinesin II were observed in
the Balbiani body of uninjected oocytes
(Fig. 5B) as well as oocytes injected with
the MCLE RNA and incubated for only
3 h (Fig. 5C). However, after 2 d of
incubation, during which time localiza-
tion of the injected MCLE RNA con-
tinued to increase, a clear enrichment of
kinesin II was observed in the Balbiani
body (Fig. 5D,H). This enrichment was
most apparent under high magnifica-
tion (Fig. 6), where kinesin II clearly
was enriched in the Balbiani body (Fig.
6B) and co-localized extensively with
the injected RNA (Fig. 6C). After only 3
h of incubation, little RNA had accu-
mulated in the mitochondrial cloud
(Figs. 5G; 6D), and even under high
magnification, little if any enrichment

(Fig. 6E) or co-localization (Fig. 6F) of kinesin II was
detectable. These data demonstrate that kinesin II can be
recruited by the Xcat-2 MCLE RNA to the Balbiani body
during the localization process in stage I oocytes (Figs. 5,
6). Thus, the ability to recruit kinesin II is an inherent
property of this RNA localization element and occurs
throughout all stages of oogenesis in which RNA localiza-
tion takes place (Betley et al. 2004). Since a number of in
vivo competition studies indicate that RNA localization

FIGURE 5. MCLE RNA can recruit kinesin II to the Balbiani body. Low-resolution images of
stage I oocytes injected with fluorescently labeled MCLE RNA (red) and immunolabeled with a
kinesin II specific antibody (green). (Arrows) Balbiani bodies. (A,E) Uninjected stage I oocyte
minus primary antibody control; (B,F) Uninjected stage I oocyte immunolabeled with primary
and secondary antibodies; (C,G) Stage I oocyte 3 h after injection of fluorescent MCLE RNA;
(D,H) Stage I oocyte 2 d after injection of MCLE RNA. After 2 d, high amounts of MCLE RNA
have accumulated in the Balbiani body and little RNA remains in the cytoplasm; enrichment of
kinesin II is clearly detected in the mitochondrial cloud (cf. D and C). Scale bar is 30 mm.

FIGURE 6. MCLE RNA co-localizes with kinesin II in the Balbiani
body. High-resolution images of stage I oocytes injected with the
MCLE RNA and incubated for 2 d (A–C) show extensive co-
localization of the MCLE RNA (red) and kinesin II protein (green)
in the mitochondrial cloud. In contrast, after 3 h of localization
(D–F), when only low amounts of RNA have accumulated in
the mitochondrial cloud, no enrichment of kinesin II is detected.
Scale bar, 10 mm.
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factors in Xenopus oocytes are in a large excess relative to
microinjected RNA (Kwon et al. 2002; Choo et al. 2005;
Czaplinski and Mattaj 2006), it is expected that detecting
the enrichment of such factors in the Balbiani body would
require more time than detecting enrichment of the RNA
that recruits it (see Materials and Methods).

Inhibition of kinesin II reduces RNA localization
to the Balbiani body

The recruitment of kinesin II to the Balbiani body
suggested that Xcat-2 MCLE is indeed able to interact with
this molecular motor in stage I oocytes. Since inhibition of
kinesin II blocks localization of the MCLE RNA in stage III
oocytes (Betley et al. 2004) and localization to the Balbiani
body is dependent on ATP, we wondered whether kinesin
II may contribute also to the localization process in stage I
oocytes. To test this, we expressed a Flag-tagged dominant
negative kinesin II polypeptide in stage I oocytes that
previously has been shown to impair kinesin II function
in Xenopus (Le Bot et al. 1998; Gelfand et al. 2001; Betley
et al. 2004). Kinesin II is a heterotrimeric complex,
consisting of two kinesin-like motor protein subunits
(Xklp3a and Xklp3b) that interact through their coiled-
coil tail regions, and a third nonmotor subunit called KAP
(kinesin-associated polypeptide) (Cole et al. 1993; Wedaman
et al. 1996). The dominant negative construct (Xklp3bDN)
used to inhibit kinesin II encodes a truncated Xklp3b
subunit, which lacks the motor domain but maintains its
ability to incorporate into the heterotrimeric complex,
thereby inactivating it (Le Bot et al. 1998).

The Flag-tagged Xklp3bDN polypeptide was expressed in
stage I oocytes by co-injecting in vitro transcribed, capped,
and polyadenylated Xklp3bDN mRNA along with fluores-
cently labeled MCLE RNA. An identical Xklp3b construct
containing a defective AUG start codon (Xklp3b-AUG) was
analyzed in parallel. Stage I oocytes co-injected with
fluorescently labeled MCLE RNA and either the Xklp3bDN
or Xklp3b-AUG mutant mRNA were incubated for 7 h, and
localization was quantified. We found that localization to
the Balbiani body was impaired significantly in oocytes
injected with the Xklp3bDN mRNA, but not with the
Xklp3b-AUG mRNA (Fig. 7A). Expression of the Xklp3bDN
polypeptide fragment was confirmed by Western blot
analysis using an anti-Flag antibody (Fig. 7B, lane 3). In
the multiple experiments conducted, localization was con-
sistently reduced by z20%–30%, when subtracting for
background localization of the XbG RNA. We also used a
transcript consisting of Escherichia coli-derived plasmid
sequences as a negative mRNA control and obtained
similar results (data not shown).

These findings demonstrate that inhibition of endoge-
nous kinesin II reduces RNA localization to the Balbiani
body and are consistent with the observation that kinesin II
becomes recruited by early pathway RNAs in stage I oocytes

(Fig. 5, 6). Our attempts to reduce RNA localization by
>30% with the Xklp3bDN construct have not yet been
successful in stage I oocytes, even though the same
approach reduces localization by z75% in stage III oocytes
(Betley et al. 2004). This could be explained by the fact that
endogenous kinesin II is more highly expressed in stage I
oocytes than in later-staged oocytes (Betley et al. 2004). In
addition, the small size of stage I oocytes limits the amount
of Xklp3bDN mRNA that we can inject. Therefore, we may
not be producing sufficient amounts of the dominant
negative polypeptide to inhibit endogenous kinesin II
completely (see Materials and Methods). Alternatively,
kinesin II may play only a partial role in the localization
of RNAs to the Balbiani body, working together with other
molecular mechanisms. In either case, these data suggest
that kinesin II plays a role in the overall localization process
in stage I oocytes (see Discussion).

DISCUSSION

The selective localization of specific mRNAs to the vegetal
cortex of Xenopus oocytes is important for organizing gene

FIGURE 7. Expression of a dominant negative kinesin II construct
impairs localization in stage I oocytes. Stage I oocytes were injected
with an mRNA encoding either a dominant negative kinesin II
polypeptide (Xklp3bDN) or with an identical mRNA that contained
a mutant start codon (Xklp3b-AUG). (A) Quantification of localiza-
tion shows inhibition of kinesin II impairs localization compared with
control oocytes (P < 0.01) (n = 54 or 56 oocytes for the AUG mutant
and DN construct, respectively). (B) Western blot confirming expres-
sion of dominant negative Flag-tagged kinesin II protein (lane 3). (Lane
1) Detection of 50 ng of a Flag-BAP fusion protein as a control, (lane 2)
extract of oocytes injected with the control Xklp3b-AUG mRNA.
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expression in the fertilized egg such that proper develop-
ment of the embryo can occur. The vegetal RNAs that
localize earliest during oogenesis, such as Xcat2, Xdazl, and
Xpat, first associate with the Balbiani body of stage I
oocytes before this entire subcellular structure localizes to
the vegetal cortex during stage II of oogenesis. The Balbiani
body (also called the mitochondrial cloud in Xenopus) is an
evolutionarily conserved structure present in early oocytes
and is found throughout the animal kingdom (Kloc and
Etkin 2005; Pepling et al. 2007). Previous work suggested
that RNAs are sorted to the Balbiani body in Xenopus by a
diffusion and entrapment mechanism (Zhou and King
1996a) that functions independently of microtubules (Kloc
et al. 1996; Chang et al. 2004). Here, we show that
localization of the Xcat-2 mitochondrial cloud localization
element (MCLE) to the Balbiani body is coupled strongly
to the energy state of the cell and that this process has a Q10

of z2 in vivo. Since these data suggest that ATPases are
required for RNA localization in stage I oocytes, we tested
whether kinesin II, a microtubule-dependent ATPase, is
involved in this process. Indeed, kinesin II is recruited to
the Balbiani body by the MCLE RNA, and inhibition of
kinesin II activity reduces RNA localization in stage I
oocytes.

The quantitative assay developed in this work allowed us
to ask fundamental questions about the mechanism that
regulates the localization of CAC-rich RNA localization
elements to the Balbiani body. Interestingly, the cis-elements
that target specific mRNAs to the Balbiani body appear to
be conserved in vertebrates. For example, the UGCAC
motifs essential for localization of the Xcat-2 MCLE in
Xenopus (Betley et al. 2002; Chang et al. 2004) also are
required for RNA localization to the Balbiani body in
zebrafish (Kosaka et al. 2007). With our quantitative assay
we addressed whether the RNA localization process in
stage I oocytes is sensitive to intracellular ATP concen-
trations and temperature. Indeed, our ATP depletion and
temperature shift experiments suggest that most RNA
localization in stage I oocytes is driven by enzymatic
processes. While it is possible that the ATP effects observed
on RNA localization rates are indirect, it is more likely that
ATPases are essential for the overall localization process.
For example, the requirement for ATP possibly could
reflect the involvement of a specific RNA helicase(s) that
facilitates RNP remodeling essential for interactions with
RNA localization factors, as has been suggested recently
(Lewis and Mowry 2007; Lewis et al. 2008). In fact, some
RNA helicases have been shown to have a Km in the mM
range for ATP (Lam et al. 2003), consistent with the levels
we found in stage I oocytes. The identification of such an
enzyme would represent an important breakthrough in our
understanding of the mechanism that sorts RNAs to the
Balbiani body.

Kinesin II is one ATPase shown here to be involved in
localizing RNAs to the Babliani body. This finding is

somewhat surprising since numerous studies have shown
that localization of early RNAs to the Balbiani body is not
blocked by drugs that depolymerize microtubules. In fact,
sensitivity to microtubule depolymerizing drugs has been
used in the past to distinguish between putative mecha-
nisms that drive RNA localization during distinct stages of
oogenesis in Xenopus. Treatment of stage I oocytes with
nocodazole does not inhibit the localization of RNAs to the
Balbiani body (Kloc and Etkin 1995; Kloc et al. 1996;
Chang et al. 2004), but partially disrupts localization to the
vegetal cortex of larger oocytes (Yisraeli et al. 1990; Kloc
and Etkin 1995; Zhou and King 1996b; Kloc et al. 1998).
We have repeated these experiments many times and
observed no quantitative reduction in RNA localization
in stage I oocytes when long microtubules, detectable by
confocal microscopy, were eliminated by a combination of
cold treatment and incubation with nocodazole (data not
shown). However, we also have observed that RNA local-
ization in stage IV oocytes is reduced to a greater extent by
inhibiting kinesin II (Betley et al. 2004) than it is by
nocodazole (data not shown). This suggests that the
interpretation of data involving microtubule depolymeriz-
ing drugs may be complicated in vivo and that complete
disassembly of microtubules in oocytes may not occur
following drug treatment. A similar series of seemingly
contradictory results exists in the field of membrane
trafficking, where microtubule depolymerizing drugs do
not necessarily block protein secretion even though secre-
tory vesicles are large and should not be able to diffuse
significant distances within the cell (Bloom and Goldstein
1998; Thyberg and Moskalewski 1999).

To explain why kinesin II inhibition reduces RNA
localization in stage I oocytes but microtubule drugs do
not, we envision two possible scenarios. First, diffusion-
mediated localization of mRNA particles and their directed
transport on microtubules may be operating simulta-
neously, with diffusion being the prevalent mechanism of
localization. It has been suggested previously that diffusion
accounts for the movement and localization of the MCLE
RNA in the stage I oocytes because photobleaching experi-
ments show that localizing and nonlocalizing RNAs redis-
tribute at similar rates in the cytoplasm (Chang et al. 2004).
If diffusion and directed transport both contribute to the
localization process, kinesin II-dependent transport may
only account for z25% of overall localization, since
blocking kinesin II decreases RNA localization to the
Balbiani body by about this amount (Fig. 7). The remain-
ing 75% of RNA localization could be mediated primarily
by diffusion. In nocodazole-treated oocytes, the overall rate
of localization could be relatively unaffected because
disruption of the microtubule network may release a
number of nonmotile RNA complexes from microtubules,
enabling them to diffuse to the mitochondrial cloud,
thereby compensating for any loss of localization due to
motor-directed transport.
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Alternatively, most RNA localization in stage I oocytes
may be similar to that in later-staged oocytes (Messitt et al.
2008) and mediated by molecular motors acting either
sequentially or redundantly, with diffusion playing less of
an explicit role in the localization process. This also may
explain why expression of the dominant negative kinesin II
polypeptide does not inhibit localization completely. In this
scenario, the extreme dependence of the localization pro-
cess on metabolic energy could indicate that microtubule-
directed transport mediates most RNA localization to the
Balbiani body. While it has been suggested that molecular
motors may facilitate RNA localization in invertebrate
systems indirectly by promoting cytoplasmic streaming
(Forrest and Gavis 2003), cytoplasmic streaming does not
occur in Xenopus oocytes (Sehy et al. 2002). Thus, if most
RNA localization is directed on microtubules in stage I
oocytes, a subpopulation of stable microtubules must exist
in nocodazole-treated oocytes. Using electron microscopy,
we have observed an abundance of short microtubule
profiles both in nocodazole-treated (z63 microtubule
profiles/mm2) and untreated stage I oocytes (z50 micro-
tubule profiles/mm2) (data not shown); this is about nine
times higher than the number of microtubules reported
for stage VI oocytes using the same method (Pfeiffer and
Gard 1999). Moreover, a large number of MCLE RNA-
containing particles co-localize with tubulin foci in
nocodazole-treated (data not shown) and untreated
oocytes (Choo et al. 2005) analyzed by confocal micros-
copy. Therefore, a large number of short microtubule
tracks may be sufficient to mediate motor-dependent
localization in nocodazole-treated stage I oocytes.

While the specific kinetics of RNA movements along
microtubules are likely to be complicated and have not yet
been characterized in the Xenopus oocyte system, it has
become evident in other systems that bidirectional, prob-
abilistic transport, consisting of numerous short move-
ments along microtubules, may be the prevalent mechanism
by which many cellular cargos, including mRNAs, become
localized by molecular motors in vivo (Welte 2004; Bullock
et al. 2006; Ross et al. 2006; Dynes and Steward 2007;
Zimyanin et al. 2008). If the short microtubules present in
nocodazole-treated oocytes are capable of supporting RNA
localization, it may be that the frequency and direction with
which particular RNAs move are more important than the
distance an RNA actually travels along a single microtu-
bule. This scenario could also explain why nocodazole has
no effect on the localization of the Vg1 RNA localization
element in stage II oocytes (Kloc and Etkin 1998), even
though the RNA interacts with kinesin II at this stage
(Betley et al. 2004). Interestingly, a probabilistic mechanism
has been proposed previously to explain why RNA local-
ization in oocytes requires days to occur (Fusco et al. 2003).
If RNA localization was driven by a processive mechanism,
localization of the RNA should require less than an hour
given that RNA localization factors are present in large

excess relative to the RNA cargos they carry (Kwon et al.
2002; Choo et al. 2005). Finally, a recent microarray study
of maternal mRNAs in Xenopus suggests that localized
mRNAs have a higher affinity for microtubules than non-
localized mRNAs. Endogenous mRNAs, such as Xpat and
Xcat-2, which localize to the Balbiani body of stage I
oocytes, are enriched on microtubules to a greater extent
than the late localizing Vg1 mRNA (Blower et al. 2007),
consistent with the finding that early localizing mRNAs
contain stronger RNA localization elements than late
localizing ones (Choo et al. 2005). Real-time imaging
studies of oocytes will be required to resolve exactly how
these localizing RNA molecules move to their final desti-
nations in vivo.

MATERIALS AND METHODS

Quantitative RNA localization assay in stage I oocytes

Stage I oocytes ranging in size from 160 to 220 mm were prepared
from a single 6.25- to 7.5-cm female Xenopus laevis as previously
described (Choo et al. 2005). Oocytes in this size range virtually
always have a single mitochondrial cloud that is more closely
associated with the germinal vesicle than the vegetal cortex.
Approximately 0.04 nL of a 4-5 fmol/nL solution containing the
Xcat-2 mitochondrial cloud RNA localization element (MCLE)
(Zhou and King 1996a; Kloc et al. 2000) fluorescently labeled by
the incorporation of Alexa Fluor-546-14-UTP (Invitrogen) during
in vitro transcription was injected into the cytoplasm of these
stage I oocytes as previously described (Choo et al. 2005). A PV83
pneumatic picopump (World Precision Instruments) was used to
microinject the RNA. Oocytes were then cultured in 0.53

Leibovitz L-15 medium (Sigma) containing 15 mM HEPES at
pH 7.6, 0.1 mg/mL tetracycline (Sigma), and 0.1 mg/mL genta-
mycin (Roche). The temperature and duration of the incubations
were varied as indicated for distinct experiments. Occasionally the
RNA was inadvertently injected into the nucleus, but such oocytes
were easily recognized during image acquisition since much of the
RNA remained in the nucleus throughout the culturing period.
Since the kinetics of nuclear export could affect the rate at which
injected RNAs localized to the Balbiani body, we discarded the few
oocytes that had been injected into the nucleus. Because a large
percentage (z75%) of oocytes die upon injection and large
numbers of oocytes are required to generate statistically significant
localization data, we typically inject at least 200 oocytes for each
experimental condition. Consequently, it is difficult to assess more
than three experimental conditions in a single experiment.

Oocytes were mounted in Vectashield (Vector Laboratories,
Inc.), and confocal images were acquired on a Zeiss LSM 510
confocal laser scanning microscope with a Helium-Neon laser
(543 nm) for detection of Alexa Fluor-546-14-UTP labeled RNA.
Both dark-field and a fluorescent images were collected for each
oocyte from an optical section through the center of the Balbiani
body. Since we could not specify the orientation of oocytes during
mounting, this optical section included the nucleus in some
oocytes, but not in others. For quantification, the intensity of
the laser was adjusted slightly for each oocyte such that the
nonlocalized RNA signal in the region of cytoplasm outside the
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Balbiani body was set to 20% of maximum detection levels. Both
the dark-field and fluorescent images were exported for each
oocyte, and a stack of the two images was created using ImageJ
software. A circle was drawn around the mitochondrial cloud of
the dark-field image, which was then used to measure signal in the
fluorescent image. The IOD within the mitochondrial cloud
(IODmc) and the entire oocyte section (IODTotal) from the
fluorescence layer were determined using ImageJ software. Percent
localization was defined as:

100 3
IODmc

IODTotal

� �
:

The standard deviation for each value typically was z25% of the
actual value for localization. Therefore, z30–40 oocytes were used
for each data point, and error bars represent the standard error of
the mean in all histograms. Each experiment was repeated a
minimum of three times, and similar results were obtained in all
experiments. However, the amount of localization observed with
the MCLE at a given time point could vary by as much as twofold
between experiments that were run on different days with oocytes
isolated from different frogs.

Nucleotide depletions

To reduce the endogenous concentration of ATP, apyrase (Grade
VI, Sigma-Aldrich) was co-injected with fluorescently labeled
MCLE RNA (final intracellular concentration 0.8 units/mL).
The integrity of the fluorescent RNA was verified by electropho-
resis of the apyrase–RNA injection mixes in denaturing poly-
acrylamide gels run just after the injections were performed. In
addition, the viability of oocytes with apyrase appeared viable was
assessed by overall morphology and tensegrity of the plasma
membrane.

The ATP concentration in stage I oocytes was measured using
an ATP determination kit (Invitrogen-Molecular Probes), which
is based on ATP-dependent luciferase activity. Individual stage I
oocytes were homogenized by pipetting and boiling in 50 mL, 20
mM HEPES at pH 7.5 (buffer), and the ATP concentration was
determined following the protocol provided by the manufacturer.
The average ATP concentration was found to be z2.4 mM in
stage I oocytes, which is similar to that reported for stage VI
oocytes (z2.3 mM) in two previous studies (Newmeyer et al.
1986; Gribble et al. 2000). Similar levels of intracellular levels of
ATP were found when measurements were obtained from pooled
oocytes.

Kinesin II recruitment and immunocytochemistry

Stage I oocytes injected with Alexa Fluor-546-UTP-labeled MCLE
RNA were fixed after the indicated culturing times in MEMFA for
1 h, washed twice in 13 PBS (pH 7.4) and stored in 13 PBS until
oocytes of different time points were collected. Oocytes were then
washed twice for 20 min each in 13 PBS containing 0.1% Tween
followed by one wash in 13 PBS containing 0.05% Tween. The
oocytes were incubated in blocking solution (1 mg/mL BSA in 13

PBS, 0.05% Tween) for 30 min. Oocytes were then incubated
overnight at 4°C with the monoclonal anti-kinesin II K2.4
antibody (Covance) in blocking solution and washed twice the
next day for 30 min in 13 PBS containing 0.05% Tween. A second

overnight incubation at 4°C with Cy2-conjugated donkey anti-
mouse secondary antibody (Jackson ImmunoResearch) in block-
ing solution was followed by two washes in 13 PBS containing
0.05% Tween. Whole oocytes were mounted in Vectashield
(Vector Laboratories, Inc.) and subjected to confocal imaging.
This analysis showed that kinesin II levels only became higher in
the Balbiani bodies than in the surrounding cytoplasm after a day
(data not shown) or two (Figs. 4, 5) of culturing following
injection of the MCLE RNA. This is a longer time period than
is required for detecting enrichment of the MCLE RNA itself in
the Balbiani body; z3 h are required to detect a z1.2-fold
enrichment of RNA in the Balbiani body relative to that of
surrounding cytoplasm. At the 3-h time point, this z1.2-fold
enrichment is the result of only z0.44% of the RNA becoming
localized to the Balbiani body. Since RNA localization factors
appear to be in excess of injected RNAs (Kwon et al. 2002; Choo
et al. 2005; Czaplinski and Mattaj 2006), and kinesin II is most
highly concentrated in stage I oocytes (Betley et al. 2004), it would
be expected that a higher percentage of MCLE RNA would need to
be localized before enrichment of kinesin II could be detected in
the Balbiani body. For example, if the concentration of kinesin II
was five times higher than that of the injected MCLE RNA in the
cytoplasm, five times as much of the RNA/motor complex would
need to become localized in order to detect a higher concentration
of kinesin II in the Balbiani body. Interestingly, approximately five
times as much of the MCLE RNA, or 2%, localized to the Balbiani
body after 2 d when compared with 3 h (0.44 percent). This
estimation is based on diameters of 200, 100, and 30 mm for the
oocyte, nucleus, and Balbiani body, respectively. In addition, the
average enrichment of the MCLE RNA in the Balbiani body is
z1.1- and z4.5-fold for oocytes cultured for 3 h or 2 d,
respectively.

Dominant negative kinesin II construct and mRNA
transcription

For expression of the dominant negative Xklp3b polypeptide in
Xenopus oocytes, a PCR amplification product derived from the
plasmid HA-Xklp3-ST* (Le Bot et al. 1998) was cloned into the T7
transcription vector p18.polyA.BX. The transcription vector
p18.polyA.BX contains a stretch of 30 adenine base pairs, near
the polylinker such that a poly-A tail is incorporated during in
vitro transcription. The upstream primers used to generate the
amplified products were:

59-ATAGGCGTTAGAGCTCGCCACCATGGATTACAAGGAC
GACGACGATAAGGCAGGCCATCATCATCATC-39; or

59-ATAGGCGTTAGAGCTCGCCACCACGGATTACAAGGAC
GACGACGATAAGGCAGGCCATCATCATCATC-39.

These primers contain a SacI restriction site (underlined), a Flag-tag
(italics), and start codon or mutated start codon inside a Kozak
sequence (bold). The downstream primer contained an XmaI
restriction site (underlined) and a stop codon (square):

59-CTCGCTATATCCCGGGCCGGTGGATCCTTATTTGG-39.

During in vitro transcription, the mRNA was capped using
7mG(59)ppp(59)G according to the manufacturer’s recommenda-
tions (New England Biolabs). This mRNA was co-injected with
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fluorescently labeled MCLE RNA, and in six of six independent
experiments performed, a reduction was always observed.

Western blot analysis

Expression of the Flag-tagged Xklp3DN kinesin II polypeptide was
verified by Western blot analysis using monoclonal anti-Flag
antibody (Sigma, F1804). Extracts for detecting the Flag-tagged
protein were prepared via homogenization of RNA-injected stage
II oocytes in SDS sample buffer, and each lane contained 15
oocytes. A Flag-BAP fusion protein (50 ng) was used as a positive
control (Sigma, P7457) for detection. For technical reasons it is
difficult to determine the relative amounts of endogenous kinesin
II and the ectopically expressed dominant negative Flag-tagged
polypeptide in microinjected stage I oocytes. However, we
estimate that the ratio of the dominant negative polypeptide to
endogenous kinesin II is five times less in stage I oocytes than
previously has been achieved in stage III oocytes, where 75%
inhibition of RNA localization was achieved (Betley et al. 2004).
This estimate is based on an injection volume equal to z3% of the
oocyte volume, and the fact that the concentration of endogenous
kinesin II is approximately seven times higher in stage I oocytes
when compared with stage III oocytes (Betley et al. 2004).
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