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Biochemical Analysis of mRNA Localization

in Drosophila melanogaster and Xenopus laevis
by
James E. Wilhelm
Abstract

mRNA localization is used by many polarized cells as a means of
restricting the distribution of a protein to a particular cytoplasmic domain.
However, the molecular basis of this phenomenon is poorly understood. The
identification and characterization of the components of mRNA transport
complexes is the central question of this thesis. Our initial efforts focused on the
development of a one-hybrid screening system for identifying proteins that bind
to mRNA localization sequences. This work constituted a proof of principle for
this screening method.

Since translation and localization are tightly coupled, we also
investigated the translational regulation of Vg1, a localized message from
Xenopus laevis, in an effort to understand what role the translational repression
machinery might play in mRNA localization. This work has indicated that the
coordination of localization with translational activation is more complicated
than previously thought and that mRNAs that encode secreted proteins may
pose special problems for the mRNA localization machinery.

Previous genetic studies implicated exuperantia (exu) in bcd mRNA
localization, but its role in this process is not understood. We biochemically
isolated Exu and demonstrated that it is part of a large RN Ase sensitive complex

that contains at least seven other proteins. One of these proteins was identified
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as the cold shock domain RNA binding protein Ypsilon Schactel (Yps), which
binds directly to Exu and colocalizes with Exu in both the oocyte and nurse cells
of the Drosophila egg chamber. Surprisingly, the Exu/Yps complex contains osk
mRNA. This biochemical result led us to re-examine the role of Exu in the
localization of osk mRNA. We discovered that exu null mutants are defective in
osk mRNA localization in both nurse cells and the oocyte. Furthermore, both
Exu/Yps particles and osk mRNA follow a similar temporal pattern of
localization in which they transiently accumulate at the oocyte anterior and
subsequently localize to the posterior pole. We propose that Exu is a core

component of a large protein complex involved in localizing mRNAs both

Ronald Vale, PhD.
Advisor

within nurse cells and the developing oocyte.
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Overview

One of the central problems in cell biology is the question of how cells
target proteins to specific intracellular compartments. Historically, interest
in this question has focused predominantly on how proteins are targeted to
membrane-bound organelles. As a result, a great deal is known about the
molecular machinery responsible for targeting proteins to the nucleus,
mitochondria, and the secretory pathway (Moroianu, 1999; Neupert, 1997;
Rapoport, 1990).

In contrast to the wealth of information that is available concerning
the sorting of proteins to membrane-bound compartments, very little is
known about how proteins are partitioned within the cytoplasm. Over the
last fifteen years, it has become increasingly clear that the transport of
mRNAs, and not the translated proteins themselves, constitutes one of the
major pathways for sorting proteins within the cytoplasm. From the initial
finding that actin mRNA is unevenly distributed in the ascidian embryo
(Jeffery et al., 1983), an increasing number of transcripts have been found to
be localized in an ever larger variety of cell types and organisms (Bashirullah
et al., 1998). While the phenomena of mRNA localization is well
documented, the mechanism remains unclear due to the paucity of proteins
that have been directly implicated in the transport process.

The identification and characterization of the components of mRNA
transport complexes is the central question I have attempted to address in

this thesis. My initial efforts focused on the development of a one-hybrid
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screening system for identifying proteins that bind to mRNA localization
sequences. This work is described in Chapter 1. Since translation and
localization are tightly coupled, I also investigated the translational
regulation of Vgl, a localized message from Xenopus laevis, in an effort to
understand what role the translational repression machinery might play in
mRNA localization. This work, described in Chapter 2, has indicated that
the coordination of localization with translational activation is more
complicated than previously thought and that mRNAs that encode secreted
proteins may pose special problems for the mRNA localization machinery.
Lastly, Chapter 3 describes my biochemical isolation of a putative mRNA
transport complex from Drosophila melanogaster and the characterization of
the protein components of the complex.

In this introduction, I will briefly review what types of messages are
localized, the evidence for a step-wise localization pathway, and previous
work on identifying candidate components of the transport complex.

Why Sort mRNA?

mRNA localization has been most extensively characterized in
Drosophila oogenesis where its role is to establish protein gradients that
pattern the early embryo (Driever and Nusslein-Volhard, 1988; Driever and
Nusslein-Volhard, 1988). Drosophila oogenesis takes place in a complex of
16 cells that are interconnected by cytoplasmic bridges called ring canals. 15 of
these cells are nurse cells that manufacture protein and RNA for transport to

the 16th cell in the complex, the oocyte. While the majority of proteins and
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transcripts are merely transported to the oocyte by bulk flow, a few key
regulatory molecules are actively transported to particular positions within
the oocyte (Spradling, 1993). Of these localized messages, two of the best
studied examples of this process are bicoid and nanos. bicoid mRNA is
localized to the anterior pole of the oocyte and encodes a homeodomain
family transcription factor that initiates a series of concentration-dependent
transcriptional events that pattern the anterior of the embryo (Berleth et al.,
1988; Driever and Nusslein-Volhard, 1988; Driever and Nusslein-Volhard,
1988). nanos mRNA, on the other hand, is localized to the posterior pole
and encodes a Zn-finger protein that promotes posterior pattern formation
by blocking the translation of hunchback, a transcription factor induced by
the bicoid cascade (Irish et al., 1989; Wharton and Struhl, 1991). Thus, the
localization of these transcripts to opposite ends of the oocyte generates
opposing gradients of these two antagonistic factors to establish the anterior-
posterior body plan.

In addition to establishing protein gradients, mRNA localization is
also used to generate asymmetric cell divisions by ensuring that only one cell
inherits all of the mRNA encoding a particular regulatory factor. The two
best studied examples of this use of mRNA localization are mother-daughter
mating type switching in Sacchromyces cerevisize and mesoderm induction
by Vgl in Xenopus laevis. In mother-daughter mating type switching, ASH1
mRNA is localized to the bud tip during mitosis to ensure that ASH1p is

only found in the daughter cell (Long et al., 1997). Since ASH1p is a repressor



of mating type switching, this means that only mother cells can switch
mating type. Similarly, Vgl mRNA is localized to the vegetal pole of the
Xenopus oocyte (Melton, 1987). Since the first mitotic cleavage occurs along
the boundary of the animal and vegetal poles, only those cells that are
descended from the initial vegetal cell will express Vg1 protein. Because Vgl
protein is a key regulator of both mesoderm induction and left-right
asymmetry, the segregation of Vgl message to the vegetal cell of the first
mitotic division is crucial for establishing many cell fate decision in the
embryo (Dale et al., 1993; Hyatt et al., 1996; Hyatt and Yost, 1998; Kessler and
Melton, 1995; Thomsen and Melton, 1993). Thus, mRNA localization
provides a powerful mechanism for ensuring that a particular protein is only
expressed in one cell after mitosis has been completed.
mRNA localization also provides a unique method for spatially
controlling macromolecular assembly reactions. Several types of cytoskeletal
pProteins, such as vimentin and muscle myosin, self-assemble rapidly after
translation, which necessitates restricting their synthesis to those regions of
the cell where the filaments are required (Isaacs et al., 1989; Isaacs and Fulton,
1987). In the case of vimentin, the coincident changes in mRNA localization
and filament distribution that occur during muscle development support the
ldea that mRNA localization determines the distribution of these polymers
(Cripe et al., 1993). Similarly, recent experiments have demonstrated that
POly(A)* mRNA and ribosomes are recruited to focal adhesion complexes

that are induced by fibronectin-coated beads. Furthermore, the amount of
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poly(A)* mRNA and ribosomes recruited to the focal adhesion complex
increases when the beads are put under tension (Chicurel et al., 1998). These
results suggest that mRNA localization may play a role in regulating or
remodeling various intracellular filament systems in response to

extracellular cues.
Work on the localization of B-actin mRNA also supports the idea that
mRNA localization may help remodel the cell in response to external
sigmnals. B-actin mRNA is concentrated in the lamellaepodia of motile cells

and the growth cones of neurons (Bassell et al., 1998; Lawrence and Singer,

1986). However, when either fibroblasts or neurons are starved for growth
factors, B-actin mRNA assumes a perinuclear distribution. When serum
starved fibroblasts are subsequently exposed to PDGF or lysophosphatidic

acid, the B-actin message is rapidly transported to the leading edge (Latham et
al., 1994). Similarly, treatment of neurons with neurotrophin-3 causes B-

actin mRNA to be rapidly redistributed to the growth cone while y-actin
MRNA remains in the cell body (Zhang et al., 1999). Thus, the distrubution
of B-actin mRNA is tightly regulated by external cues. Of course the critical

question is whether or not these regulated localization events have any
functional importance for regulating actin filament formation. Recent work
With neurotrophin-3 treated neurons has attempted to address this question

by €Xamining how the distribution of actin protein changes in response to

Changes in B-actin mRNA localization (Zhang et al., 1999). Interestingly, B-
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actin protein is only found in the growth cone under conditions where f-

actin mRNA is localized to the growth cone (Zhang et al., 1999).
Furthermore, treatment of neurons with neurotrophin-3 causes an increase

in actin polymerization in the growth cone that parallels the growth cone
localization of B-actin mRNA. While it is still unclear how important

mRNA localization is for motility of growth cones and migrating fibroblasts,

these results make it likely that mRNA localization is used to regulate the
1ocalized synthesis of actin and thus drive filament formation in both
lamellaepodia and growth cones.

While all of these examples of mRNA localization clearly
demonstrate the importance of partitioning cytosolic proteins, they do not
explain why mRNA localization is used for protein sorting when all other
forms of protein targeting rely upon protein based signals. One of the key
adwvantages of mRNA transport is that a single mRNA can be translated
many times making sorting a few mRNAs much more efficient than sorting
hundreds or thousands of proteins. Another key advantage is that
translation can be made dependent on proper mRNA localization thereby
€nsuring correct protein positioning and preventing deleterious protein-
Protein interactions from occurring elsewhere in the cell. mRNA
localization also allows the generation of a wide variety of spatial
distributions of proteins by modulating the distribution of mRNA as well as
the diffusion of the translated protein from its site of synthesis. In the case of

PTroteins such as vimentin that assemble rapidly after translation, the
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distribution of protein can be very precisely defined by the localization of its
mRNA (Isaacs et al., 1989). Bicoid protein, on the other hand, diffuses from
its site of synthesis, thereby establishing a gradient across the Drosophila
embryo (Driever and Nusslein-Volhard, 1988). Thus, mRNA localization
affords a number of advantages over post-translational sorting for regulating
protein distribution.
Step-wise assembly of mRNA transport complexes
While organisms as diverse as X. laevis, D. melanogaster, S. cerevisiae,
and H. sapiens all display some form of mRNA localization, the
phenomenon in all of these systems displays remarkable similarities. First,
wvirtually all of the cis-acting sequences responsible for mRNA sorting that
have been mapped lie in the 3' untranslated region (3'UTR) of the message
(Bashirullah et al., 1998; Kislauskis and Singer, 1992). Second,
pPharmacological experiments with agents that depolymerize either actin
filaments or microtubules have demonstrated a requirement for these
Cytoskeletal elements for proper transport of mRNA (Carson et al., 1997;
Pokryweka and Stephenson, 1995; Sundell and Singer, 1991; Yisraeli et al.,
1989; Yisraeli et al., 1990). Third, pharmacological experiments have also
demonstrated a requirement for actin filaments in maintaining a message at
its site of localization (Lantz et al., 1999; Yisraeli et al., 1990). Lastly, many
localizeg transcripts are translationally regulated to ensure that translation
will only occur after the message has reached its proper destination (Gavis

ANd Lehmann, 1994; Kim-Ha et al., 1995; Rongo et al., 1995). These
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phenomenological observations all point to a simple model for mRNA
transport where the cis-acting localization elements are responsible for
nucleating the formation of a ribonucleoprotein complex that in turn
recruits a cytoskeletal motor that transports the RNP to it correct destination.
Once the mRNA reaches its final destination, it is then anchored to the
cytoskeleton and activated for translation (Figure 1).
Assembly of a cytoplasmic RNA transport particle
Most biological sorting events, such as membrane trafficking, nuclear
import, and protein translocation across the endoplasmic reticulum, are
mediated by large macromolecular assemblies. The first indication that RNA
may be transported as a large RNP particle came from studies of the BC1
message, a 152 bp RNA polymerase III transcript that is localized to the
dendrites of mammalian neurons (Tiedge et al., 1991). When extracted from
neuronal tissue, the BC1 RNA was discovered to be part of a 10S RNP
complex (Kobayashi et al., 1991). However, the function and composition of
this complex remains to be elucidated. Since BC1 is not translated and hence
different from most other localized RNAs, it has been uncertain whether a
large RNP complex is a universal requirement for transport. High
resolution in situ hybridization experiments by a number of laboratories
have shown that localized mRNAs display a granular pattern in the
CYtoplasm consistent with the presence of a transport particle containing
Multiple copies of transported message (Ainger et al., 1993; Cripe et al., 1993;

Taneia et al,, 1992). Although such observations might be discounted as
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fixation artifacts, fluorescently labeled mRNA encoding myelin basic protein
(MBP) also forms similar sized particles that move in a microtubule-
dependent manner within a few minutes of being microinjected into
oligodendrocytes (Ainger et al., 1993). Particle formation, however, is not
uniquely associated with localized mRNAs, since globin mRNA also forms
non-motile particles after microinjection (Ainger et al., 1993). Furthermore,
the fact that each message is only labeled with one fluorophore indicates that
multiple messages are being assembled into a particle since a single message
is insufficiently bright to visualize. These experiments also raise the
question of whether localized and nonlocalized messages are assembled into
distinct complexes. Coinjection experiments with differentially labeled
localized and nonlocalized messages will help address the specificity of
particle assembly in this system.

While these results argue that there is a large complex involved in
transporting localized messages, the nature of this complex has remained
murky. For instance, the necessity for a large RNP transport complex has
been called into question by work on Vgl mRNA localization demonstrating
that the RNA binding protein vera/VgRBP specifically recognizes the Vgl
localizatjon element and is associated with the ER (Deshler et al., 1997). This
result implies that localized mRNAs may be docked to motile vesicles via
Membrane-associated RNA binding proteins. One of the major conclusions
of Chapter 3 of this thesis is that Exuperantia, a Drosophila protein required

for MRNA localization, is part of a large 20-60S RNAse sensitive complex
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that contains the localized mRNA, oskar, as well as 7 additional
polypeptides. This result argues quite strongly that large RNP complexes
play a role in localizing mRNAs, but does not address the larger question of
whether these transport complexes recruit cytoskeletal motors directly or
whether they dock localized messages to transport vesicles.

How are these large RNP complexes assembled? As mentioned
previously, the specific recognition of localized messages relies on cis-acting
localization sequences present in the 3’'UTR. However, while the minimal
region required for localization has been mapped for a number of
transported messages, most analyses have found very little sequence
conservation amongst these localized elements (Bashirullah et al., 1998). For
example, the 3'UTRs of bicoid mRNAs from different Drosophila species all
support normal mRNA localization in Drosophila melanogaster, even
though they have diverged considerably in sequence (MacDonald, 1990).
Interestingly, these bicoid 3'UTRs are all predicted to form a similar
secondary structure, which suggests that trans-acting factors may recognize
the RNA’s conformation rather than its sequence (MacDonald, 1990).
Obviously, the identification of the set of proteins that recognize these cis-
acting localization signals is critical to understanding how mRNAs are
recruited to the localization pathway as well as the mechanism of transport.
Consequently, a great deal of effort has been expended trying to identify

proteins that specifically recognize localization elements. Candidate

localization element binding proteins have been isolated biochemically from
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oligodendrocytes, Xenopus oocytes, and chick embryo fibroblasts (Deshler et
al., 1998; Havin et al., 1998; Hoek et al., 1998; Ross et al., 1997). However,
since none of these systems has tractable genetics, the role of these proteins
for mRNA localization in vivo has been difficult to address. Also, the fact
that the proteins that have been isolated, such as hnRNP Al in
oligodendrocytes and hnRNP I (polypyrimidine tract binding protein) in
Xenopus, are believed to play a role in a number of RNA regulatory events
makes genetic analysis one of the few ways to determine whether these
proteins are contributing specifically to mRNA localization (Cote et al., 1999;
Hoek et al., 1998). The recent use of sensitized substrates and temperature
sensitive alleles to demonstrate that the hnRNP-like protein, Hrplp/Nab4p,
in yeast plays a specific role in nonsense-mediated mRNA decay shows how
a combination of genetics and biochemistry can be used to tease specific
functions out of the seemingly promiscuous hnRNP proteins (Gonzalez et
al., 2000). The work on Hrp1/Nab4 also points to a possible role for nuclear
history in influencing the fate of mRNA in the cytoplasm. This idea is also
supported by the recent finding that the correct localization of microinjected
ftz transcripts in Drosophila embryos only occurs if the message has been
preincubated in a nuclear extract prior to microinjection (Lall et al., 1999).
This work, which also demonstrated that the hnRNPA1-homologue, squid,
crosslinks to the ftz message, indicates that the nuclear history is important
for making a message competent to be localized (Lall et al., 1999). One

interpretation of this work is that some of the specifc RNA recognition
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events occur in the nucleus. However, it is equally plausible that the role of
proteins, such as hnRNPAL1, is to act as "chaperones” for assembly of the
transport complex by stabilizing the correct conformation of the localization
element so that the components of the transport machinery can efficiently
assemble on the localization element. This view is supported by the fact that
cytoplasmically injected MBP mRNA and Vgl mRNA are both transported
to their respective destinations without having passed through the nucleus
(Melton, 1987; Ainger et al., 1993). One way around these issues is to focus on
purifying the assembled transport complex from the cytoplasm and then
confirming the functional relevance of each component of the complex
through genetic analysis. This is the experimental approach that was used to

dissect oskar mRNA localization in Chapter 3.

The role of the cytoskeleton in cytoplasmic mRNA transport

The first indications that the cytoskeleton was required for proper
transport of mRNA came from studies in a number of systems that
demonstrated that cytoskeletal inhibitors block mRNA transport.
Interestingly, not all mRNA localization events are blocked by the same
classes of cytoskeletal inhibitors. For instance, the transport of bicoid mRNA
is very sensitive to agents that depolymerize microtubules, but is insensitive

to actin depolymerizing agents (Pokrywka and Stephenson, 1994).

Conversely, B-actin mRNA localization is highly senstive to actin
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depolymerizing agents and insensitive to microtubule depolymerizing drugs

(Suandell and Singer, 1991). These findings were the first to suggest that both
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actin and microtubules play a role in the transport process and that the
filament system used is transcript specific.

These experiments were further buttressed by work in Drosophila
with mutations that cause disruptions in the polarity of the microtubule
array such that the minus-ends of microtubules are at both the anterior and
posterior poles while the plus-ends of microtubules are in the center of the
oocyte. In these mutants, bicoid mRNA accumulates at both the anterior and
posterior poles, while oskar mRNA accumulates in the center of the oocyte
(Micklem et al., 1997). This result argued strongly for an active transport
process for both oskar and bicoid transcripts that relied on the polarity of the
microtubule network to sort mRNAs to their proper locations. While both
the pharmacological and genetic experiments strongly indicated an active
role for the cytoskeleton in mRNA transport, it was still formally possible
that the cytoskeleton played an indirect role in the transport process.

This issue was definitively addressed by experiments in both
oligodendrocytes and S. cerevisiae where mRNA transport was visualized
directly by tagging the localized transcript with a fluorophore. While the
techniques used for visualization in each of these experiments were
different, the conclusions were the same: mRNA localization is an active
process along cytoskeletal filaments. In oligodendrocytes, the unidirectional
movement of MBP mRNA occured at speeds constent with a microtubule-
based motor and was dependent on the presence of microtubules (Ainger et

al., 1993). Even more strikingly, the transport of ASH1 mRNA particles into
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the daughter cell required both actin filaments and the type V myosin,
MYO4/SHE1p (Long et al., 1997; Takizawa et al., 1997). Furthermore,
MYO4/SHE1p coimmunoprecipitates with ASH1 mRNA and colocalizes
with ASH1 mRNA in vivo (Bertrand et al., 1998; Long et al., 1997; Takizawa
et al., 1997). Thus, MYO4/SHElp is the first cytoskeletal motor directly
implicated in an mRNA transport event. This finding, together with the

results from oligodenrocytes, support the model that cytoskeletal motor

proteins, such as myosin, kinesin, and dynein, are responsible for T

o "
transporting mRNAs to their final destinations. However, the identity of - ;-;;*3
these motor proteins and the mechanisms that are used to recruit them to ::k s

ARG UK |
the transport particle remain unknown. The isolation and biochemical :‘::}
characterization of mRNA transport complexes combined with the ::3

development of in vitro motility assays for mRNA transport should help
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resolve these issues. L
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Anchoring of localized mRNAs w2
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After transport is completed, the localized mRNA must maintain its
final distribution. The active transport process that initially localized the
mRNA could be used to collect the RNA that diffuses away from its final
destination. However, microtubule inhibitors, which abolish active
transport of mRNA in oocytes, fail to disperse localized Vgl or bicoid mRNA
(Pokrywka and Stephenson, 1991; Yisraeli et al., 1989; Yisraeli et al., 1990).
Furthermore, the reorganization of microtubules at stage 10 of Drosophila

oogenesis is not accompanied by a corresponding redistribution of localized
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messages (Theurkauf et al., 1992). These results argue that mRNAs become
anchored at their final destination by a mechanism independent of
microtubules and cytoplasmic transport.

Some element of the cytoskeleton is almost certainly involved in
anchoring messages, since localized mRNAs, in contrast to other RNAs, are
not solublized by Triton X-100 (Yisraeli et al., 1990). Actin filaments are the
most likely candidates, since Vg1 becomes dispersed after cytochalasin
treatment (Yisraeli et al., 1990). Cytokeratins have also been suggested to
participate in RNA retention (Pondel and King, 1988), but their role is
probably secondary to actin's, since fragmentation and disassembly of
cytokeratins in oocytes does not release the Vgl transcript from the
detergent-insoluble matrix (Klymkowsky et al., 1991).

The anchoring of transcripts to the cytoskeleton presents another
opportunity for the cell to regulate mRNA distribution. The localized Vgl
message, for instance, is found initially in the detergent-insoluble
cytoskeletal fraction, but then becomes detergent soluble at the time of oocyte
maturation (Pondel and King, 1988; Yisraeli et al., 1989; Yisraeli et al., 1990).
This change in detergent extractability occurs at the time that Vgl message
loses its tight cortical localization and becomes diffusely distributed over the
vegetal hemisphere (Melton, 1987). In contrast, the vegetally localized
XCAT-2 transcript remains in the detergent insoluble fraction throughout

oogenesis (Mosquera et al., 1993). Thus, the cytoskeletal associations of
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different localized mRNAs can be controlled independent of one another.
Coordinating mRNA Translation with Localization

To ensure a highly restricted protein distribution, it is generally
thought that mRNA translation is repressed during transport and then
activated upon arrival at its destination. The dependence of translation on
proper mRNA localization prevents the synthesis of proteins from
transcripts that are either en route to their destination or that have become
mislocalized. This may be particularly important in oocytes, where
translation of mislocalized mRNAs could have deleterious effects on
embryogenesis.

The first support for this idea came from work on the oskar and nanos
mRNAs which found that mutations that block mRNA localization also
block the translation of these messages. Since this initial observation, the
RNA elements that mediate translational repression have been found to lie
within the 3'UTR and overlap with the sequences that mediate localization
(Bergsten and Gavis, 1999; Kim-Ha et al., 1995). The proximity of these
sequence elements has suggested that the coordination of localization with
translational activation may be due to the fact that anchoring the transcript
dislodges the repression machinery since they share overlapping binding
sites (Bergsten and Gavis, 1999). However, more recently work with oskar
mRNA has shown that while sequences in the 3’'UTR are required for
translational repression, there are sequences in the 5'UTR that are required

for translational activation (Gunkel et al., 1998). Thus, the mechanism of

17

e
’.5
e _‘-“
e 1. Y.5R
o owess
ot
el wam
LR 2
[T
)
&
[ TN o
YA X 29 KT

—

- Lo e

.-g - P

™ [N
mv‘»"')

f o I [y



coordinating localization and with translation is likely to be more
complicated than simple competitive binding to a regulatory element.

One simple way for regulating translation is by altering the length of
the poly(A) tail by cytoplasmic polyadenylation. This mechanism for
translational repression of maternal transcripts has been previously
described for the c-mos mRNA in Xenopus and bicoid mRNA in Drosophila
(Salles et al., 1994; Sheets et al., 1994). In both of these cases, the transcript has
an unusually short poly(A) tail that is lengthed upon fertilization allowing
the message to be translated. However, for nanos and oskar mRNA there are
no apparent changes in poly(A) length associated with translational
activation (Gavis et al., 1996; Lie and Macdonald, 1999; Lieberfarb et al., 1996).
Furthermore, recent work on reconstituting oskar mRNA translational
repression in vitro has shown that the translational repression is not
relieved by the addition of excess free cap analog implying that 5’ cap
recognition is not the step of translation that blocked (Lie and Macdonald,
1999). In work described in Chapter 2, we have found that the localized
Xenopus transcript Vgl is also translationally repressed until localization is
completed and that this repression is is independent of the length of the
poly(A) tail. Thus, the phenomenon of localization-dependent translational
regulation is not unique to Drosophila and is independent of poly(A) tail

length in both systems.
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Figure 1: A multi-step model for mRNA transport. Step 1: The localized
message is assembled into a ribonucleoprotein (RNP) complex. Step 2: The
RNP particle recruits cytoskeletal motors and commences translocation

along the cytoskeleton. Step 3: The RNP particle is anchored to the

cytoskeleton once transport is complete in order to insure stable localization.

Step 4: Translation of the localized mRNA.
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Abstract

The two-hybrid system has greatly facilitated the study of protein-protein
interactions. Here we describe a bacterial one-hybrid system for studying RNA-
protein interactions that exploits the ability of the bacteriophage lambda RNA
binding protein, N, to cause transcription antitermination. Our results show that
fusion of a heterologous RNA binding protein to N causes antitermination and B-
galactosidase expression in a reporter construct that has the heterologous binding
site substituted for the normal N target sequence. This reporter system is capable of
discriminating between RNA-protein interactions of differing affinities and is

sufficiently sensitive to detect interactions with K s as weak as 105 M. The system

should be useful for identifying novel proteins that bind RNA regulatory sites.

- ot~
Py
LN LY J
L. TR
o w-sd
e
ML am
S ‘”53
& el
LY .%‘"}
Ry
B an
Wmaae XTUEAS

[ FXp o~ _J

BT s s Y.“;

. 1’ .T‘Aﬁa



Introduction

The bacteriophage lambda gene product N is a small sequence specific
RNA binding protein that is required for expression of both the rightward
and leftward early operons. N protein positively regulates bacteriophage
lambda early gene expression by binding to and modifying RNA polymerase
in a manner that allows it to read through transcription termination signals
(Das, 1993; Greenblatt et al., 1993). Assembly of the antitermination complex
requires a cis-acting RNA sequence called the Nut site which contains two
distinct sequence elements: boxB, which binds N, and boxA, which interacts
with the host accessory factors NusB and S10 (Franklin, 1985; Nodwell and
Greenblatt, 1991; Nodwell and Greenblatt, 1993). A variety of experiments
have revealed that N binds to boxB through a short N-terminal region,
while the remainder of the protein appears to interact with RNA polymerase
and the host factor, NusA (Greenblatt and Li, 1981; Lazinski et al., 1989;
Whalen et al., 1988). Such findings suggested to us that the N-mediated
antitermination system may be modular and could be exploited to detect
heterologous RNA-protein interactions.

To explore this idea, we examined whether the N protein system
could be used to detect a well characterized RNA-protein interaction- the
binding of the R17 coat protein to its operator site (Carey et al., 1983; Lowary
and Uhlenbeck, 1987; Romaniuk et al., 1987; Schneider et al., 1992). R17 coat
protein is a gene product of the RNA phage R17 which is involved in
packaging the R17 genome into the phage particle and repressing translation
of the R17 replicase gene. This RNA-protein interaction was chosen as a test
case for our investigation, because the binding affinities of the R17 coat
protein for several operator site mutants have been determined (Romaniuk

et al., 1987; Schneider et al., 1992).
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In this study, we have shown that a fusion protein consisting of R17
coat protein joined to N causes antitermination in a reporter plasmid in
which boxB of the Nut site has been replaced with the R17 operator. The
efficiency of antitermination depends upon the affinity of the R17-operator
interaction. This system could be used to study known RNA-protein

interactions or identify novel proteins that bind to RNA regulatory sites.
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Results
R17-N Fusion Proteins are Capable of Antiterminating Through a Composite
R17-boxA Site

The principles underlying the function of the reporter system and
how this system can be modified to detect RNA-protein interactions are
diagrammed in Fig. 1. The unmodified reporter for detecting N function
consists of a Nut site followed by 4 terminators, and then by the LacZ gene

(Figs. 1a, 2b). In the absence of a second plasmid supplying N protein,

transcription terminates prior to reaching the LacZ gene and B-galactosidase s e
is not produced. However, when N is supplied by a second plasmid, RNA :_ :’:
polymerase can read through the terminators and B-galactosidase is L‘,’;
expressed, thereby providing a quantitative measure of antitermination (Fig. ;;:‘
la,b). In order to determine whether antitermination can occur through a :;::_Q
site that is not normally recognized by N, we modified this reporter system el
by replacing boxB of the Nut site with the R17 operator.

To evaluate the specificity of this system, the ability of N protein to ;J’:_S
cause antitermination at an R17-boxA target site was examined. N protein _,__‘; )

co-expressed with a reporter containing an R17-boxA target site generated N
only 1-2 units of B-galactosidase activity, in contrast to the 900 units of B-

galactosidase activity produced from a boxB-boxA (nut site) containing

reporter. Thus, N protein alone cannot assemble an antitermination

complex at an R17-boxA site. In order to target N protein to the R17-boxA

site, a fusion protein was constructed in which R17 was joined to the N-

terminus of N protein though a linker peptide consisting of 5 glycine

residues (R17-N; Fig. 2a). When the R17-N fusion protein was tested with

the R17-boxA reporter plasmid, a 3-4 fold increase in B-galactosidase

expression was observed over a reporter construct lacking the R17-boxA site
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(Table 1). This increase in B-galactosidase expression also yielded a clear
difference in colony color on X-gal indicator plates (Fig. 3). R17 expressed
alone, without being fused to N, did not produce antitermination (data not
shown). Similarly, the R17-N fusion protein did not cause increased B-
galactosidase expression with a reporter that had an R17 site without boxA,
indicating that host cell factors are required for antitermination (data not

shown).

A Modified Reporter System for Detecting Low Affinity RNA-Protein
Interactions

To examine the sensitivity of the system, an R17 operator containing a
point mutation that lowers its affinity for R17 coat protein (R1710W; K4 of 10-
SM compared to 10-8 M for the wild type site (Romaniuk et al., 1987)) was
examined (Fig. 2c). No appreciable difference in either B-galactosidase
activity (Table 1) or colony color (Fig. 3) was observed between the R17low_
boxA site and the reporter construct lacking the binding site. One possible
reason for the inability to detect this low affinity RNA-protein interactions
was that the antitermination complex dissociated from the nascent transcript
before the polymerase reached the terminators. If this were true, then
decreasing the distance between the R17-boxA site and the terminators might
increase the sensitivity of the assay. To test this idea, 1.5 kb of DNA that lay
between the target site and the terminators was deleted (pDel; Fig. 2b). As
shown in Table 1, the pDel reporter construct containing the R17-boxA target
site exhibited a significant increase in signal-to-background compared to the
parent pTAT reporter. More importantly, it became possible to detect the
interaction of R17-N with the R1710W-boxA site by both colony color and B-

galactosidase assays (Table 1;Fig. 3). Differences in B-galactosidase expression
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between the wild type R17 operator and a high affinity (K4 = 10-10 M) R17
operator (Fig. 2c), however, were difficult to discern with either the pDel or
pTAT plasmids (data not shown), possibly because in this range of
dissociation constants, the binding of R17-N to the RNA was no longer the

limiting step for the formation of an antitermination complex.

Fusions of R17 to the Carboxy Terminus of N Protein ;
Although the endogenous RNA binding domain of N is located at the b,
amino terminus, we wanted to determine whether or not R17 could be fused N i
to the carboxy terminus of N and still preserve the antitermination functions : :; {
of N. As shown in Table 1 and Fig. 3, fusion of R17 to the C-terminus of N j":‘*;; B
through a 5 glycine linker (N-R17) also caused antitermination through the “,,,l:’ .
R17-boxA or R1710W-boxA target sites. Although the absolute signal was L,:.‘I.IE
lower, the signal to background ratio was similar to the N-terminal fusion, e

and colonies containing the R1710W-boxA target could be easily distinguished

from those that did not by their color on X-gal plates (Fig. 3). The C-terminal p’*!::

m:‘ix
fusion, however, had difficulty resolving between the R17-boxA and R1710w- w3 ,
boxA target sites (Table 1) for reasons that are unclear. The efficiency and the ““’3 :

ability to discriminate between different affinity binding sites potentially

could be improved by modifying the peptide linker between N and R17.
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Discussion

In this study, we have demonstrated a one-hybrid system that should

be a useful tool for studying RNA-protein interactions, since it can detect low

affinity interactions and can discern between equilibrium dissociation
constants in the range of 10-3 to 10-8 M. Furthermore, our findings with the
pDel and pTAT reporter plasmids suggest that increasing or decreasing the
distance between the target site and the terminators may modulate the
dynamic range of the system and thereby make it possible to detect
differences in RNA-protein affinity over a wide range of Kds.

The ability to detect interactions on the basis of bacterial colony color
suggests that this technique can be applied to screening libraries for proteins
that bind to a known RNA sequence. Such a screening system may have
advantages over other methods for studying RNA-protein interactions that
are based upon TAT or REV function in mammalian cell lines or that use
translational interference as a reporter system (MacWilliams et al., 1993;
McDonald et al., 1992; Selby and Peterlin, 1990; Stripecke et al., 1994; Tiley et
al., 1992; Venkatesan et al., 1992). A library screening system using N-
mediated antitermination as a reporter takes advantage of E. coli's facile
molecular genetics, which should make isolation and re-testing of positives
substantially easier than in mammalian systems. Furthermore, our system
generates a positive signal (i.e. transcription of a reporter gene) which allows
even weak binding events to be easily distinguished from background,
whereas other systems rely on a loss of signal to detect an RNA-protein
interaction (Stripecke et al., 1994).

The finding that N protein can trigger antitermination through a
heterologous RNA-protein interaction also sheds some light on the

antitermination mechanism. The RNA binding domain of N protein is a 25
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amino acid arginine-rich peptide that is similar to the arginine rich RNA
binding domains of several of other proteins, including TAT and REV from
human immunodeficiency virus (HIV) (Kjems et al., 1992; Lazinski et al.,
1989; Weeks et al., 1990). Structural studies of the arginine-rich domain of
TAT have shown that it undergoes a pronounced conformational change
upon binding to it's target sequence, TAR, in the HIV genome (Calnan et al.,
1991). Since the RNA binding domains of N protein and TAT are closely
related, one might have anticipated that N also undergoes a conformational
change upon binding boxB that is required for antitermination. However,
the fact that R17, which binds RNA via a B-sheet motif (Valegard et al.,
1994), can be fused to N protein and can cause antitermination through the
R17 operator argues that such conformational changes are not absolutely
required. Rather, RNA binding may be involved primarily in tethering N
and increasing its effective concentration in the vicinity of RNA polymerase,
as suggested by in vitro studies of antitermination (Mason et al., 1992;
Nodwell and Greenblatt, 1991).

Our observation that antitermination through a low affinity R17 site
can be made more efficient by decreasing the distance between the binding
site and the terminators also suggests that complex stability is a key
determinant in achieving long distance antitermination. This in vivo result
complements previous in vitro experiments that have suggested that host
cell accessory factors create a network of protein-protein interactions that
stabilize that antitermination complex and allow it to act at long distances
(Mason et al., 1992). By using low affinity RNA-protein interactions to target
N to the nascent transcript (such as R17-N binding to R1710W_boxA) and
modulating the levels of accessory factors, it may be possible to dissect the in

vivo role of the accessory factors in achieving long distance antitermination.
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Materials and Methods
Bacterial Strains and Assays for Antitermination

The bacterial strain N567 (Franklin, 1993; Franklin, 1989), was made
competent for transformation (Chung et al., 1989), and then co-transformed
with the indicated reporter and activator plasmids. Co-transformants were
selected on plates containing chloramphenicol (15 mg/l) and ampicillin (50
mg/1).

B-galactosidase activity was assayed on plates containing
chloramphenicol (15 mg/1), ampicillin (50 mg/1), 0.025 mM IPTG, and 0.17
mM X-gal. Plates were incubated at 37°C for 20-24 hr and then colony color
was examined. For liquid assays, overnight cultures were diluted 50-fold
into LB containing 50 mg/l ampicillin and 15 mg/1 chloramphenicol, grown
until ODgQQ = 0.2 and then induced with 0.5 mM IPTG for 1.75 hr. Cells
were permeabilized with SDS/chloroform and assayed for B-galactosidase
activity using o-Nitrophenyl-B-D-galactoside (ONPG) as a substrate (Miller,
1992)

Construction of Reporter and Activator Plasmids

Reporters containing either the R17-boxA or R1710W_boxA binding

sites were constructed by altering the pTAT13 reporter construct (generously

provided by N. Franklin) by using partially overlapping oligonucleotides that
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were annealed and then extended with Klenow fragment of DNA
polymerase (Madhani and Guthrie, 1994). The resulting DNA fragment was
digested near the ends with Sall and BamHI and then inserted into the
Sall/BamHI sites of pTAT13. In order to prevent translation from starting at
the Shine-Dalgarno sequence encoded by the R17 operator, the operator
sequence was altered at two positions. The first mutation in the Shine-
Dalgarno sequence, which changed the first GC below the loop to CG, does
not alter the binding affinity of the coat protein for the site (Romaniuk et al.,
1987). The second mutation changed an AU base pair in the stem to a UA
basepair, and thereby removed the initiation codon associated with the
Shine-Dalgarno sequence. In vitro RNA selection experiments have shown
that the coat protein does not prefer an AU over a UA at this position
(Schneider et al., 1992).

pDel reporters were generated by digesting pTAT13 with Xbal and
Kpnl, blunting the ends with Klenow fragment of DNA polymerase, and
then recircularizing the plasmid. This procedure removed the 1.5 kb PhoA
gene from the pTAT13 reporters.

Fusions of R17 to N protein were constructed in the expression
plasmid pBR-ptac N* (Franklin, 1993). Fusion of R17 to the amino terminus
of N protein was done by using PCR to generate an R17 fragment that had
flanking Ncol sites and a 5 glycine linker attached to the amino terminus of
R17. This fragment was ligated into Ncol digested pBR-ptac N* to generate
the R17-N construct (N-terminal fusion). Fusion of R17 to the carboxy
terminus of N was accomplished by using PCR to generate a Clal/BamHI
fragment of R17 that had 5 glycines attached to the amino terminus of R17.
This fragment was ligated into Clal/BamHI digested pBR-ptac N* to generate

the N-R17 construct (C-terminal fusion).
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Figure 1: Assays For N-mediated Antitermination and Detection of
Heterologous RNA-Protein Interaction. A) RNA polymerase transcribes the
nut site, but in the absence of N protein, transcription is terminated prior to
reaching lacZ. B) RNA polymerase transcribes the nut site and N protein
binds the nascent transcript. N, in conjunction with cellular factors that are
not shown, then modifies the polymerase, which enables it to read through
the terminators and transcribe lacZ. C) To detect a heterologous RNA-
Protein interaction, boxB of the nut site is replaced with the R17 operator
sequence. An R17-N fusion protein recognizes the hybrid site which triggers

antitermination and transcription of lacZ.
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Figure 2: Diagrams of Expressed Proteins and Reporter Constructs.

A) Representation of the various expressed proteins tested in the
antitermination assay. B) pTAT plasmid and the modified pDel plasmid,
which has the 1.5 kb phoA gene deleted, were used to detect low affinity
RNA-protein interactions. The transcription start site is indicated by an
arrow and the transcription terminators are indicated by black bars. Each
plasmid is diagrammed with the nut site present. However, for R17
experiments this site was replaced with various boxA-R17 target sites shown
in panel C. C) Sequence and proposed secondary structure of the hybrid
boxA-R17 site used to test R17-N fusions for antitermination activity. The
stem-loop of the R17 binding site is indicated in bold. The affinity of R17 coat
protein for the wild-type R17 site shown is 10-8 M. The point mutants that

were used are indicated with arrows.
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Figure 3: Detection of Heterologous RNA-Protein Interactions by Colony
Color on an X-gal/IPTG Plate. The top row indicates the binding site present
in the reporter construct. The left column indicates the activator protein that
was expressed. The right column indicates whether the reporter plasmid was
PTAT or pDel. The colony color was developed as described in the Materials
and Methods.
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39

S .

R N~ )

. w-
=l aom
h .-!n;‘i
LS ]

oY a3
<& 3
Jem g™

AN o~

P -

ATy

[0 aalid 2

MavaoT. -

r



Abstract
Vgl, a member of the TGF-B family involved in mesoderm induction, is

translated subsequent to the localization of its mRNA to the vegetal pole of
Xenopus oocytes. While the localization of Vg1 mRNA is known to be
directed by the 3’ untranslated region (UTR), the basis of its translational
regulation is unknown. We show here that the 3’'UTR of Vgl causes
translational repression of two different reporter mRNAs. A 350 nucleotide
region of the 3'UTR, which is distinct from the localization element, is
necessary and sufficient for mediating translational repression and
specifically binds to a 38 kD polypeptide. The translational repression activity
is found throughout the oocyte and at all stages of oogenesis. These results
suggest that factors colocalized with Vg1 mRNA at the vegetal pole relieve

translational repression to allow expression of Vgl protein.

Keywords: 3' Untranslated Region/ mRNA Localization/ Oogenesis/

Translational Control/ Vgl
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Introduction

Specification of cell fates in the developing embryo requires the
coordinated spatial and temporal expression of multiple regulatory factors.
One way in which this regulation is accomplished is by localizing mRNAs
encoding important regulatory molecules to particular regions of the
developing oocyte (Berleth et al., 1988; Ephrussi et al., 1991; Lehmann and
Nusslein-Volhard, 1991; Melton, 1987). The localization of mRNAs allows
the developing oocyte and embryo to generate asymmetric distributions of
proteins encoded by localized transcripts by virtue of the fact that the proteins
are most highly enriched in those regions where their messages are found.
These early mRNA sorting events form the basis for determining cell fate
and pattern formation in a number of organisms (Bashirullah et al., 1998).
However, in order for mRNA localization to achieve a high degree of
fidelity, it is important to have mechanisms to prevent the premature
translation of mRNAs prior to their arrival at their final destination
(Bergsten and Gavis, 1999; Rongo et al., 1995).

Such a phenomenon of localization-dependent translation has been
described for both the oskar and nanos transcripts in Drosophila
melanogaster (Gavis and Lehmann, 1994; Kim-Ha et al., 1995). In these
examples, the processes of localization and translational control are both
controlled by sequences in their respective 3’ untranslated regions (UTRs).
Moreover, the translational control elements lie within the regions of the

3’'UTR that mediate localization (Gavis et al., 1996; Gavis et al., 1996; Kim-Ha
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et al., 1995; Kim-Ha et al., 1993). These results have led to a model where the
localization machinery competes for the same binding sites as the machinery
involved in translational repression (Bergsten and Gavis, 1999). According
to this view, assembly of the localization complexes on the 3’'UTR relieves
translational repression, thereby coupling proper localization with
expression. Whether this paradigm is universally used during early

developmental regulation of other transcripts remains unclear.
In Xenopus laevis, the TGF-B family member Vgl is regulated both at the

level of mRNA localization and translation during early development (Dale
et al., 1989; Melton, 1987; Rebagliati et al., 1985; Tannahill and Melton, 1989).
This maternally supplied transcript is localized in a microtubule-dependent
manner to the vegetal pole during stages III and IV of oogenesis (Yisraeli and
Melton, 1988; Yisraeli et al., 1990). Only after the localization of Vg1l mRNA
has been completed in stage IV can Vgl protein expression be detected for the
first time (Dale et al., 1989; Tannahill and Melton, 1989). The temporal
correlation between the completion of Vg1 mRNA localization and the onset
of Vgl translation suggests that these two events are coordinately regulated.
In contrast to the mRNAs in Drosophila, relatively little is known about the
mechanism of localization-dependent translational activation of Vgl

mRNA. The 3’ UTR of Vgl contains a 340 nucleotide element that is
necessary and sufficient to direct its vegetal pole localization (Mowry and
Melton, 1992). Recently, two RNA binding proteins, vera/VgRBP and

VgRBP60, have been identified that bind specifically to the Vgl localization
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element (Cote et al., 1999; Deshler et al., 1998; Havin et al., 1998). However,
the role of these proteins in localization, and their relationship to
translational regulation remains unknown.

In this study, we examine the translational control of the Vgl mRNA.
We find that the 3'UTR of Vgl mRNA mediates its translational repression.
In contrast to nanos and oskar mRNAs, the translational control element
(TCE) in the 3'UTR of Vgl lies outside of the previously defined localization
element. The TCE is necessary and sufficient for repression and specifically
binds to a 38 kD protein. Surprisingly, the translational repression activity is
present and equally distributed throughout the oocyte even in stages when
the endogenous Vgl mRNA is localized and actively being translated.
Together, these results suggest that additional factors localized to the vegetal
pole are responsible for relieving translational repression of Vg1l mRNA
once it is correctly localized. Our work indicates that localization-dependent
translational control may be a common theme in early development, and
suggests a mechanism by which mislocalized Vgl message is translationally
repressed. Such regulation may be crucial in imparting fidelity to the proper

spatial expression of this important regulatory molecule.
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Results

The observation that Vgl translation begins coincident with the
completion of Vg1l mRNA localization in stage IV suggests that these two
events may be coordinately regulated (Dale et al., 1989; Tannahill and
Melton, 1989). One mechanism to achieve this coordination would be to
regulate the repression machinery so that it is active during the early stages
of oogenesis and then inactivated at stage IV, when Vgl protein begins to be
synthesized. Alternatively, the translational repression machinery could be
actively maintained, with the Vgl message being transported into a protected
environment. We wished to address whether the Vgl message is under
direct translational control, and if so, what mechanisms might operate to
coordinate its expression with localization.

Because translational control of mRNA is often mediated by
sequences in the 3’ untranslated region, we wished to determine whether the
3’'UTR of Vgl could also mediate translational regulation. To do this, we
assessed the ability of the Vgl 3'UTR to influence the translation of other
coding regions. We prepared reporter constructs consisting of either the
prolactin coding sequence with no 3'UTR (Prl) or the prolactin coding
sequence followed by the Vgl 3'UTR (Prl-Vgl). Both Prl and Prl-Vgl
transcripts translated equally well in a wheat germ in vitro translation
system (Fig. 1A). In contrast, the translational efficiency of the Prl-Vgl
mRNA was markedly reduced relative to that of Prl mRNA when injected

into either early (II/III) or late (V/VI) stage Xenopus oocytes (Fig 1B). This
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repression was sequence specific, since neither a non-specific 3'UTR
(consisting of the sp64 vector backbone) nor the prolactin 3'UTR produced
this effect when fused to the prolactin coding sequence (data not shown).

Moreover, the effects of Vgl 3'UTR appear to be reporter independent, since
fusion of the Vgl 3'UTR to another reporter mRNA, B-lactamase, also

caused translational repression (data not shown).

Translational repression of Prl-Vgl could be overcome by microinjecting
increasing amounts of mRNA. A ~10 fold reduction in 3'UTR specific
translational repression was observed when the microinjected transcript
concentration was increased from 4 to 100 nM (Fig. 1D), which suggests that
the translational repression machinery is limiting. The range of RNA
concentrations in which translational repression is detected is comparable to
the physiologic concentration of the Vgl message in the oocyte, and only
begins to saturate at mRNA concentrations that are approximately 20 fold
above the concentration of the endogenous Vgl message (Rebagliati et al.,
1985). Together, these experiments demonstrate that the 3'UTR of Vgl is
sufficient to confer translational repression in a heterologous context.
Moreover, this translational repression appears to involve oocyte-specific
factors, as it was not observed in an in vitro translation system (Fig. 1A).
Thus, it appears that within the context of the oocyte, the 3'UTR of Vgl
mRNA is involved in its translational control.

Several mechanisms of 3’'UTR mediated translational control have been

described previously. These include altering mRNA stability (Binder et al.,
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1994), changing poly(A) tail length (Sheets et al., 1994), or recruiting sequence
specific RNA binding proteins that promote translational repression
(Ostareck et al., 1994). To investigate whether differential mRNA stability is
involved in Vgl 3'UTR mediated repression, Prl and Prl-Vgl transcripts
were microinjected into stage VI oocytes and total RNA was isolated 0, 2, and
4 hr later. We were unable to observe a systematic or significant difference
between the rates of RNA degradation (Fig. 2A), arguing against differential
RNA stability as the cause of the 10 fold difference observed in their protein
expression.

To investigate the role of polyadenylation in Vgl translational repression,
we examined the effect of adding a synthetic poly(A)20 tail to Prl and Prl-Vgl.
The translational efficiency of both transcripts was independent of the
presence or absence of the poly(A) tail (Fig. 2B). The finding that deletions at
the 3’ end of the UTR still result in repression (Fig. 4; described below),
together with the absence of detectable size differences in transcript length
over time (Fig. 2A), also argue against cytoplasmic polyadenylation as the
mechanism of translational repression. The failure of mRNA stability or
polyadenylation to explain the lower protein expression of Prl-Vgl suggests
that translational repression may operate via the recruitment of a protein
complex to the 3'UTR. Additionally, such a translational repression
machinery is predicted to be present throughout oogenesis based on the

results of Figure 1B.
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The finding that injected Prl-Vgl transcripts are translationally repressed
in late stage (V/VI) oocytes is somewhat surprising given that the
endogenous Vgl message is being actively translated at this time (Fig 1C).
This raises the possibility that the endogenous, localized Vgl message is in
an environment that is free from repression. One way in which this might
occur is through a spatial gradient of translational repression activity, with
the lowest levels of repression being found in the vegetal pole.

Alternatively, translational repression activity may be uniformly distributed,
but factors that are colocalized with Vgl at the vegetal pole may alleviate the
repression. To distinguish between these possibilities, we compared the
extent to which Prl-Vgl is repressed in the animal versus vegetal
hemispheres. Repression of the Prl-Vgl mRNA was found to be equal in the
animal and vegetal halves of stage V/VI oocytes (Fig. 3). Although the
possibility of highly regional differences in translational repression activity
cannot be excluded, this result argues against the existence of a global
gradient of translational repression. Thus, it is possible that factors
colocalizing at the vegetal pole with Vgl relieve the message of its
translational repression. This is similar to models proposed for nanos in
Drosophila, where the localization machinery itself relieves the repression of
transported messages (Bergsten and Gavis, 1999).

To further explore the idea that localization and translation of Vgl are
coupled by competing machineries for common binding sites, we mapped

the region of the Vgl 3'UTR that is involved in translational repression.
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Deletion mutagenesis coupled with subsequent functional analyses for
repression revealed a 348 nucleotide element, which we term the translation
control element (TCE), that is both necessary and sufficient for translational
repression (Fig. 4). Interestingly, the TCE is distinct from the region of the
3'UTR that was previously determined to mediate localization (Mowry and
Melton, 1992). Thus, translational repression and localization of the Vgl
mRNA involve distinct RNA recognition elements, and hence, may be
mediated by distinct factors.

In order to identify proteins that might be involved in translational

repression, [32P]-labeled RNAs encoding different regions of the 3'UTR were
added to a cytosolic oocyte extract and then subjected to ultraviolet
irradiation to crosslink proteins bound to the RNA. A 38 kD protein bound
and crosslinked to RNAs containing the TCE in a saturable manner, but
bound with very low affinity to RNAs lacking the TCE (Fig. 5A,B). Two
other prominent polypeptides of 45 kD and 55 kD were also observed, but
seemed to crosslink to all regions of the 3'UTR and may represent
nonspecific RNA binding proteins (Fig. 5). Consistent with this
interpretation, immunoprecipitation experiments have identified the 55 kD
crosslinked polypeptide as FRGY2, a general RNA binding protein (data not
shown). In contrast, the binding of the 38 kD protein to the TCE was specific,
and competed by a 50-fold molar excess of unlabeled TCE, but not by

transcripts encoding globin or the localization element (Fig. 4C). Thus, the 38
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Discussion

In this study, we have demonstrated that the Vg1 3’'UTR contains a
translational control element that is physically distinct from the Vgl
localization element and that specifically binds a 38 kD protein. The
translational repression mediated by this element is saturable and is present
in both the animal and vegetal hemispheres of the oocyte. Furthermore, the
repression activity is present during all stages of oogenesis, including those
where the endogenous Vgl message is being actively translated, and is not
due to changes in polyadenylation or message stability. Thus, Vg1 likely
represents the first example of localization-dependent translation identified
outside of Drosophila melanogaster.

Our data suggest a model for the coordinate control of translation and
localization (Fig. 6). In this model, a homogeneously distributed repressor
maintains Vgl mRNA in a translationally repressed state during stages I and
IT of oogenesis. During stages III and IV, the Vgl transcripts are recruited into
transport complexes and localized to the vegetal cortex where they are
anchored to elements of the cytoskeleton. Either the act of assembling the
transport complex or docking the Vgl mRNA to the cytoskeleton could
functionally displace the repressor and allow Vgl protein to be synthesized.
We favor the latter alternative for two reasons. First, repression and
localization are mediated by distinct and separable regions of the 3'UTR,
potentially allowing localization to occur without interfering with

translational repression. Second, translational repression may serve to
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prevent Vgl mRNA, which encodes a secretory protein, from being docked
at sites of protein translocation at the endoplasmic reticulum (ER) during
localization.

Interactions with the translocation machinery could be particularly
disruptive to the localization process given the observation that the
localization element of Vgl interacts with an ER associated protein
implicated in localization (vera/VgRBP) (Deshler et al., 1997). Thus,
translational repression may serve to promote Vgl mRNA localization by
ensuring that Vg1 mRNA is free to target only to the portions of the ER
undergoing transport via vera/VgRBP. Prevention of premature or

promiscuous interactions with the ER may also be important for gurken, a
secreted TGF-o family member whose mRNA is localized to the anterodorsal

region of the Drosophila oocyte. In this case, the localization element is
found in the 5’'UTR of the message, a situation that is unique among all
known localized messages (Saunders and Cohen, 1999). Assembly of a
localization complex at the 5"UTR would present an obstacle to translation,
and may be the mechanism by which translation and targeting of the
message to the ER is prevented during localization. Thus, in contrast to
mRNAs encoding cytosolic factors, it may be particularly important for
messages encoding secreted proteins to be translationally repressed during
localization.

Many of the conclusions from our work are consistent with recent

findings on the translational regulation of localized mRNAs during
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Drosophila development. Both oskar and nanos mRNAs are not translated
if their localization is disrupted, indicating the presence of a translational
repressor whose action is alleviated by the proper localization of the
transcript (Gavis and Lehmann, 1994; Kim-Ha et al., 1995; Rongo et al., 1995).
In the case of nanos, a 120 kD protein, Smaug, has recently been identified
that is required for translational repression of nanos mRNA (Dahanukar and
Wharton, 1996). In the case of oskar, an 80 kD RNA binding protein, Bruno,
has been shown to be required both for translational repression in vivo and
proper pattern formation (Kim-Ha et al., 1995; Webster et al., 1997). The
candidate 38 kD translational repressor of Vgl is unlikely to be the Xenopus
homologue of Smaug or Bruno because of the molecular weight differences
between the proteins. Furthermore, there do not appear to be Bruno or
Smaug binding sites in the TCE of Vgl (data not shown). This suggests that
distinct translational repressors operate upon different transcripts, or that the
repression machinery may differ between organisms. Yet, it appears that the
coupling of translational activation to proper mRNA localization in order to
prevent the precocious expression of key regulatory proteins is a conserved
theme in the development of both Xenopus and Drosophila. The use of
localization-dependent translational activation in both of these organisms
most likely reflects a common need to generate very tight protein gradients
with minimal leakage; a goal that is most easily accomplished by strongly
repressing translation until a message has reached its proper destination.
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Materials and Methods

Construction of plasmids.

The sp64 derived bovine prolactin expression construct (BPI), which contains
an SP6 promoter and the 5UTR from Xenopus globin preceding the
prolactin coding region, has been described previously (Andrews et al., 1989).
The Prl-Vgl construct was engineered as follows: a plasmid containing the

full Vg1 3'UTR (Mowry and Melton, 1992) was digested with BstE2, treated

with Klenow fragment, digested with EcoR1, and this fragment was ligated .
into the BPI construct that had been digested with Blp1, treated with Klenow “;
fragment, and digested with EcoR1. The resulting plasmid was digested with .‘t:
EcoR1, and oligonucleotides encoding a poly(A)20 tail were inserted to ':j
generate Prl-Vgl. The control Prl construct was made by digesting Prl-Vgl :E
with Spel and EcoR1, treating with Klenow fragment, and recircularizing the —
plasmid. Prl and Prl-Vgl were linearized at either Xbal (located just after the Ff;

A20 sequence; Fig. 2, 3) or EcoR1 (located just before the A2( sequence; Fig. 1, e
and as indicated in the legends) prior to transcription. Construct C2 was

made by digesting Prl-C2 with Hind3 and Spel, treating with Klenow, and

recircularizing the plasmid. C3 was made by digesting Prl-Vgl with Hind3

and Bsml, treating with Klenow, and recircularizing the plasmid. C7 was

made by ligating a PCR fragment encoding the Vg1 3'UTR from the Bsm1 to

Nisil sites into Prl-Vgl digested with Hind3 and EcoR1. C8 was made by

digesting Prl-C8 with Hind3 and Spel, treating with Klenow, and
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recircularizing the plasmid. The resulting plasmids were linearized at EcoR1
prior to transcription.

Cell free transcription and translation.

Cell free transcription was performed using SP6 RNA polymerase (New
England Biolabs) as described previously (Andrews et al., 1989). Quantitation

of RNA yield in our standard transcription reactions (40°C for 60 min) was

performed by measuring the incorporation of [32P]-UTP and did not vary
significantly from one experiment to another. Preparation of wheat germ
extract, and in vitro translation using this extract were as previously
described (Andrews et al., 1989).

Xenopus oocyte expression.

Oocytes were removed from Xenopus laevis frogs and maintained at 18°C in
modified Barth’s saline (MBSH) (Heasman et al., 1991). They were used
within 5 days of harvest. Oocytes were staged using published criteria, and
transcripts microinjected into the vegetal hemisphere as indicated in the
figure legends. It is important to note that RNAs containing the Vg1 3'UTR
are only localized when injected into oocytes of stages I-III, and cultured
through at least stage IV. RNA injected into stage II/III oocytes, but not
cultured, or injected into stage V/VI oocytes, will not be localized (Yisraeli
and Melton, 1988). Thus, microinjected RNAs in the experiments described
in this study are free to diffuse thorughout the oocyte. Labeling was

performed by incubation (at 18°C) in MBSH containing between 250-1000

uCi/ml [35S]-methionine for various times as indicated in the figure legends.
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Where unspecified, labeling was for 2 hrs. Following labeling, the oocytes
were washed once in MBSH to remove free label, and homogenized in 50
volumes of harvest buffer (HB: 1% SDS, 0.1 M Tris-HCl, pH 8.9). The
samples were heated to 100°C for 5 min, clarified by centrifugation at 12,000 x
g for 2 min to remove any insoluble material, and the samples processed for
immunoprecipitation with anti-prolactin (United States Biochemical) or
anti-Vgl antibodies as described previously (Hegde and Lingappa, 1996). The
microinjected RNA concentration in the oocyte was estimated using an
injection volume of 50 nl, a stage VI oocyte volume of 1000 nl (Smith et al.,
1991), and assuming significant diffusion of the RNA during the two hr
incubation period before the labeling. Thus, in Fig. 1D, the RNA
concentration within the oocyte is estimated to be 20 fold less than the
injected concentration. Endogenous Vgl mRNA concentation was estimated
based on previous work (Rebagliati et al., 1985) which determined that it
consisted of approximately 0.05-0.1% of the 50-100 ng of poly(A) RNA per
oocyte.

UV crosslinking of RNA.

Collagenased oocytes were washed thoroughly and dounce homogenized in
an equal volume of ice cold homogenization buffer (0.25 M sucrose, 25 mM

Hepes, pH 7.4, 50 mM KCl, 1 mM MgAcetate, 0.1 mM EDTA, 2 mM PMSF, 0.2
mM benzamidine, 5 pg/ml aprotinin, 10 uM leupeptin, 1 mM DTT),

centrifuged at 10,000 x g for 10 min in a TLA 100.3 rotor (Beckman), and the

supernatant recentrifuged at 200,000 x g for 40 min. This high speed
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supernatant was used at a final protein concentration of 0.75 mg/ml in the

UV crosslinking reactions. [32P]-labeled RNA encoding the various

constructs was synthesized as previously described (Schwartz et al., 1992). In

instances where the absolute amount of transcript was determined, [35S]-
UTP labelled RNA was synthesized (Schwartz et al., 1992). The transcription
reaction was then loaded on a Sepharose G-50 micro spin column
(Pharmacia) in order to separate the free nucleotide from the RNA. The
flow-through was phenol extracted and then ethanol precipitated overnight.
An aliquot of the resuspended RNA was counted in a scintillation counter in
order to determine the percent incorporation of radioactive nucleotide. The
percent incorporation was used to estimate the moles of transcript

synthesized.
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Figure 1. Vgl 3'UTR mediates translational repression of heterologous
mRNA. (A) Plasmids encoding either prolactin (Prl, lane P) or prolactin
followed by the 1.2 kb 3'UTR from Vgl (Prl-Vgl, lane P-V,) were used to

generate transcripts which were translated in a wheat germ extract

containing [35S]-methionine. Equal amounts of the translation reactions
were separated by SDS-PAGE and the newly synthesized proteins were
visualized by autoradiography. (B) Transcripts of Prl (P) and Prl-Vgl (P-V)
were injected into stage II/III (~10 nl/oocyte) or stage V/VI (~50 nl/oocyte)
oocytes. Shown are the immunoprecipitates analyzed by SDS-PAGE and
autoradiography. (C) Western blot analysis for Vgl expression in early (II/III)
and late (V/VI) stage Xenopus oocytes. Ovaries were removed from
Xenopus laevis frogs and the oocytes isolated and staged. Oocytes were
solubilized the same as for immunoprecipitation and the proteins in each
supernatant equivalent to 0.6 oocytes (early staged sample) and 0.1 oocytes
(late staged sample) were separated by SDS-PAGE, transferred to
nitrocellulose, and probed with anti-Vgl antibodies. (D) Translational
repression is saturable. Prl and Prl-Vgl transcripts at an approximate
concentration of 400 nM were diluted to 4, 20, and 100 nM in water prior to
injection into stage VI oocytes (~50 nl/oocyte). The oocytes were incubated
for two hrs at 18°C to allow the transcripts to diffuse throughout the oocyte,

then labeled for two hrs in modified Barth's saline (MBSH) containing 500

uCi/ml [35S}-methionine. After labeling, prolactin was immunoprecipitated.

The inset shows the autoradiogram of duplicate samples for Prl and Prl-Vgl
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at the three different RNA concentrations injected into the oocytes. The fold
repression was determined following quantitation of the bands by

densitometry, and graphed versus RNA concentration.
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Figure 2. Characterization of Vgl 3'UTR mediated translational repression.

(A) Translational repression is not due to mRNA stability. [32P]-UTP labeled
Prl and Prl-Vgl transcripts were microinjected into stage VI labeled
transcripts oocytes, incubated for the times (hr) indicated above each lane,
and total oocyte RNA isolated. The RNA was separated on a 1%
formaldehyde-agarose gel, transferred to nitrocellulose membranes, and the
labeled RNA visualized by autoradiography. The positions of RNA
standards are indicated to the left. (B) Prl and Prl-Vgl transcripts at 20 nM,
with (+A,,) or without (-A, ) a poly(A),, tail, were analyzed for translational
repression as in Fig. 1D. Duplicate samples are shown. The repression was ~

5.5 fold for both -A, and +A  transcripts.
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Figure 3. Translational repression activity is evenly distributed throughout
the oocyte. Prl and Prl-Vgl transcripts at approximately 20 nM were injected
into stage VI oocytes (50 nl/oocyte) and the oocytes incubated in MBSH for 12
hours at 18°C to ensure complete diffusion of the RNA within the oocytes.
They were then labeled for 60 min with MBSH containing 1 mCi/ml [35s]-
methionine, fixed, and then manually dissected into animal (A) and vegetal

(V) halves. Either prolactin or Vgl was then immunoprecipitated from each

half and analyzed by SDS-PAGE and autoradiography.
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Figure 4. The translational control element (TCE) is distinct from the
mRNA localization element. (A) Diagram of the constructs used to map the
TCE. The SP6 promoter, 5’UTR (shaded), coding region (hatched), 3'UTR
(black), localization element (LE), poly(A), tail (white), and relevant
restriction sites are indicated on the Prl-Vgl construct. Prl, Prl-C2, Prl-C3, and
Prl-C8 have deletions from Spel to EcoR1, Bsm1 to EcoR1, Spel to Bsm1l, and

Bsml to Nsil, respectively, as diagrammed. Prl-C7 contains two deletions,

from Spel to Bsm1 and from Nsil to EcoR1. (B) The relative translational -
el
efficiencies of the constructs diagrammed in panel A were determined (at the N
e
RNA concentration of 20 nM) as described in Fig. 1D. Values are the average wiet
Aol
of at least three measurements; standard errors are indicated by the error 1,:)
bars. 3
o
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Figure 5. Crosslinking of proteins specific to the TCE. (A) The constructs C2,
C3, C7, and C8, which correspond to Prl-C2, Prl-C3, Prl-C7 and Prl-C8,

respectively, but lack the 5"UTR and coding regions were used to synthesize

[32P)-labeled RNA. An amount of each RNA corresponding to equal
incorporated counts was incubated with Xenopus oocyte extract and subjected
to ultraviolet (UV) mediated crosslinking. The labeled proteins were
separated by SDS-PAGE and visualized by autoradiography. The arrowhead
indicates the position of a 38 kD protein that appears to be specifically

crosslinked to RNAs containing the TCE. (B) Effect of substrate RNA

titration on crosslinking. Various concentrations of [32P]-labeled C2 (open
circles) and C3 (closed circles) RNA were used for UV crosslinking as in
Panel A. The 38 kD band was quantitated by densitometry (with local
background subtraction) and plotted as a function of RNA concentration. (C)
Binding of 38 kD protein is competed by the TCE, but not by the minimum
localization element or globin. RNA corresponding to the globin coding

region, localization element (LE), or TCE (C7) were synthesized and

quantitated. A 50 fold excess of each was mixed with [32P]-labeled C7 RNA
(0.25 nM final concentration) and UV crosslinking was performed as in panel
A. The arrow indicates the position of the 38 kD crosslink. Lane 1 is the

crosslinking reaction containing no competitor RNA.
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Figure 6. Model for coordinate control of Vg1 mRNA localization and
translation. During stages I-II of oogenesis, all Vg1l mRNA is complexed with
the translational repression machinery (R) and is homogeneously distributed
throughout the oocyte. During stages III-IV of oogenesis, Vgl mRNA
becomes localized to the vegetal pole where the repression machinery is
displaced and Vgl protein is synthesized. However, the translational
repression machinery is still active throughout the oocyte during these stages
and those Vgl messages that have not been localized continue to be

repressed.
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Abstract

Localization of bicoid (bcd) mRNA to the anterior and oskar (osk)
mRNA to the posterior of the Drosophila oocyte is critical for embryonic
patterning. Previous genetic studies implicated exuperantia (exu) in bcd
mRNA localization, but its role in this process is not understood. Here, we
have biochemically isolated Exu and show that it is part of a large RNAse
sensitive complex that contains at least seven other proteins. One of these
proteins was identified as the cold shock domain RNA binding protein
Ypsilon Schactel (Yps), which we show binds directly to Exu and colocalizes
with Exu in both the oocyte and nurse cells of the Drosophila egg chamber.
Surprisingly, the Exu/Yps complex contains osk mRNA. This biochemical
result led us to re-examine the role of Exu in the localization of osk mRNA.
We discovered that exu null mutants are defective in osk mRNA
localization in both nurse cells and the oocyte. Furthermore, both Exu/Yps
particles and osk mRNA follow a similar temporal pattern of localization in
which they transiently accumulate at the oocyte anterior and subsequently
localize to the posterior pole. We propose that Exu is a core component of a
large protein complex involved in localizing mRNAs both within nurse

cells and the developing oocyte.
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Introduction

Localization of mRNAs is used by many polarized cells as a means of
restricting the distribution of a protein to a particular cytoplasmic domain
(Bashirullah et al., 1998; Hazelrigg, 1998; St Johnston, 1995). While the types
of localized transcripts vary, mRNA localization in all systems share several
common features. First, the cis-acting mRNA localization elements
generally reside within the 3’ untranslated region (3" UTR) (Bashirullah et
al., 1998; Kislauskis and Singer, 1992). Second, the transport of localized
messages from the nucleus to their final destinations occurs along either
actin filaments or microtubule tracks. Third, transcripts are anchored at their
sites of localization through attachments to cytoskeletal elements and then
activated for translation (Bassell and Singer, 1997; Gavis, 1997; Macdonald
and Smibert, 1996; Oleynikov and Singer, 1998; Wilhelm and Vale, 1993).
While these phenomena have been well documented, their molecular bases
remain poorly understood.

One of the most extensively characterized systems for studying mRNA
localization is the Drosophila oocyte. In the Drosophila egg chamber, an
oocyte is linked to fifteen nurse cells by a network of cytoplasmic bridges
called ring canals (Spradling, 1993). The nurse cells synthesize various
mRNAs that are required for early embryogenesis, such as the bcd and osk
transcripts, and transport them in a microtubule-dependent manner to
discrete locations within the oocyte (Pokrywka and Stephenson, 1995;

Pokrywka and Stephenson, 1991). bcd mRNA is localized to the anterior of
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the oocyte (Berleth et al., 1988), and the resulting anterior-posterior gradient
of the Bicoid homeodomain protein initiates a series of concentration-
dependent transcriptional programs that establish the anterior pattern of the
embryo (St Johnston and Nusslein-Volhard, 1992). In contrast, osk mRNA is
transported from the nurse cells to the anterior of the oocyte, but is
ultimately localized to the posterior of the oocyte where it becomes stably
anchored (Ephrussi et al., 1991; Kim-Ha et al., 1991). The Oskar protein
synthesized at this location recruits a number of additional components that
are required for the formation of the abdomen and germ cells (Breitwieser et
al., 1996; Ephrussi et al., 1991; Kobayashi et al., 1995; Smith et al., 1992).
Genetic screens have identified several mutants that have patterning
defects due to the mislocalization of bcd and/or osk mRNAs. Mutations in
some genes, such as swallow and staufen, cause only partial disruption of
mRNA localization late in oogenesis (Berleth et al., 1988; St Johnston et al.,
1991; St. Johnston et al., 1989; Stephenson et al., 1988). However, in
exuperantia (exu) mutants, defects in bcd mRNA localization occur early in
oogenesis and result in bcd mRNA being uniformly distributed in the
mature oocyte (Berleth et al., 1988; St. Johnston et al., 1989). Time-lapse
confocal microscopy has further shown that GFP-Exu forms particles that
move in a microtubule-dependent manner and accumulate at the anterior
and posterior of the oocyte (Theurkauf and Hazelrigg, 1998).
Immunoelectron microscopy also has revealed that Exu is a component of

large electron-dense structures called sponge bodies (Wilsch-Brauninger et
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al., 1997). However, all of these previous studies have not determined
whether Exu is associated with transported mRNAs or whether its role is
more indirect, such as in delivering material required for anchoring mRNA
to the oocyte anterior.
Various studies have shown that localized messages are organized
Into particles (Ainger et al., 1993; Bertrand et al., 1998; Ferrandon et al., 1994),
su g gxesting that a large protein complex may be involved in recognizing,
tra = ssporting, and anchoring localized messages. However, identifying the
P <> teins associated with localized mRNAs has been a difficult undertaking.
P xr-«~ious biochemical studies uncovered proteins that specifically recognize
thhe IRNA localization sequences in the 3' untranslated region (3'UTR) of
™ I TNJAs (Deshler et al., 1998; Havin et al., 1998; Hoek et al., 1998; MacDonald
et =21 _, 1995; Ross et al., 1997). However, their roles in mRNA transport have
N &  Toeen confirmed by genetic analyses. An alternative strategy is to isolate
the pative ribonucleoprotein complexes involved in mRNA transport and
hexy identify the associated proteins. To achieve this goal, we thought that
Ne XExu protein might provide a useful biochemical handle for the
PYa -3 fjication of an mRNA transport particle. In this study, we demonstrate
hax Exu exists in a large RNAse-sensitive complex with at least seven other
I)]“Qteins, one of which is a cold shock domain RNA binding protein.
T xpectedly, osk mRNA is present in the Exu complex, and we have
clisQ()vered that Exu is involved in posterior mRNA localization in addition

Yo its previously described role in localizing mRNAs to the anterior. We
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propose that Exu is part of a core complex that localizes both osk and bcd

mRNAs within nurse cells and the developing oocyte.
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M aterials and Methods
IDrosophila stocks
Oregon R (Ore) was the wild-type stock used for antibody staining and
generation of wild type Drosophila extracts. Females from NG5/NGS5;
Sco /SM1, which contains an X-linked insertion of a P[CasNGE] gfp-exu
txransgene (Wang and Hazelrigg, 1994), were used for double labeling of Yps
axvd Exu. For biochemical analysis, flies bearing a gfp-exu-his, transgene (16b-
1 &) were used.

In order to construct the gfp-exu-his, transgene, the 5.5 kb Smal- EcoRI
<2 z« genomic fragment was subcloned into pBlueScript II (SK) (Stratagene), to
< x eate pBS-exu5.5. pBS-exu5.5 was used as the template for in vitro
xxw wa tagenesis to introduce BstEII and Sphl restriction sites immediately
La > s tream of exu's translation start codon (using the Bio-Rad Muta-Gene kit).
S i rmvultaneously, an 18 bp insertion encoding 6 histidine codons was
i txroduced just upstream of exu's stop codon. Correctly mutagenized

P 1a smids were identified by restriction analysis for the presence of the BstEII
arxd Sphl sites, and DNA sequence analysis for the presence of the 18 bp his-
€< oding insertion. A 700 bp BstEII-Sphl gfp fragment was excised from pEG1
(Wang and Hazelrigg, 1994), and subcloned into the BstEII and Sphl sites of
this mutagenized exu fragment. The resulting 6.2 kb gfp-exu-his; fragment
WAas then excised by Smal and EcoRI digestion, and inserted into pCasPeR4
through its Stul and EcoRI cloning sites, to create pWG16b. P-element

Yan sformation followed standard injection protocols (Spradling and Rubin,
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1 982), with transposase activity provided by the recipient strain (y w; Sb 2-

3,/ Z Mbé). A transformant line bearing an insertion on the X chromosome was

SCO2

e s tablished (w, 16b-16), and genetic crosses with an exu”™ "~ /CyO strain

d e te€rmined that the gfp-exu-his; transgene rescued the female sterility

02mutation.

a s s «ciated with the exu™"
E >c & xact Preparation

E >< txacts were prepared by flash freezing 50-60 ml of flies in liquid N,. The
fr«»=en flies were ground to a fine powder with a pre-chilled mortar and

P < s tle, with regular additions of liquid N, to keep the sample frozen. The fly

P o ~Arder was degassed for 5-10 min on ice in a 50 ml Falcon tube and mixed

either 1:1 or 1:2 with Drosophila Extract Buffer (DXB: 25 mM HEPES, pH 6.8,
50 M KCl, 1 mM MgCl;, 1 mM DTT, 250 mM sucrose) containing 10 pug/ml

AP T O tinin, leupeptin, pepstatin, and 1 mM PMSF. The extracts were
homogenized with 10 strokes of the B dounce in a 50 ml Dounce
homo genizer, followed by 10 strokes of the A dounce, and then centrifuged
at 1 O_000xg, 15 min at 4°C in the Beckman TLX ultracentrifuge. The

S e rnatant was collected and centrifuged a second time. The supernatant
froxn the second spin was collected, aliquoted, frozen in liquid N,, and stored
2t —~8.0O-~C. Hand dissected extracts were prepared by dissecting 50 ovaries into

0.
7z Tl of modified Drosophila Extract Buffer (mDXB: 25 mM HEPES, pH 6.8,

S
O XM KCl, 1 mM MgCl,, 1 mM DTT, 125 mM sucrose) containing 10 pg/ml
“PY O tinin, pepstatin, leupeptin, and 1 mM PMSF. The sample was then

hol""'logenized with 15 strokes in a 2 ml Dounce homogenizer (Wheaton,
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Inc.) at 4°C. The extract was centrifuged at 10,000xg, 10 min at 4 °C to collect

t I} € supernatant.

< ua crose Density Gradient Analysis of Exu Complex

= >< txact from hand dissected ovaries (250 pl) was loaded on a 5 ml 5-40%
s 12 < xose gradient made with DXB containing 10 pg/ml leupeptin, pepstatin,
axa <A aprotinin. For frozen Drosophila extracts, 150 pl of ~10 mg/ml extract

ww e s diluted 1:1 with sucrose-free DXB containing 10 pg/ml pepstatin,

lewa peptin, aprotinin, and 1 mM PMSF. The diluted extract was centrifuged at
1O _OO00xg for 5 min in a microcentrifuge and the supernatant loaded on a 5 ml

5—aA O% sucrose gradient. The gradients were centrifuged at 237,000xg for 4 hr

i & Beckman SW-55 rotor. 300 pl fractions were collected from the gradient
ana precipitated with 1/10 volume TCA using 20 pg aprotinin as a carrier.

The Precipitate was resuspended in 30 pl sample buffer and 15 pl was loaded
OMto SDS-PAGE gel for immunoblot analysis. For RNAse shift experiments,
the < Xctract (250 ul) was either treated with 2.5 ug of RNAse A for 10 min at
e, followed by addition of 2000U of RQ1 RNAsin (Promega) or treated for
10 TIXin at 4°C with 2.5 pg of RNAse A that had been preincubated with 2000U

of IR Q1 RNAsin. These samples were loaded onto a 5 ml 10-40% sucrose
BraRjent and centrifuged as above.

Tw > Step Purification of GFP-Exu-Hiss
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Fiwve mlof ~10 mg/ml Drosophila extract (made with 5 mM 8-

e xcaptoethanol instead of 1 mM DTT) were incubated with 0.5 ml of Ni-
INJ X A resin in the presence of 0.1% Triton X-100 for 1 hr at 4°C. The resin was
wa = sshed once in batch with 10 ml of DXB150 (DXB with 150 mM KCl)

s 1a > plemented with 0.1% Triton X-100 (Wash 1) followed by a 10 ml column
wa7 &= sh (Wash 2). The column was eluted with 250 mM imidazole in DXB150,
axan<d 0.5 ml fractions collected. The peak fractions were pooled and
irxrwsxnunoprecipitated as described.

A . ma tibody Generation

Thue full length coding region and the first 160 amino acids of Yps (Yps160)

werxe each cloned into pGEX-2T and expressed as C-terminal fusions to

e bo” 8 WH TR & 8

g1 wa ta thione S-transferase (GST) in E. coli. Soluble GST-Yps and GST-Yps160
Werxe purified on a glutathione affinity column, eluted with glutathione, and
INnjected into rabbits (antiserum production by BABCO, Berkeley, CA). GST-

YPs didnot express as a full length protein in E. coli, but rather yielded a

Sy %o A0

Protein product ~10 kDa larger than GST-Yps160. Antisera to GST-Yps160

Was affinity purified by preabsorption on an Affi-Gel column coupled with

GST, followed by affinity purification with an Affi-Gel column coupled with

GST‘Ypslﬁ). This affinity purified antibody was used for all experiments

except for Figure 8C,D where the GST-Yps antisera was used. The antisera
“BAaing GST-Yps gave identical results to the affinity purified a-Yps160

a 3 - .
t\‘:I]Dody in immunofluorescence experiments.

80




.

Lo

i



GFP was expressed in E. coli and purified on a Q-sepharose column
fFor11lowed by a phenyl sepharose column. The purified GFP was injected into
= b bits for antisera production (BABCO, Berkeley, CA). Antisera to GFP was
a £ £1mity purified with an Affi-Gel column coupled with GFP. This antibody

re < ognizes GFP in both immunoblots and immunoprecipitations.

]
[

Antisera against a peptide (NRRGGRQSVKDARPSSC; a.a. 422-437)

fr <> xm Exu were generated (QCB, Inc.) and affinity purified with peptide

i.

cowapled to Sulfolink gel (Pierce, Inc.). This affinity purified antibody

Lk % 8

re < ognizes Exuperantia in both immunoblots and immunoprecipitations.
Ixxw amunoblots

Fox immunoblot analysis, samples were run on SDS-polyacrylamide gels and

beso 8 57 B RA

thhemn transferred to nitrocellulose by semi-dry transfer. The membrane was

blocked in TBS (TBS: 20 mM Tris-Cl, pH 7.5, 200 mM NaCl), 0.1% Tween-20,

1O<% nonfat dry milk and then incubated with either 1:2000 dilution of a-Exu b

R

»
rabbit antibody (gift of Paul MacDonald) or 5 ug/ml of affinity purified a-Yps 3 L

Tab i t antibody in TBS, 0.1% Tween-20, 5% BSA. Protein was detected by
“Me 1 jluminescence using horseradish peroxidase conjugated donkey a-
l.at:’t>it Ig (Amersham) diluted 1:2500 in TBS containing 0.1% Tween-20 and
> w\ga.

Ill"’:1'1l.moprecipitations of Yps and GFP

125 a1 of Protein A agarose beads (Gibco/BRL) were washed 6 times with PBS

(PBS: 137 mM NaCl, 2.6 mM KCl], 10 mM NaHPO,, 1.7 mM KH,POy) + 0.1%
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" xiton X-100 (PBST). 50 pg of antibody were added to the beads in a final

<~ <>1ume of 300 ul and mixed for 30 min at room temperature. The beads

s~ e xe washed once with PBST followed by two washes with 0.2 M sodium
P> x ate, pH 9.0. Dimethyl pimelidate was then added to a final concentration
o F 220mM and the sample mixed for 1 hr at room temperature. The beads
w7 «xe washed three times with 0.2 M ethanolamine, pH 8.0 and mixed 2 hr at
r<><>1n temperature. The beads were pre-eluted with three 1 ml washes of 100

N glycine, pH 2.5 followed by three washes with DXB.

Fresh 10 pg/ml leupeptin, pepstatin, and 1 mM PMSF were added to 1
1 ©Of frozen Drosophila extract (~10 mg/ml) and centrifuged at 10,000xg for 5
A r in a microcentrifuge. 850 ul of supernatant were immunoprecipitated
W ith 50 pl of antibody-coated beads for 1 hr at 4°C with gentle shaking. The
bea d s were washed four times with DXB containing 10 pg/ml leupeptin,
Pe€ P> s tatin, and 1 mM PMSF and then eluted with two 150 pl washes and one
200 g1 wash of 100 mM glycine, pH 2.5. The elutions were neutralized with

200 ka1l of 0.5 M HEPES, pH 7.6 and any residual beads removed by
cer\trifuging at 10,000xg for 5 min in a microcentrifuge. The supernatant was
I:)reQipitated with 1/10 volume TCA in the presence of 20 pg aprotinin as a

c -
ATTier. The sample was resuspended in sample buffer for further analysis.
When RNAse-sensitivity of the immunoprecipitation was assayed, the

i : . . :
N bation of extract with antibody-coated beads was performed in the
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g xesence of 300 ug of RNAse A. Immunoprecipitations of the Exu complex

£ o1n sucrose gradients were performed on fractions pooled from five 5-40%
s 1a < rose gradients loaded with frozen Drosophila extract using our standard
c o> ditions (see above).

N A <rosequence Analysis of p57/Yps

P 577 was immunoprecipitated as described, separated by SDS-PAGE, and then
s t=a imed with Coomassie Blue. After removing the protein band, an in-gel
d i g=estion with Endoproteinase Lys-C (Roche Diagnostics, Indianapolis, IN)
wwaa s carried out as described (Hellman et al., 1995). Gel-extracted peptides
wwerxe then fractionated using a Vydac microbore C8 column (The Separations
G roup, Hesperia, CA), and individual peptides subjected to Edman

d e g radation with a Protein Sequencer, Model 492 (PerkinElmer Biosystems,
Foster City, CA). BLAST searches with these peptides identified p57 as Yps.
Six ESTs corresponding to yps (GM14045, LD01826, GM03816, LD18388,
GN1O2535, LD01538) were obtained (BDGP/HHMI EST Project) and sequenced.
Il:""n'll.moprecipitations for RT-PCR

Imrlf\unoprecipitations were carried out as above, but the antibody was not

O = slinked to the protein A agarose beads (Gibco/BRL). Beads were washed

fova - times DXB200 (DXB, with 200 mM KCI) containing 10 pg/ml leupeptin,

Pep Statin, and 1 mM PMSF. Beads were then resuspended in 200 pl buffer

1oo mM HEPES, pH 6.8, 150 mM NaCl, 12.5 mM EDTA, 1% SDS) and heated
o S 5°C for 10 min. The beads were pelleted and the supernatant from two

1r“‘"l‘u‘lr\oprecipitations was phenol/chloroform extracted followed by an
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ethanol precipitation using 20 pg glycogen as carrier. The pellet was
resuspended in 50 mM HEPES, pH 6.8, 1 mM MgCl, and treated with 10 U
RQ1 DNAse I (Promega) for 30 min at 37 °C. The sample was then
phenol/chloroform extracted, and ethanol precipitated a second time. The

RNA sample was reverse transcribed (RT) using the Superscript

preamplification system (Gibco/BRL) and 2 ul of 10, 100, 1000 fold dilutions

of the RT product were amplified in a 50 pl PCR reaction (20 mM Tris-HC], o

pH 8.4, 50 mM KCl], 1.5 mM MgCl,, 1 mM dNTPs, 2.5 U Taq polymerase, 15

bk W @

pPmol primer). Cycling conditions were 5 min at 95°C, followed by 40 cycles of

1 min at 95°C, 1 min at 55°C, and then 1 min at 72°C. Primers were tested by

bans @ S B WS

using the same RT-PCR conditions as above except 5 ug of total RNA from

€X tracts was used in the RT reaction and only 30 cycles of PCR were
Pexformed. The primers used were: bcd2761: 5'-

g tcggatcctgggtcgaccaatgtcaatggcg-3' ,bcd3738: 5'-

A A~ g E A |

gtcgiitattcgctcttgtccagacccttcaaagg-3' , 0sk860: 5'-

gk':Qggato:caatggaatcacgatatcgagcatca—?»', 0sk1630: 5'-

St E aattcttacgctggcttgetggtagaaat-3', nos1110: 5'-

Bt & gatccgatccttgaaaatctttgegeaggt-3', nos2221: 5'-

g‘:analttctcgttgttattctcacaaaagacgca-S', pgk1800: 5'-

Btc & gatccgecaagaagaataacgtgeagttge-3', pgk2280: 5'-
thgaattccgc:tggtcaatgcacgcac:gc—3'. RT-PCR primers were designed for osk, nos,

MA, pd to span an intron to easily separate RT-PCR products from products
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that were amplified due to genomic contamination. Products for osk, nos,
and, bcd were subcloned and their identity confirmed by DNA sequencing.
Immunofluorescence

0-1 day old females were collected and fed 1-2 days with dried bakers yeast, in

the presence of males. Ovaries were dissected into PBT (PBS + 0.1% Triton
X-100) and fixed in 600 pl of heptane and 100 pl of fixative (6% formaldehyde,
16.7 mM KPO, pH 6.8, 75 mM KCl, 25 mM NaCl, 3.3 mM MgCl,), rocking at
room temperature for 9 min. The ovaries were then washed several times
in PBT, for a total of 15 min. Ovaries were permeablized in PBS + 1% Triton
X-100 for 5 hr, blocked in 0.5% BSA in PBT for 30 min, and incubated in a
1:500 dilution of the primary antibody in PBT overnight at 4°C. The
S€condary antibody (rhodamine-conjugated goat a-rabbit Fab fragments;
Ja <kson Immunochemical Research, Inc) was simultaneously preabsorbed to
fi>ced ovaries at a dilution of 1:500 in PBT, overnight at 4°C. After removal of
the Primary antibody, the ovaries were washed in PBT (5 x 5 min) at room
tel'Tl"lperature, and incubated in the preabsorbed secondary antibody for 3 hr at
rocom temperature. The ovaries were then washed in PBT (5 x 5 min), and
€ithier mounted in 40 ul Fluoromount-G (Southern Biotechnology
ASSOciates, Inc) or incubated overnight in 60% glycerol in PBT at 4°C, then
TS anted in 40 ul of 60% glycerol. Imaging was performed on a Biorad
IV‘[]KC6OO laser confocal unit attached to a Zeiss Axioplan microscope.

Bil\tling Assays for In Vitro Translated Exu and Yps
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Site directed mutagenesis and PCR were used to create unique restriction
sites in order to attach N-terminal epitope tags in-frame to exu and yps
cDNAs. DNA encoding the 3x myc tag was obtained from T7myc-Gsplwt
vector (gift of Erin O'Shea) and joined to the 5' end of yps. DNA encoding
the 3x Hemagglutinin (HA) tag was obtained from the pGTEP vector (gift of
Joachim Li) and joined to the 5' end of exu. Each of the two fusions were

then subcloned into the Nco I and Eco RI sites of the pSPBPI transcription

vector (gift of Vishu Lingappa); this vector was derived from pSP64 and .
.
includes a 5UTR and strong Kozak consensus region from Xenopus globin : ;
cIDNA. : ‘
A coupled transcription/translation system (Promega) was used to in )
VZ£70 translate tagged Exu and Yps. 600 ng of plasmid DNA was added to a 50 ’:‘
K1 transcription/translation mix. The myc-Yps transcription/translation mix i
CO mtained *S-Methionine (Translabel; ICN) while the HA-Exu mix did not. i
i
A £ ter a 90 min incubation at 300C, 0.5 ul of 400 nM 7-methylguanosine 5- }

11-‘~(>r'tophosphate (CAP Analog) and 5 pl of 10 mg/ml RNAse A were added to

SAa<h reaction. 5 pl of radiolabelled myc-Yps was either incubated alone or
™A >ced with cold HA-Exu and coincubated for 30 min at room temperature.
Af Terwards, 490 pl of DXBT250 (DXB containing 250 mM KCl and 0.1% Triton

X~

L OQ) was added to the coincubation mixes prior to the

PO\ 1 ynoprecipitations.
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For immunoprecipitations, 0.5 ul of a-HA (16512 monoclonal; gift of

Dave Morgan) was added to translations and set on a rotator at 49C for 60
min. A 30 ul slurry containing 10 pl of Protein A beads (Life Technologies,
Inc) was added to the translation/antibody mix and incubated for another 60

min at 40C on a rotator. The beads were then pelleted in a low speed
muicrofuge for 2 min and the supernatant was removed. After washing with

IDXBT250 (3 x 1 ml), the beads were resuspended in SDS sample buffer and

boiled for 5 min. 7.5 pul were loaded on 4-12% SDS-PAGE gel and processed

for autoradiography.
oskayr In Situ Hybridization

Whole mount in situ hybridization to ovaries was performed as

PTrevwiously described (Tautz and Pfeifle, 1989) with several modifications.

O~>aries from well fed, 2-3 day old females raised at 18°C (Oregon R or

€2 245 /Df(2)MK1) were dissected into PBT and fixed 15 minutes in 8:1:1 (4%

4 T W W

P& xa formaldehyde in PBT: Clorox bleach: dimethyl sulfoxide). The ovaries
W e re washed 2 x 5 min in PBT, and 5 min each in 3:1, 1:1 and 1:3 PBT:
Me thanol, then 2 x 5 min in methanol, and stored at -20°C. Prior to
h3’bl‘idization, the ovaries were rehydrated into PBT by 5 min washes in 3:1,
L, 1:3 methanol: PBT and 2 x 5 min in PBT. After teasing apart the
SV arioles slightly, the ovaries were treated 15 min with 50 ug/ml proteinase
K (Boehringer Mannheim) in PBT, washed twice quickly in PBT, and

POS tfixed 10 min in 4% paraformaldehyde in PBT. Following 5 x 5 min
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washes in PBT, the ovaries were equilibrated into hybridization buffer (HB:
5xSSC, 0.1% Tween 20, 50 pg/ml heparin, 0.1 mg/ml denatured salmon
sperm DNA, 50% formamide) by 5 min incubations in 3:1, 1:1, and 1:3 PBT:
HB, followed by a one hr incubation at 45°C in HB. Hybridization was done
in 10 pL of probe in HB (see below), overnight, at 45°C. Excess proBe was
removed by three 20 min washes in HB, followed by 10 min washes in 3:1,
1:1, and 1:3 HB:PBT, all at 45°C. The ovaries were then washed 5 x 5 min in

PBT at room temperature, then incubated in an alkaline phosphatase-

conjugated anti-digoxygenin antibody (Boehringer Mannheim) at a dilution
of 1:2000 in PBT for 1 hr. Prior to incubation, the antibody was preabsorbed to

fixed ovaries for at least one hr. The ovaries were washed 5 x 5 min in PBT

arnd 2 x 5 min in alkaline phosphatase (AP) staining buffer (100 mM NaCl, 50
M NX MgCl,, 100 mM Tris, pH 9.5, 0.1% Tween 20). For antibody detection, 1
Tl AP staining buffer, 4.5 ul NBT and 3.5 ul X-Phosphate (Boehringer

Mannheim) were added to the ovaries, and incubated 3-10 min. We found

o > s w

thhat a short staining time was crucial in order to prevent saturation of the
S 1 Or reaction, which masked differences between the genotypes. The
Oz ries were then washed several times in PBT for a total of 45 min and
SAwailjbrated overnight at 4°C in 60% glycerol. Ovaries were mounted in 60%
glB’Qerol, and visualized on a Nikon Eclipse E800 microscope with a Nikon
Pl A Fluor 20x objective, under Nomarski optics. Photographs were taken
With a Nikon FX-35WA camera on Kodak Elite Chrome slide film, and

SCAamined into Adobe Photoshop with a Polaroid SprintScan 35 slide scanner.
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Probes were prepared by labeling a plasmid containing the osk cDNA,
PNBosk? (courtesy of R. Lehmann) with dig-dUTP using DIG-Nick
Translation Mix (Boehringer Mannheim). After ethanol precipitation, the
probe was resuspended in 100 ul HB. Just prior to use, the probe was

denatured by boiling for 5 min, and cooled on ice.
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Results
Exuperantia (Exu) exists in a large RNAse sensitive complex
In order to define the biochemical properties of Exu, we determined its
size in Drosophila extracts using sucrose density gradients. In extracts made
from either hand dissected ovaries (Figure 1A) or whole flies that were
frozen in liquid N, (not shown), Exu migrated in a very broad distribution
with a significant fraction of Exu migrating larger than 20S (Figure 1A). In
contrast, in vitro translated Exu sedimented at 4.5S, the value expected of a
monomeric 58 kDa protein (data not shown). Therefore, the large size of Exu t
iry Drosophila extracts must be due to its association with additional proteins
and /or RNAs. To test whether the Exu complex contains RNA, the extract
wras treated with RNAse A prior to sedimentation analysis. This treatment
Cauased the complex to migrate as a 7S species; this shift was not due to
P T oteolysis, since a control reaction in which RNAse A was pre-mixed with )
R TINJ A se inhibitor did not affect Exu migration (Figure 1B). These results

A e xmonstrate that Exu is associated with a large RNA containing complex.

Thae RNA binding protein, Ypsilon Schactel (Yps), copurifies with Exu
In order to identify the protein components of the Exu complex, GFP-

Exu 'was immunoprecipitated from whole fly extracts prepared from a GFP-
Exwa expressing fly line using an a-GFP antibody. The GFP tag does not
'™MUPair Exu protein function, since the gfp-exu transgene fully complements

2 Tl allele of exu (exu”’“°*)(Wang and Hazelrigg, 1994). Figure 2 shows that
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seven polypeptides of 57, 74, 76, 78, 82, 88, and 147 kDa
coimmunoprecipitated specifically with GFP-Exu, but not with control IgG-
coated beads. A similar set of polypeptides coimmunoprecipitated with GFP-
Exu from an extract made from hand-dissected ovaries, indicating that this
complex is present within the female germ line (data not shown). This same
set of polypeptides also coimmunoprecipitated with Exu from wild type fly
extracts using an antibody directed against a COOH-terminal peptide of Exu
(data not shown; see Experimental Procedures). Of the
coimmunoprecipitated proteins, the 57, 74, 76, 78, and 82 kDa proteins were
Present in amounts comparable to that of GFP-Exu, while the 88 kDa and 147
kIDa proteins were clearly substoichiometric. When the extract was
e>X tensively treated with RNAse A, only the 57 kDa protein remained
aAS s ociated with GFP-Exu (Figure 2). Taken together with our gradient
aArvalysis (Figure 1B), these results suggest that Exu and p57 are components of
A 7S RNAse-resistant core complex; the other polypeptides (p74, p76, p78, p82,
P88, and p147) all require the presence of RNA in order to associate with Exu.
To confirm that the 57 kDa polypeptide was a bona fide Exu-associated
PTr < tein, we used a different purification strategy to isolate Exu complexes.
Usir\g flies that express Exu with an amino-terminal GFP tag and a carboxy-
teraainal Hisg tag, extracts were subjected to a two-step purification consisting

of Binding to a Ni-NTA column, elution with imidazole, and then
1“\Iru_moprecipitation with the a-GFP antibody (Figure 3). The 57 kDa

PTOtein consistently co-purified stoichiometrically with GFP-Exu-Hisg
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through this two step affinity purification, confirming that it is a true Exu-

associated polypeptide. The other polypeptides in the 74-82 kDa range were
identified in some of our preparations, but their presence and amount was
highly variable, possibly due to RNA degradation during the procedure or

instability of the complex during imidazole elution from the column.

To identify the 57 kDa Exu-associated protein, we microsequenced
three tryptic peptides from the purified protein. The sequence from two of
the three peptides matched a previously identified protein, the product of the
ypsilon schactel (yps) gene (Figure 4A). Yps is a member of the cold shock
family of RNA binding domain proteins and was identified as part of a
degenerate PCR screen to identify cold shock domain containing genes from
Drosophila melanogaster (Thieringer et al., 1997). However, the third
peptide only matched the Yps sequence in a reading frame other than the
published open reading frame. In order to rule out the possibility that yps
expression is subject to ribosomal frameshifting or RNA editing, we obtained
and sequenced 6 independent yps ESTs (Berkeley Drosophila Genome
Project/HHMI EST Project, unpublished). Our sequence revealed that the

original yps sequence contained several sequencing errors and that the
correct open reading frame contains all three microsequenced peptides
(Figure 4A). The cold shock domain of Yps shows extensive sequence
l'der\ti'cy to other cold shock domain proteins (Figure 4B). This domain has
beern shown in several studies to bind RNA, although its ability to recognize

SPecific substrates remains uncertain (Bouvet et al., 1995; Matsumoto et al.,
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1996; Murray, 1994). Beyond the cold shock domain, Yps exhibited no
significant homology to any other protein except YB-1, a cold shock domain
protein from Drosophila silvesteris (AAC06034). Since the YB-1 protein is
70% identical to Yps across the entire length of the protein, it is likely to be a
true ortholog of Yps. No function was assigned to either YB-1 or Yps in these
prior studies.
Yps is a component of the Exu complex
To further characterize Yps, we prepared affinity-purified antibodies
against bacterially-expressed Yps (a.a. 1-160). These antibodies recognized the
57 kDa Yps protein in crude extracts by immunoblot (Figure 5A). Using the
Yps antibody, we found that Yps comigrates with Exu in sucrose gradients
and is distributed broadly in the 20-60S size range (Figure 5B). In order to
rule out the possibility that Exu and Yps are components of distinct
complexes of similar size, GFP-Exu was immunoprecipitated from
individual gradient fractions and immunoblotted with the Yps antibody
(Figure 5C). This experiment showed that Exu and Yps coimmunoprecipitate
together across the gradient, arguing strongly that Exu and Yps are part of the
Same complex.

To provide further evidence for an Exu-Yps complex, we
imumunoprecipitated GFP-Exu extracts with our a-Yps polyclonal antibody.

In a5 greement with our previous immunoprecipitation results, immunoblots
showyed that GFP-Exu specifically coimmunoprecipitates with Yps (Figure

SI>)_ However, immunoblots showed only a weak GFP-Exu band in the Yps
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Amnumunoprecipitate. The inefficient coimmunoprecipitation of GFP-Exu
With Yps is probably due to the fact that our a-Yps antibody may displace Exu

from the complex, since it was raised against the Exu binding region of Yps
(discussed below; Figure 6). The Yps immunoprecipitates also contained the
same six proteins (p74, p76, p78, p82, p88, and p147) that strongly
coimmunoprecipitated with GFP-Exu and were present in similar
stoichiometries (Figure 5E). The coimmunoprecipitation of these six proteins
with Yps was diminished by RNAse treatment, as was observed in our
previous Exu immunoprecipitation experiments (Figure 5E). The ability of
Yps and Exu antibodies to coimmunoprecipitate the same set of polypeptides
argues that these proteins are bona fide components of the Exu-Yps complex.
Exuperantia binds directly to the amino terminal region of Yps in the absence
of RNA or other proteins
The coimmunoprecipitation of Exu and Yps after RNAse A treatment

suggested, but did not prove, that Exu and Yps bound directly to each other.
To test this idea, we examined the Exu-Yps interaction in an in vitro

translation reaction (Figure 6). Myc-tagged Yps was in vitro translated in the

presence of °S-methionine and then added to an unlabelled in vitro
translation of HA-tagged Exu. Prior to mixing, each translation reaction was
treated with RNAse A to eliminate any residual RNA from the translation

reaction. When HA-Exu was immunoprecipitated from the combined
mixture with the o-HA antibody, the **S-labelled myc-Yps protein was

coimmunoprecipitated. The amount of myc-Yps that coimmunoprecipitated
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with HA-Exu was approximately half of the amount of myc-Yps that was
immunoprecipitated directly with the a-myc antibody, showing that Yps is
predominantly bound to Exu under these experimental conditions. These
results demonstrate that the additional RNA and protein components of the
native Exu complex are not required for Exu and Yps to associate stably with
each other (Figure 6).

In order to determine which region of Yps is important for binding to

-

Exu, deletions of myc-Yps were assayed for their ability to bind HA-Exu in
vitro. The amino terminal region (1-160 a.a.) of Yps, which contains the cold
shock domain, bound to Exu at the same efficiency as the full length protein .
(Figure 6). However, the minimal cold shock domain (56-151 a.a.) did not
bind to Exu in this assay (Figure 6), suggesting that the sequences flanking the
cold shock domain are likely to contribute to the Exu binding site. The
proline-rich carboxy terminus of Yps presumably is not sufficient for binding.
However, this could not be assessed experimentally, since this region did not .
stably express either in vitro or in bacteria.
osk mRNA is present in the Exu-Yps complex
The shift in the size of the Exu/Yps complex after RNAse treatment
suggested that it might be directly involved in mRNA localization. To test
this idea, we immunoprecipitated either Exu or Yps from extracts and
analyzed the pellet for the presence of various localized (bcd, osk, nanos
(nos)) messages and a housekeeping message (phosphoglycerokinase (pgk)).

We analyzed these four transcripts, because each gene appears in the EST
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database (Berkeley Drosophila Genome Project/HHMI EST Project,
unpublished) at roughly equivalent frequencies indicating that these
messages are likely to be present in comparable amounts. Furthermore, bcd,
osk, and nos are localized differently during oogenesis. bcd mRNA is
localized to the anterior of the oocyte beginning at stage 7 of oogenesis; osk
mRNA is localized transiently to the anterior of the oocyte during stages 8/9
and is exclusively localized to the posterior by the end of stage 9. nos mRNA
is localized to the posterior of the oocyte during late oogenesis. Using a
reverse transcription-polymerase chain reaction (RT-PCR) assay, we
amplified bcd, osk, nos, and pgk transcripts from total RNA from extracts
(Figure 7A). When GFP-Exu immunoprecipitates were analyzed by RT-PCR,
osk transcript (Figure 7B), but none of the others (data not shown), was

amplified by RT-PCR. The identical result was obtained when RT-PCR was
performed on immunoprecipitations with the a-Yps antibody, while control

IgG immunoprecipitations yielded no osk RT-PCR signal (Figure 7B). In
order to rule out artifacts due to signal saturation, we serially diluted the RT
product from our immunoprecipitations prior to conducting the PCR. osk
mRNA was consistently detected in the 10, 100, and 1000 fold dilutions of the
RT product, and the signal decreased with increasing dilution (Figure 7B).
This result indicates that the PCR reaction is approximately in the linear
range and that signal saturation is not a factor in our assay. Therefore, the
RT-PCR assay demonstrates that both Yps and Exu are associated with a

complex that contains osk mRNA. This was an unanticipated result, since
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Previous genetic studies only reported a role for exu in the localization of bcd
MRNA to the anterior of the oocyte. We cannot rule out that the Exu-Yps
complex contains bcd mRNA, since our negative result could reflect
technical difficulties, such as poor bcd mRNA stability. However, our RT-
PCR results suggested the unanticipated possibility that exu is involved in
posterior mRNA localization.
Yps co-localizes with Exu in oocytes and nurse cells and accumulates at the
posterior pole during mid-oogenesis

In order to learn more about the in vivo role of Yps in RNA
localization, Drosophila ovaries were labeled with affinity-purified
antibodies to the amino terminus (1-160 a.a.) of Yps. Immunofluorescence
staining revealed a strong Yps signal in both the germ cells and follicle cells
of developing egg chambers (Fig. 8). In contrast, labeling with secondary

antibody alone produced a much weaker background signal (not shown).
This result, together with the specificity of our a-Yps antibody by

immunoblot (Figure 5A), argues that the staining we observe is specific for
Yps. Examination of different stage egg chambers (see Spradling, 1993, for
staging) revealed that Yps accumulates in the oocyte during stages 1-7. This
signal was stronger at the posterior of the oocyte in early stages, although it
was also present throughout much of the oocyte cytoplasm (Figure 8A). In
both early and mid-stage egg chambers, Yps exhibited a particulate staining
that was frequently concentrated around the nurse cell nuclei (Figure 8B). At

stages 8 and 9, faint anterior localization was sometimes apparent in the
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oocyte (Figure 8C), and during stages 9 and 10, Yps accumulated at the
posterior of the oocyte (Figure 8C, D).

The localization of Yps during oogenesis was very similar to the
previously observed distribution of GFP-Exu (Wang and Hazelrigg, 1994). In
order to compare the distributions of Exu and Yps directly, we
immunostained Yps in egg chambers expressing GFP-Exu. Individual
particles containing both proteins were detected in the nurse cells (Figure
8E,F). The early accumulation of Yps in the oocyte (stages 1-7), its
accumulation at the oocyte anterior (stages 8-9), and its later localization to
the posterior pole (stages 9-10) all coincide with the localization of Exu
protein and osk mRNA (Ephrussi et al., 1991; Kim-Ha et al., 1991; Wang and
Hazelrigg, 1994). The agreement between our biochemical and in vivo
localization studies further support a role for the Exu-Yps complex in the
localization of osk mRNA. This hypothesis was tested directly by genetic
studies, as described below.
exu mutants have defects in osk mRNA localization

Whole mount in situ hybridization was performed on ovaries from wild

type (Oregon R) and exu null (exu®"°?/Df(2R)MK]1) females to determine
whether exu is required for any aspect of osk mRNA localization. In ovaries
from wild type females, osk mRNA is often concentrated in apical patches in
the nurse cells of stage 9 and 10 egg chambers (Pokrywka and Stephenson,
1995)(Figure 9A). In contrast, osk mRNA was dispersed in the nurse cells of

exu egg chambers of the same stages (Figure 9B). Thus, exu is required for
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osk mRNA to be correctly localized within nurse cells. Interestingly, bcd
mRNA is also localized to apical patches in the nurse cells in an exu-
dependent manner (St. Johnston et al., 1989). While the functional
significance of this nurse cell localization is unknown, the fact that exu
mutants disrupt this localization for both osk and bcd mRNAs indicates that
at least some of the components required for this localization are common to
both transcripts.

exu mutants also caused a partial defect in osk mRNA localization to
the posterior pole. In ovaries from wild type females, a strong osk mRNA
signal was detected at the posterior pole in 90% (n=90) of wild-type stage 9
and stage 10 oocytes (Figure 9C); the remainder (10%) showed reduced (9%)
or barely detectable (1%) posterior osk mRNA signal. In contrast, only 64% of
stage 9 and stage 10 egg chambers from exu mutants (n=210) showed a strong
osk mRNA signal at the posterior of the oocyte, and this signal was
consistently weaker than that observed in the wild-type egg chambers; the
remainder (36%) showed reduced (23%), barely detectable (8%) (Figure 9D), or
no (5%) posterior osk mRNA signal. Thus, mutations in exu cause a defect
in the amount of osk mRNA that is localized to the posterior pole during

stages 9 and 10 of oogenesis.
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Discussion

While mRNA localization in Drosophila has been the subject of
extensive genetic analysis, only a few attempts have been made to
characterize biochemically the proteins associated with localized messages.
In this study, we have demonstrated that Exuperantia, a protein shown by
genetic studies to be involved in mRNA localization, is part of a large
RNAse sensitive complex. Through a combination of affinity
chromatography and immunoprecipitation experiments, we have
uncovered seven proteins associated with the Exu complex, one of which is a
new RNA binding protein, Ypsilon Schactel (Yps).

To our knowledge, this is the first isolation of a native RNP complex
invvolved in RNA localization. There are several pieces of evidence that
argue against the Exu-containing complex being a biochemical artifact. First,
the complex was identified using three different antibodies for
irmmunoprecipitation. Second, the complex that we isolated from total fly
homogenates is not an artifact of mixing proteins from different tissues,
Since it is also present in extracts made from hand-dissected ovaries. Third,
E>u and Yps also copurified after metal affinity chromatography, and the two
PTroteins interact in vitro in the absence of RNA. Fourth, the Exu and Yps
Colocalize by immunofluorescence indicating that they form a complex in
PZvo. Fifth, Exu, Yps and osk mRNA all show a transitory accumulation at
the anterior in mid-oogenesis and then colocalize at the posterior pole.

Finally, the relevance of the biochemical association with osk mRNA is

100






supported by genetic experiments showing a mislocalization of osk mRNA
in exu null mutants. While further genetic analysis of Yps and the other
proteins in the complex will provide additional insights into this problem,
the current combination of biochemical cofractionation, in vivo
colocalization, and genetic analysis argues for a direct role of Exu and its
associated proteins in mRNA localizaton.
The role of the Exuperantia complex in mRNA localization

Previous genetic work implicated exu in mRNA localization, but did
not address whether Exu plays a direct or indirect role in the localization
process (Berleth et al., 1988; Macdonald et al., 1991; Marcey et al., 1991; St.
Johnston et al., 1989). This study supports a direct involvement for Exu,
since we show that Exu is part of a large RNAse sensitive complex and
directly interacts with an RNA binding protein. Furthermore, the
association of osk mRNA with the Exu complex establishes a physical
connection between Exu and a localized mRNA. The biochemical
characteristics of our large Exu complex also likely reflect the properties of
Exu in vivo. Exu has been shown to be part of large particles by both GFP
fluorescence (Wang and Hazelrigg, 1994) and immunoelectron microscopy
(Wilsch-Brauninger et al., 1997). Moreover, Exu and Yps, which are
associated components in our biochemically isolated complex, also colocalize
in particles within the nurse cells and oocytes.

The identification of osk mRNA in the Exu-Yps complex was

surprising, given the pronounced anterior patterning defects associated with
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exu mutants (Schupbach and Wieschaus, 1986). However, a role for Exu in
osk mRNA localization is consistent with several other findings. First,
previous work has shown that Exu accumulates at both the anterior and
posterior poles of the oocyte (Marcey et al., 1991; Wang and Hazelrigg, 1994).
Second, osk mRNA transiently accumulates at the anterior pole along with
bcd mRNA prior to its transport to the posterior (Ephrussi et al., 1991; Kim-
Ha et al., 1991). Lastly, one of the effects of exu mutants was to disrupt the
localization of osk mRNA to apical patches within nurse cells. This defect is
identical to the nurse cell localization defect previously described for bcd
mRNA in exu mutants (St. Johnston et al., 1989) and suggests that this step
in the localization pathway may be common to both transcripts.

One of the reasons that exu mutants have not been previously
examined for defects in osk mRNA localization is that only a small
percentage of embryos from exu mothers display posterior patterning defects
(Schupbach and Wieschaus, 1986). Our examination of exu mutants
revealed that the amount of osk mRNA localized to the posterior pole is
decreased in these mutants suggesting that exu plays role in localizing osk
mRNA within oocytes. However, as this defect is only partially penetrant,
Exu-dependent posterior localization within the oocyte may be redundant
with other localization mechanisms. In addition, the posterior patterning
defects associated with the decrease in osk mRNA localization in exu
mutants during stages 9 and 10 of oogenesis may be rescued by localization of

osk mRNA during cytoplasmic streaming later in oogenesis. In support of
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this idea, Glotzer et. al. (1997) have shown that injected, fluorescently
labelled osk mRNA can be localized to the posterior at the time when
cytoplasmic streaming occurs. Such localization most likely occurs by
random motion during cytoplasmic streaming and specific anchoring of osk
mRNAs that come in contact with the posterior pole. These multiple
mechanisms of localizing osk mRNA account for the fact that exu mutants
do not display pronounced defects in abdominal patterning.

Previous work has shown that exu is necessary for normal bcd mRNA
localization (Berleth et al., 1988; Macdonald and Kerr, 1997; Pokrywka and
Stephenson, 1991; St. Johnston et al., 1989), although these studies did not
establish a direct connection between Exu and bcd mRNA. Nevertheless, it
was surprising that we could not detect bcd mRNA in our Exu complex. This
negative result should not be taken to indicate that bcd mRNA is not in the
complex, since it could reflect poor stability of bcd mRNA, a weaker
association of bcd mRNA with the Exu complex, or difficulty in
extracting/purifying RNP particles containing bcd mRNA. Alternatively, it
is possible that exu’s role in bcd localization is indirect. We are currently
trying to address these issues by employing other approaches to detect specific
Exu-bcd mRNA interactions.

The role of Yps in mRNA localization

Our biochemical studies linking Yps to Exu and osk mRNA suggest

that this RNA binding protein plays a role in posterior mRNA localization.

This assertion is further supported by our immunofluorescence studies
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showing that Yps and osk mRNA have strikingly similar localization
patterns throughout oogenesis: both accumulate in the early oocyte,
transiently localize to the oocyte anterior during stages 8/9 , and then
assumme their final positions at the posterior pole during stages 9/10 (Figure
8)(Ephrussi et al., 1991; Kim-Ha et al., 1991). What role might Yps play in the
localization complex? Yps belongs to the cold shock domain family of RNA
binding proteins that have been previously implicated in regulating
translation and mRNA secondary structure (Jiang et al., 1997). A notable
example is FRGY2, which is complexed with mRNAs in the Xenopus oocyte
and is thought to be important for translational silencing (Tafuri and Wolffe,
1993; Yurkova and Murray, 1997). Yps may serve a similar role, since osk
MRNA is translationally repressed until it reaches the posterior pole
(Gunkel et al., 1998; Kim-Ha et al., 1995; Macdonald and Smibert, 1996).
Interestingly, Yps must also serve a function without Exu, since yps is
expressed broadly, while exu expression is limited to the germ line
(Macdonald et al., 1991; Marcey et al., 1991; Thieringer et al., 1997). Itis
POssible that Yps is a component of the mRNA localization machinery
Outside the germ line, since other components of the oocyte mRNA
locailjzation machinery, such as Staufen, are also utilized for mRNA
loCéllization in somatic tissues (Broadus et al., 1998; Li et al., 1997).
Determining Yps’ precise involvement in transport and/or translational
Te€gulation in the oocyte and other tissues will be resolved in the future by

Mutational studies.
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A model for mRNA transport by the Exu-Yps complex

The pathways by which anterior- and posterior-localized mRNAs
arrive at their destinations are poorly understood, although it is generally
believed that these RNAs are recognized by different proteins and utilize
distinct transport machineries. We propose, however, that anterior- and
posterior-localized mRNAs begin their localization process in the nurse cells
using a similar complex, with Exu serving as a common core component
(Fig. 10). In our model, one of Exu's functions is as a component of an
mRNA transport complex, since GFP-Exu particles have been observed to
move in a microtubule-dependent manner (Theurkauf and Hazelrigg, 1998).
Consistent with this idea, both osk and bcd mRNA accumulate in apical
patches within nurse cells, and exu mutants disrupt this localization pattern
for both mRNAs (Ephrussi et al., 1991; Kim-Ha et al., 1991; St. Johnston et al.,
1989)(Fig. 9B). We also propose that the Exu complex transports mRNAs
from the nurse cells to the oocyte as well as within the oocyte (Fig. 10),
although these transport steps also can be achieved through other redundant
mechanisms, such as nurse cell dumping and cytoplasmic streaming
(Spradling, 1993). While the above model places Exu as part of a transport
complex, it should be noted that our present data also could be explained if
Exu contributes to the establishment of anchoring once mRNAs reach their
final destination.

After arriving in the oocyte, bcd and osk-containing RNPs must be

sorted, so that bcd becomes anchored at the anterior while osk is transported
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to the posterior pole. Since Yps, Exu, bcd mRNA and osk mRNA all first co-
localize at the anterior (Figure 8)(Ephrussi et al., 1991; Kim-Ha et al., 1991;
Theurkauf and Hazelrigg, 1998; Wang and Hazelrigg, 1994), we propose that
this sorting decision occurs at the anterior of the oocyte (Figure 10). Evidence
for this anterior sorting model comes from genetic studies of staufen (stau)
and tropomyosin II (TmII) which show that these proteins do not interfere
with anterior localization but rather block the release and transport of osk
transcripts to the posterior (Ephrussi et al., 1991; Erdelyi et al., 1995; Kim-Ha
et al., 1991; Tetzlaff et al., 1996). The molecular basis for this sorting decision
is unclear, but may involve modifications to the transport machinery or the
recruitment of additional factors.
Biochemistry of the Exu complex: relationship to in vivo function
Biochemical isolation of a native RNP complex provides an
opportunity to identify new proteins involved in mRNA localization which
may have been missed by genetic analyses due to lethality or redundant
functions. A significant caveat of our approach, however, is that our isolated
RNP particles may be heterogeneous, since our purification strategy begins
with a crude extract containing material from egg chambers at all stages of
oogenesis. Thus, it is likely that our biochemically-isolated material may
represent a spectrum of "complexes” that comprise transport intermediates
from the recognition of localized mRNAs in the nurse cells to the anchoring

of the complex at the posterior pole. In addition to temporal changes in the
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composition of the Exu complex, it is also possible that multiple Exu particles
exist which contain distinct mRNA cargoes.

To resolve these important issues, it will be important to determine the
molecular identity of the six RNAse-sensitive polypeptides in our Exu
complex and determine if they are required selectively for the localization of
bcd mRNA or osk mRNA. In addition, simultaneous observation and co-
localization of GFP-tagged mRNAs (Bertrand et al., 1998) and BFP-tagged
protein components of the Exu complex will reveal which mRNAs and
polypeptides are contained within the same transport complex in vivo. This
approach also will allow direct observation of mRNA transport in Drosophila
for the first time and provide a method for analyzing the changes in RNP
components during the movement of RNAs from the nurse cell to their final
destination in the oocyte.
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Figure 1: RNAse dependent sedimentation of Exu in Drosophila extracts. A)
Sedimentation of Exu from an extract made from hand dissected ovaries
through a 5-40% sucrose gradient (see Experimental Procedures). This
immunoblot shows a broad distribution of Exu signal with the majority
sedimenting greater than 20S. B) Sedimentation of Exu in extracts treated
with RNAse A (10 pg/ml, 10 min at 4°C) followed by addition of pancreatic
RNAse inhibitor (8000U/ml) (upper panel). As a control, RNAse A was
premixed with the inhibitor prior to addition to the extract (lower panel).
When RNAse A is added first, the Exu immunoblot signal is shifts from a
large broad distribution to a tight 7S peak. While there is some variability in
the sedimentation profile of Exu from extract to extract, there is always a

significant fraction of Exu sedimenting at 20S or greater.
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Figure 2: Immunoprecipitation of Exu-associated proteins.
Immunoprecipitations of GFP-Exu extracts were performed with either
o—GFP antibodies or rabbit IgG. GFP-Exu and seven additional polypeptides
(arrows) coimmunoprecipitate with a—GFP antibodies, but not with the
rabbit IgG control. RNAse A treatment of the extracts during the
immunoprecipitation shows that six of the associated polypeptides (grey
arrows) require the presence of RNA to coimmunoprecipitate with GFP-Exu,
while p57 (dark arrow) does not. Two additional proteins, p110 and p45, are
also present in the immunoprecipitations (asterix). p110 only associates with
Exu nonspecifically in the majority of immunoprecipitation reactions. p45
has been found to be a proteolytic fragment of p57 by microsequence analysis.
Migration of molecular weight standards by SDS-PAGE are indicated on the
right.
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Figure 3: Purification of GFP-Exu-Hisg by metal affinity chromatography and
GFP antibody immunoprecipitation. Shown are the initial load, the flow

through (FT) from the Ni-NTA column, two wash steps, the imidazole
eluate (Eluate), and a~GFP immunoprecipitation from the Ni-NTA eluate
(GFP IP). p57 copurifies with GFP-Exu-Hisg through this procedure. Details

of the purification procedures are found in the Experimental Procedures.

Migration of molecular weight standards SDS-PAGE are indicated on the left.
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Figure 4: Sequence of p57/Ypsilon Schactel, a cold shock domain RNA
binding protein. A) The predicted protein sequence of Ypsilon Schactel
determined from sequencing of 6 ESTs from the Berkeley Drosophila
Genome Project. Solid lines highlight the peptides obtained by
microsequencing of p57. Mismatches between the translated sequence and
the microsequenced peptides are in lower case. The dashed line delineates
the cold shock domain. Amino acid residue number are shown on the right.
B) Sequence alignment of the cold shock domain of Yps with other cold
shock domains from human (DBPA), Xenopus (YB1), goldfish (YB2), and
Aplysia (YB1) proteins. Residues that are identical in all five proteins are
highlighted. Residues that are identical or similar in four of the five
proteins are shown in upper case and less well conserved residues are in

lower case.
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Figure 5: Yps sedimentation and identification of associated proteins. A)
Immunoblot of total fly extract with affinity purified a-Yps antibody.

Migration of molecular weight standards by SDS-PAGE are indicated. B)
Sedimentation of Exu and Yps in extracts made from frozen GFP-Exu
expressing flies through a 5-40% sucrose gradient. Both Exu and Yps,

detected by immunoblot, sediment broadly, with the peak centered at 25-30S.
C) Immunoblot of Exu and Yps in a-GFP immunoprecipitations of a 5-40%

sucrose density gradient loaded with extract made from frozen GFP-Exu
expressing flies. Both Exu and Yps coimmunoprecipitate together across the
gradient indicating that they are both part of the same complex. The decrease
in signal in the fraction at 30S is due to poor recovery from that

immunoprecipitation reaction. D) Immunoblot for Exu and Yps in
immunoprecipitates from GFP-Exu extract using a-GFP (GFP), a-Yps (YPS),
or rabbit IgG (IgG) antibodies. Exu coimmunoprecipitates with Yps, although

the signal is not as robust as the Exu signal in the a-GFP

immunoprecipitation. This is likely due to the fact that the a-Yps antibody

was raised against the Exu binding region of Yps and hence, may displace Exu

from the complex. E) Coomassise-stained SDS-PAGE gel of
immunoprecipitates from GFP-Exu fly extracts using a-GFP, a-Yps, or rabbit
IgG antibodies. Dark arrows indicate GFP-Exu and Yps. Grey arrows indicate
the six polypeptides that are present in both a-GFP and a-Yps

immunoprecipitates, but are absent from both immunoprecipitates when
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RNAse-treated extracts are used (see Experimental Procedures). Migration of

molecular weight standards by SDS-PAGE are indicated.
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Figure 6: Binding of Exu and Yps in in vitro translation reactions.
Autoradiogram of in vitro translation products of myc-tagged Yps (myc-YPS;
lane 1), myc-tagged amino terminal Yps, amino acids 1-160, (myc-NYPS; lane
2), and myc-tagged cold shock domain of Yps, amino acids 56-151, (myc-CSD;
lane 3). Shown are the in vitro translation products (358 IVT),

immunoprecipitations with the a-myc antibody (IVT+ a-myc IP), and a-HA

immunoprecipitations of unlabelled HA-tagged Exu mixed with 355. 1abelled
in vitro translations (IVT+Cold HA-Exu+ o-HA IP). The lower band present
in the IVT and cold HA-Exu reactions is a proteolytic product of Yps, since it
is not present in our a—myc immunoprecipitations of Yps. These

experiments show that Exu binds directly to the amino terminal domain of

Yps.
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Figure 7: Amplification of oskar mRNA by RT-PCR from the Exu-Yps
complex. A) RT-PCR of bicoid (bcd), oskar (osk), nanos (nos), and
phosphoglycerokinase (pgk) from 5 pg of total mRNA isolated from GFP-Exu
extracts. All transcripts are easily detected in total mRNA. B) RT-PCR using
oskar specific primers from RNA isolated from immunoprecipitates of GFP-
Exu fly extract using a-GFP, a-Yps, or rabbit IgG. The reverse transcription
reaction was diluted 10-, 100-, or 1000-fold, prior to the PCR step. In contrast
to the signal observed with osk primers, bcd, nos, and pgk primers did not
amplify any detectable signal from the same material (not shown). Details of

this procedure are found in the Experimental Procedures.
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Figure 8: Yps accumulates at the posterior pole during mid-oogenesis and

colocalizes with Exu within the ovary. Wild type (Oregon R) ovaries were
labeled with a-Yps antibody (see Experimental Procedures). A) In

previtellogenic stages, Yps is most concentrated in the oocyte (arrows). B) In
both early and mid-stage egg chambers, Yps is present in particles that cluster
around the nurse cell nuclei (arrow). C) At stage 9, Yps continues to be
concentrated in particles in the nurse cell cytoplasm, while it begins to
accumulate at the posterior pole and anterior margin (arrows) of the oocyte.
D) By late stage 9, Yps is restricted to the posterior pole of the oocyte (arrow).
Yps is also highly expressed in the follicle cells, the somatic cells that
surround each egg chamber, during all stages of oogenesis, although this is

not visible in all images due to the plane of focus. For colocalization studies
(E,F), ovaries from flies carrying a gfp-exu transgene were labeled with an a-

Yps antibody detected with a rhodamine-tagged secondary antibody. E) In the
nurse cells of a stage 10 egg chamber, Yps is localized to perinuclear particles

that colocalize with F) GFP-Exu particles.
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SCO2

Figure 9: oskar mRNA localization is disrupted in exu egg chambers.

Whole mount in situ hybridization was performed on egg chambers from

wild type (Oregon R) and exu"CO2 flies raised at 18°C to examine the
distribution of osk mRNA. A) In the nurse cells of wild type stage 10 egg

chambers, osk mRNA is often concentrated in patches within the nurse cell

cytoplasm. B) In nurse cells from stage 10 exuSCO2

/Df(2R)MK1 egg
chambers, the osk mRNA signal within the nurse cells is completely
dispersed. C) In oocytes from wild type stage 10 egg chambers, osk mRNA is

highly concentrated at the posterior pole. D) In oocytes from stage 10

exu>CO2 /Df(2R)MK1 egg chambers, the osk mRNA signal is reduced at the
posterior pole. This particular egg chamber is an example of an oocyte with

barely detectable osk mRNA (see text).
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Figure 10: A two step model for sorting mRNAs to the anterior and posterior .
poles of the oocyte. oskar and bicoid mRNAs each recruit transcript-specific |
proteins (A and P) as well as common components, such as Exu. Exu is C
involved in transport of oskar and bicoid mRNAs from the nurse cells to the
anterior of the oocyte (Step 1). Once at the anterior, the specific components

(A and P) sort mRNAs so that bicoid mRNA is anchored to the anterior of

the oocyte, while oskar mRNA is transported to the posterior. In this model,
we have depicted Yps as a candidate component of oskar mRNA specific

complexes for reasons described in the text.

128



Future Directions
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Our understanding of the mechanism of mRNA localization has been
hindered by the inability to study the phenomenon in a system that is both
genetically tractable and accessible to large scale biochemistry. One of the
primary results of this thesis is that I have shown that mRNA transport in
Drosophila melanogaster can now begin to be studied using a combination of
genetic and biochemical approaches. Furthermore, the fact that two of the
best characterized localized mRNAs, oskar and bicoid, appear to share some
mechanistic components indicates that this system will be quite useful in
addressing how mRNA localization is regulated to sort mRNAs to different
locations during oogenesis.

The first step in achieving a mechanistic understanding of how
mRNAs are targeted to particular subcellular locations is to identify all of the
components of the transport complex for a particular localized mRNA.
Isolation of the components of the Exu complex represents the first
opportunity in any system to identify all of the protein components required
for the localization of a particular message - the oskar mRNA. The fact that
this biochemical analysis can be performed in an organism that is readily
manipulated using molecular genetics should greatly facilitate the functional
analysis of each component of the complex. The identification of Yps as a
component of the Exu complex is the first step in this process. More recently,
we have used mass spectrometry to identify two additional components of
the Exu complex, Trailer Hitch and Winnebago (Appendix#1). While the

analysis of these proteins is still ongoing, it is likely that they will yield
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additional insights into the mechanism of mRNA localization. This
prediction has already borne fruit in the case of the proteins, C64 and Oskar,
which were also found to be present in the Exu complex by immunoblot
analysis (Appendix#1). Since Oskar protein is only found at the posterior
pole due to localization-dependent translational activation (Kim-Ha et al.,
1995; Rongo et al., 1995) and C64 appears to be restricted to the nurse cells (T.
Hazelrigg, personal communication), it is likely that the Exu “complex” I
have isolated actually represents a population of Exu complexes that
encompass all of the steps of the transport pathway from mRNA recognition
to anchoring and translational activation. The biochemical analysis of
mutants that block the various steps of oskar mRNA localization should
help lay the groundwork for determining which components are part of the
Exu complex during the various stages of the localization pathway and how
the complex is altered to switch from one stage to the next.

The identification of the components of the mRNA localization
machinery also will lay the groundwork for in vitro reconstitution of the
various steps of the mRNA transport pathway. The establishment of such in
vitro assays will allow us, for the first time, to assign specific biochemical
functions to components of a mRNA transport complex. Since most models
of the mechanism of mRNA transport have been limited by the fact that we
have little biochemical understanding of the few proteins that have been
implicated in transport, the development of these assays will allow us to fill

in the gaps in existing models by determining how assembly of a large
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ribonucleoprotein particle leads to transport along the cytoskeleton. One of
the first steps in establishing this biochemical framework will be to
determine how the Exu/Yps heterodimer specifically recognizes oskar
mRNA. This question is particularly interesting since Exu is known to bind
directly to C64, an RRM family RNA binding protein (T. Hazelrigg, personal

communication). Does Exu bind to both Yps and Cé64 simultaneously or

sequentially? How does the choice of binding partner affect the recruitment
of Exu to a particular localized message? Answering these questions will
help inform our views of how the transport complex is recruited and
rearranged during localization.

Of course, the holy grail of these biochemical reconstitution v
experiments is to identify the component or components required to ‘
translocated messages along the cytoskeleton. Reconstitution of mRNA-
based motility will allow us to determine which molecular motors are
responsible for transporting mRNA and how these motors are targeted to
their cargo. Even more importantly, however, such motility experiments o
will help to tease apart many of the redundant transport pathways that have ‘
confounded genetic analysis of mRNA localization in the past (Macdonald
and Kerr, 1997) and will likely point the way to additional modes of
cytoplasmic mRNA localization.

Because the process of mRNA localization is so poorly understood, e

most of the attention of researchers in the field has been focused on the

mechanistic basis for mRNA transport, while relatively little attention has
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been focused on regulatory issues, such as how transcripts are sorted to
different regions of the cytoplasm and how the transport machinery is
altered to perform specialized tasks in different tissues. These issues are
likely to take center stage in the coming years as the components of the
mRNA localization machinery become better defined. Even at this
preliminary stage, our finding that Exu is required for both bicoid and oskar
mRNA localization suggests that there may be a core transport complex that
is altered or rearranged to sort transcripts to different locales within the cell.
Furthermore, the recent finding that Exu exists in a large complex in males
as well as females (Figure 1) and that exu mutants have both male and
female sterile effects (Hazelrigg et al., 1990) suggests that mRNA localization
may play a role in spermatogenesis in addition to its well characterized role
in spermatogenesis. Since the proteins and RNAs that make up the male
form of the Exu complex are unknown, determining the composition of this
complex, the RNA cargoes it transports, and its role in spermatogenesis will
help provide some of the first insights into how the mRNA localization
machinery is adapted for tissue specific functions.

Clearly this is an exciting time for the field of mRNA localization as
the components of the transport machinery are beginning to be characterized
in a number of systems (Cote et al., 1999; Deshler et al., 1998; Havin et al.,
1998; Hoek et al., 1998; Ross et al., 1997). However, the most interesting work
lies ahead in determining how mRNA localization contributes processes as

diverse as neuronal signalling, stem cell maintenance, and cell motility.
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Figure 1: Exuperantia migrates as a large complex in extracts from both males
and females. A) Sedimentation of Exu from an extract made from hand
sorted male Drosophila through a 5-40% sucrose gradient (see Experimental
Procedures). This immunoblot shows the majority of the Exu signal
sedimenting greater than 20S. B) Sedimentation of Exu in extracts made
from hand dissected ovaries through a 5-40% sucrose gradient. While the
distribution of Exu signal is broader than in the male extract, there is always a

significant fraction of Exu sedimenting at 20S or greater (see Chapter 3).
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As part of my ongoing characterization of the Exu complex, I have .
focused on identifying the 6 remaining polypeptides in the complex. To date, |
I have identified two additional components of the Exu by mass spectrometry
in collaboration with Dr. Bill Henzel at Genentech. These two proteins,
Trailer Hitch and Winnebago, specifically coimmunoprecipitate with both

Exu and Yps (Figure 1) strongly indicating that both proteins are part of the

Exu complex. Further studies demonstrating that Trailer Hitch and
Winnebago co-peak with Exu and Yps on sucrose density gradients and that
all 4 proteins co-localize in vivo are currently in progress.

Trailer Hitch is part of a large family of poorly characterized proteins
that are present from yeast to plants to man. All family members have P
conserved amino and carboxy terminal domains that are separated by a low .
sequence complexity linker domain that varies in length from species to
species (Figure 2). Of the family members that have been characterized, the
most informative has been the Pleurodeles waltl (Newt) family member,
RAPS55. This protein is expressed only in the ovary and is part of a 40-120S . "
RNAse-sensitive complex (Lieb et al., 1998). These findings are consistent -
with the observed behavior of the Exu complex on sucrose density gradients
and suggest Trailer Hitch may be a broadly conserved component of the

mRNA transport machinery. In order to confirm this, I have focused my

efforts on characterizing the Saccharomyces cerevisiae homologue of Trailer S

Hitch, SCD6. SCD6 was originally identified as a high copy suppressor of

clathrin heavy chain deficiency (S.K. Lemmon, unpublished observations).
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SCD6 nulls have no observable growth defect and no previously described
phenotype. My examination of ASH1 mRNA localization in SCD6 deficient
strains revealed no defect in the transport of ASH1 mRNA to the daughter
cell (data not shown). SCD6-GFP expressing strains only showed diffuse
cytoplasmic fluorescence (data not shown); however, the functionality of the
SCD6-GFP fusion protein cannot be addressed since there is no phenotype
associated with the SCD6 deficiency. I am currently using microarray
analysis to identify the RNAs associated with immunoprecipitates of both
Drosophila Trailer Hitch and SCD6 in an effort to demonstrate an association
between localized messages and members of the Trailer Hitch protein family.
This approach should provide significant insights into the RNA cargoes for
the Trailer Hitch family of proteins.

The Winnebago protein shares a number of sequence features with 5-
formyltetrahydrofolate synthetases. These enzymes convert 5-
formyltetrahydrofolate to 5,10-methenyltetrahydrofolate in an ATP
dependent reaction. The 5-formyltetrahydrofolate synthetases contain no
known ATP binding motifs and Winnebago does not contain any of the
motifs implicated in substrate binding (Maras et al., 1994). Furthermore, a
close relative of 5-formyltetrahydrofolate synthetase in other organisms was
discovered by the Drosophila genome project indicating that Winnebago is
not the Drosophila ortholog of this enzyme (unpublished observations).
This sequence homology suggests that Winnebago may be a novel ATPase

that plays a role in mRNA localization. I am currently attempting to test this
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Figure 1: Trailer Hitch and Winnebago specifically coimmunoprecipitate
with both Exu and Yps. Immunoprecipitations of GFP-Exu extracts were
performed with either o—~GFP, a-Yps, or rabbit IgG antibodies. These
immunoprecipitation reactions were immunoblotted for either Trailer Hitch
(Left Panel) or Winnebago (Right Panel). In both cases, Trailer Hitch and
Winnebago coimmunoprecipitated with Exu and Yps, but not with the IgG

control.
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Figure 2: Trailer Hitch is a member of a broadly conserved family of proteins.

A) The domain structures of Trailer Hitch family members from S.
cerevisiae, C. elegans, P. waltl, and D. melanogaster. All the Trailer Hitch
family members have conserved amino and carboxy terminal domains
separated by a low sequence complexity linker domain of variable length. B)
An alignment of the amino terminal domains of Trailer Hitch family
members as well as sequences from ESTs for which the full length protein
sequence is not known. The amino terminal domain of Trailer Hitch has
homology to the translation products of ESTs from Neurospora,
Schistosoma, Citrus, Medicago, and Dictyostelium. The identical amino

acids are marked in yellow.
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