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Abstract

Proteins that regulate mRNA metabolism are often bipartite: an RNA binding activity confers substrate specificity, and a
“functional” domain elicits the biological outcome. In some cases, these two activities reside on different polypeptides that form a
complex on the mRNA. Regardless, experimental separation of RNA binding from function facilitates analysis of both properties,
liberating each from the constraints of the other. “Tethered function™ assays bring a protein to a reporter RNA through a designed
RNA-protein interaction. The function of the tethered protein—whether that be stability, translation, localization, or transport, or
otherwise—is then assessed. We refer to this approach as a “tethered function” assay, since it can be examined. The approach does
not require knowledge of the natural RNA binding sites, or of the composition of the naturally occurring protein complexes. It can
be useful in dissecting how proteins that act on RNAs work, and in identifying active components of multiprotein complexes. RNA-
binding proteins previously have been linked to foreign RNA-binding specificities, for a wide variety of purposes. We emphasize
here the particular value of tethering to the 3’ untranslated region of eukaryotic mRNAs, and the opportunities it presents for the
analysis of how those mRNAs are regulated. We discuss experimental design, as well as published and potential applications. © 2002

Elsevier Science (USA). All rights reserved.

1. Introduction and rationale

Proteins involved in controlling specific mRNAs of-
ten must bind RNA and elicit a “function.” Functions
include alterations in RNA stability, processing, trans-
lational activity, and cellular localization, as well as
covalent modifications. In some cases, RNA binding
and biological function are inseparable: for example, the
binding of RNA substrates to certain ribonucleases is
inseparable from nucleolytic cleavage. In other in-
stances, and arguably in the majority of instances in-
volving mRNAs, binding activity and function are
distinct. In these cases, the separation of the two activ-
ities from one another provides a powerful inroad into
understanding how these proteins work, just as does the
analogous approach to dissecting transcription factors.

To separate function from binding, the protein of
interest can be tethered to an mRNA through its 3’
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untranslated region (3’UTR), using known RNA-pro-
tein interaction (Fig. 1) [1,2]. By manipulating the
tethered polypeptide, one can analyze the protein’s bi-
ological activity stripped of the need to bind to RNA.
This logically simple technique is termed a “tethered
function” assay because a polypeptide to be tested is
tethered with an aim of assessing any biological func-
tion—turnover, transport, translation, or localization,
for example. Indeed, these four functions in particular
have all been assessed using this strategy.

Of course, mRNA-binding proteins have previously
been linked to foreign RNA binding specificities, with a
variety of successful applications. Here, we specifically
concentrate on applications in which the 3’UTR of a
eukaryotic mRNA is the location of the tether. 3 UTRs
have special biological interest and experimental ad-
vantages in such assays, particularly for analyzing pro-
teins that control mRNA activity and biogenesis. A few
of these advantages are listed below.

e A common site of control elements: Sites that regulate
many steps in an mRNA’s life often reside naturally
in the 3'UTR. Thus tethering to that region places
regulators where they might naturally function.
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Fig. 1. Tethered function assays using the 3'UTR. A protein, X, is
brought to a reporter mRNA through an artificial RNA-protein in-
teraction. The function of the tethered protein in any aspect of the
mRNA’s metabolism or function can then be assayed.

o Flexibility: The exact location of several 3UTR reg-
ulators within the 3'UTR is not critical for their func-
tion, implying that precise spatial positioning is not
critical.

e Noninterference with translation: 3'UTRs have fewer
constraints for insertion of tethering sites than do
5'UTRs or open reading frames (ORFs). Pertur-
bances in the 5UTR can affect initiation frequency,
and RNA-protein complexes placed in the ORF
may be displaced by the elongating ribosome. On
the other hand, the intercistronic region of bicistronic
mRNA:s is relatively unconstrained and also has been
used for tethered function experiments [3,4].

Certain regulatory proteins must reside in precisely
the “right” position to function. For example, specific
RNA-protein interactions prevent translation initiation
when placed appropriately within 5UTR of the mRNA
(e.g., [5]); similarly, splicing regulators sometimes must
be positioned correctly relative to splice sites. In such
instances, tethering to the 3’UTR will not work.

2. Experimental strategy
2.1. A priori considerations

2.1.1. Multiprotein complexes

mRNA regulatory events often occur through mul-
tiprotein complexes formed through protein—protein
and protein-RNA interactions. The protein that con-
tacts the mRNA may not always contain the activity
responsible for the effects of the complex on mRNA

metabolism; conversely, the “active” protein may not
directly contact the RNA. Tethered function assays
permit an active molecule to be identified and analyzed
(e.g., [6]). In certain instances, however, multiple pro-
teins may be required (e.g., [7]).

2.1.2. The role of RNA binding in function

The interaction of RNA with a protein can change
the conformation of the RNA, the protein, or both [8];
as a result, function may require the RNA-protein
complex, as opposed to the protein alone. The RNA
ligand can influence the biological activity of the bound
protein [9], much as in cases of DNA-mediated allostery
with transcription factors [10]. In addition, the context
of the natural binding site may be important because
other factors are bound in the neighborhood, and are
essential for function. These considerations have two
implications. First, negative results in a tethered func-
tion assay are meaningless, even if the RNA and protein
do interact on the reporter. Second, the outcome ob-
served in a tethered function assay may differ when the
protein is associated with its natural RNA binding site.
The same is true of transcription factors, and has been
useful in elucidating their activities [10].

2.1.3. Analyzing function without knowing the target

In many cases, putative RNA-binding proteins have
been identified but their RNA target is unknown. An
asset of the tethered function approach is that analysis
of function does not require knowledge of the natural
RNA target.

2.1.4. Analyzing the function of essential genes

In some cases, the RNA-binding protein under inves-
tigation may be essential for cell viability; as a result,
traditional genetic techniques may be complicated by
pleiotropy. Tethered function assays allow the protein of
interest to be modulated on one mRNA reporter in a wild-
type background, thus eliminating global cellular effects.

2.2. Designing the assay

To test the effects of protein X on mRNA activity or
biogenesis, a fusion between X and a tethering protein,
such as MS2 coat protein, is created by recombinant
DNA methods and expressed in vivo. A reporter nRNA
carrying an ORF to be monitored (such as lacZ or lu-
ciferase) and binding sites for the tether within the
3'UTR is expressed in the same cells. The effects of the
fusion protein on the mRNA are then assayed by con-
ventional means (Fig. 1). While the assay is relatively
straightforward, several technical issues merit discussion.

2.2.1. The fusion protein
Criteria for selecting a tethering protein include its
affinity, specificity, and subcellular location. Perhaps the
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most common tether used to date has been bacterio-
phage MS2 coat protein [1,2,6,11-18]. However, the iron
regulatory protein (IRP), bacteriophage N-protein [3,4],
and UIA protein have also been used successfully
[19,20].

MS2 coat protein has several desirable features for
such assays. First, it is relatively small (14 kDa). Second,
it binds with high affinity and selectivity to a 21-nucle-
otide RNA stem-loop [21]. Third, the biochemistry of
MS2 binding to its target sequence has been analyzed
extensively. Mutants in the binding site are available
that increase or decrease affinity. In particular, the
substitution of a single U within the stem—loop with a C
increases affinity at least fivefold over wild type [21].
Fourth, MS2 coat protein interacts as a dimer with a
single RNA stem-loop, thereby increasing the concen-
tration of the tethered protein on the reporter. Lastly,
MS?2 binds cooperatively to adjacent stem—loops, fur-
ther increasing occupancy of sites [22,23]. Since MS2
coat protein binds as a dimer to a single site and inter-
acts with adjacent sites cooperatively, a large (and not
trivial to determine) number of protein molecules may
be bound to the targeted 3’UTR.

The relative positions of the tethering moiety and the
polypeptide to be tested are a second issue. In the case of
MS2/PAB fusions, fusion proteins in which MS2 was
present at the N terminus gave a slightly higher stimu-
lation of translation than those at the C terminus (N.
Gray and M.W._, unpublished). It is unclear whether this
is generally the case. Thus it may be desirable to test
both orientations.

Another issue concerns any trans-effects that expres-
sion of the fusion protein may exert in vivo. Commonly,
the fusion protein is expressed in a wild-type back-
ground, creating a situation in which the protein of in-
terest is overexpressed in a “mutant” form. In the case
of MS2/Pablp fusions in yeast, the chimeric protein
slightly affected the ability of yeast to grow under nu-
trient-poor conditions (unpublished).

2.2.2. The reporter mRNA

The design of the reporter mRNA is important, and
is dictated by the particular function being assayed. A
wide variety of open reading frames have been used to
follow activity. In yeast, the effects of tethered poly-
peptides on mRNA stability have been assessed using
the MFA2, PGKI, YAPI, and LacZ genes as reporters
[1,14]. Translational activity and mRNA localization
have been determined using the HIS3, CUPI, GFP, and
LacZ genes (unpublished observations, [2,11]). In Xen-
opus, luciferase has been used, while in mammalian cell
culture, B-globin and CAT mRNAs have been tested
[3,4,6,16].

For certain experiments, the intrinsic behavior of the
reporter (in the absence of the tethered protein) is an
important aspect of the experimental design. For ex-

ample, if one wants to assess whether a tethered protein
can elicit mRNA degradation, then the reporter needs to
be relatively stable in the absence of the tethered protein;
conversely, if one wants to assess whether the tethered
protein stabilizes the mRNA, the reporter needs to be
relatively unstable in the absence of the protein. It is also
important to determine whether the desired character-
istics of the reporter are unaffected by the tether per se
(e.g., MS2 coat protein alone). Often, reporters with
suitable properties can be designed by manipulating
their 5’ and 3’UTRs.

The number and location of binding sites are addi-
tional considerations. In several instances, two sites have
been sufficient to see an effect [1,2,14,18]. However, as
many as 8 and 16 sites have been used [6,11,16,19]. In-
creasing the number of binding sites can increase the
sensitivity of the assay [16], though a systematic com-
parison of reporters with different numbers of sites has
not yet been reported. The position of the sites within
the 3’UTR is a second variable. Because wild-type
3’UTRs contain regulatory information, it is important
that the tethering sites not interfere with normal ex-
pression. Thus, the behavior of the reporter mRNA with
and without the sites should be compared in the absence
of the chimeric protein.

3. Case studies

In the following sections, we discuss a few specific
examples with general principles in mind. Table 1 in-
cludes examples from the literature in which tethered
function assays have been performed, organized by the
function analyzed. In the following section, we discuss a
few examples of the utility of the approach. This is not
intended to be a complete account of possible or pub-
lished uses.

3.1. Standard controls and assays

Whatever the biological problem being studied, a
subset of control experiments are similar. One set of
controls, drawn from the initial work describing teth-
ered function assays in 3’UTRs [1], is depicted in Fig. 2.
In these experiments, tethered poly(A)-binding protein
(Pablp) was shown to stabilize a reporter mRNA in
yeast, increasing its half-life in pulse—chase experiments
to approximately 20 min (Fig. 2A). The specificity of
this effect was shown by tethering other RNA-binding
proteins, none of which stabilize the reporter. Similarly,
removal of the tethering sites in the 3’UTR also abro-
gates the effect. Additional standard controls include a
demonstration that the tethered protein is functional
(e.g., complements a mutant) and that it does not in-
terfere with the activity of the wild-type protein in the
same cells.
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Table 1
Uses and adaptations of tethered function assays
Key issuue Protein Organism Tether Reporter Effects Ref.
Analysis of Pablp Yeast MS2 MFA2, PGK1 Tethered Pablp stabilizes [1]
essential gene mRNAs, functions independent
of poly (A)
Separation of PABI, Pablp Xennnus Yeast MS2 Luciferase Distinct regions of tethered [1,2]
multiple CUP1 PABI stimulate translation and
functions stabilize mRNA in vivo
Xp54 Xenopus MS2 Luciferase Tethered Xp54 represses or [18]
stimulates translation of
poly(A) minus reporters
Publp Yeast MS2 YAPI Tethered Publp prevents NMD  [14]

Dissection of hUPF1, hUPF2, Mammalian MS2

complex hUPF3a, hUPF3b cells
RNP S1, Y14, DEK, Mammalian MS2
REF2, SRm160 cells
elF-4E Mammalian N
cells
elF-4G Mammalian IRP
cells
Identifying She2p, She3p Yeast MS2
localization
functions
REV, TAP1, NXF3 Mammalian MS2
cells
Analysis of PAPI1 Xenopus MS2
modifying
enzymes
Following GFP Yeast, MS2
localized mRNAs mammalian
cells
GFP Yeast UlA

of mRNA with uORF

B-globin Tethered UPFs transform a [16]
normal mRNA into a message
subject to NMD

Tethered RNP SI stimulates [6]
NMD on a normal mRNA

Tethered cIF-4E stimulates [3]
translation when tethered to

S'UTR

Tethered elF-4G stimulates [4]
translation

B-globin

CAT/Luc

CAT/Luc

LacZ Tethered She2p is sufficient to  [13]
stimulate the localization of
ASH1 mRNA

CAT Tethering nuclear export factors [17]
enhance transport

Luciferase Tethered PAP1 polyadenylates  [15]
mRNAs in the cytoplasm and

stimulates their translation

Tethered GFP allows for the
visualization of cytoplasmic
mRNA localization in live yeast
cells and mammalian neurons
Tethered proteins monitor [19]*
nucleocytoplasmic transport

Various [11-13,20,26,27]

RPL25,
PGK1, SSA4

#See also article by Brodsky and Silver [32].

The details of how the reporter mRNA and tethered
protein are produced and analyzed are not described in
detail here, since they vary with the cells used and the
problem studied. Suffice it to say that a broad range of
cell types, reporters, and vectors have been used suc-
cessfully (Table 1). Tethered proteins have been pro-
duced from transgenes in yeast and in mammalian cells,
and from injected mRNAs in Xenopus oocytes (see Ta-
ble 1 for references and details).

3.2. Analyzing essential genes

Tethered function assays allow the presence of a
particular RNA-binding protein to be modulated on a
target mRNA without consequences to cell viability.
For example, in Saccharomyces cerevisiae, poly(A)-
binding protein (Pablp) is an essential gene involved in
many different aspects of mRNA metabolism. Genetic

studies of PABI show that this protein is required for
translation, coupled deadenylation and decay, and reg-
ulation of poly(A) length. Detailed analysis of these
functions in vivo is complicated by the multiple roles of
Pablp and the fact that Pablp is essential for viability.
A tethered function assay bypassed these complications,
and allowed genetic analysis of Pablp on a single
mRNA in a wild-type background [1].

In yeast, the effects of Pablp mutations on mRNA
stability and translation could be analyzed even when
the mutant was insufficient to support viability [1,2].
Pablp tethered to the 3'UTR of an unstable reporter in
yeast increased reporter half-life (Fig. 2A); similarly,
Pablp tethered to the 3’UTR of a stable mRNA in-
creased mRNA translation, modestly in yeast and more
dramatically in frog oocytes [1,2]. The effects of four
mutant forms of Pablp (Al through A4) were analyzed
in yeast carrying wild-type (non-MS2-containing)
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A
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Fig. 2. Standard controls, mutational analysis, and analyzing essential
functions. (A) Standard controls: Pablp tethered by MS2 coat protein
to the 3’UTR of an otherwise unstable mRNA increases its half-life
from 4 to 20 min [1]. As in other tethered function experiments, nec-
essary controls include other fusion proteins and mRNA without
tethering sites. Ideally, the proteins used as controls are of approxi-
mately the same size and type as the one being tested; in this case, Sx1
possesses three RRM motifs, and Pablp, four. (B) Mutational analy-
sis: A series of deletions in the Pablp part of an MS2/Pablp fusion
protein were analyzed (A1-4). Each protein was produced in a strain
containing wild-type (non-MS2-containing) Pablp. Pablp consists of
four consecutive RRM domains (labeled 1-4) and a more divergent C
terminus. mRNA half-life was determined by a pulse—chase assay. See
Ref. [1] for details. (C) Viability: The same PaBI deletions analyzed in
(B) were tested for their ability to provide Pablp’s essential function,
using a plasmid shuffle assay [1]. Only the “wt”” MS2-Pablp construct
supports viability in the absence of the PABI gene. Nonetheless, the
function of each tethered protein can be analyzed (B).

Pablp: two mutants (A3 and A4) stabilize the reporter
mRNA while the other two do not (Fig. 2B). None
support viability in circumstances in which they are the
sole source of Pablp in the cell (Fig. 2C). These findings
illustrate that the functions of essential proteins can be
analyzed genetically using the assay.

3.3. Dissecting complexes in the absence of genetics

Tethered function assays are particularly useful when
genetics is not available. For example, multiprotein
complexes control many mRNA regulatory events.
Some proteins in the complex provide RNA binding;
others provide protein—protein bridges; some possess the
ultimate ‘‘activity” of the complex. When genetics is
unavailable, dissecting the different contributions of in-
dividual proteins can be difficult. Tethered function as-
says can identify the active ingredient.

Analysis of nonsense-mediated decay (NMD) in
mammalian cells is exemplary. Mammalian mRNAs are
targeted for rapid turnover when they contain a stop
codon that is greater than 50 nucleotides upstream of
the last exon—-exon boundary. A group of at least five
proteins, and perhaps more, form a complex 20-25 nu-
cleotides upstream of the exon—exon (E/E) junction of
mammalian mRNAs after they are spliced (Fig. 3A)
[24]. This complex was proposed to trigger NMD if lo-
cated after a premature nonsense codon. To identify
proteins in the complex that have that activity, Lykke-
Andersen et al. (2001) tethered each of the constituent
proteins to the 3UTR of a normal mRNA, thus placing
them downstream of the last splice site and the normal
termination codon (Fig. 3B). Tethering one protein,
RNP S1, and, to a lesser extent, another, Y14, caused
NMD; tethering the other three proteins had little effect
(proteins “a” to “c” in Fig. 3B). Thus the tethered
function approach identified RNP S1 as an active
principle in the E/E complexes, and suggested that its
deposition was critical for NMD. In turn, this provided
an entre to the dissection of its biological activity, as
opposed to its assembly onto the RNA or into the
complex.

This approach to dissecting multicomponent com-
plexes can be complicated in three ways. First, tethering
of any protein in a complex can, in principle, bring in all
the other members of the complex. If this is the case,
then the region required for the tethered activity will
precisely coincide with that required for interaction with
the other protein. Second, activity may require multiple
proteins, not simply the one being tethered. Thus it may
be necessary to provide other proteins, particularly
when the tethered protein comes from another species or
cell type. Third, the lack of activity observed with cer-
tain tethered proteins is difficult to interpret unambig-
uously.
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Fig. 3. Dissecting a multiprotein complex in the absence of genetics. (A) The E/E complex and NMD: A wild-type mRNA is shown that contains an
exon/exon junction (vertical line) and a single termination codon (black “T”) at the end of its ORF. This mRNA is stable. An identical mRNA
containing a premature termination codon (black “T” within the ORF) is subject to NMD [24]. At least five proteins (“a” through “e”’) form a
complex on the mRNA upstream of the E/E junction, and were proposed to trigger NMD. In this model, NMD is triggered because the complex is

present downstream of the splice junction. The drawing of the complex

is not meant to imply that any particular proteins contact the mRNA directly.

See text and Le Hir et al. [24] for details. (B) Identifying the component of the E/E complex that possesses NMD activity [6]: Each of the five known
components of the E/E complex was tethered individually to the 3UTR of a reporter. In this design, the tethered proteins are downstream of the
termination codon, and so are predicted to elicit NMD. Protein “e” (RNP S1) and, to a lesser extent, protein “d” (Y 14) elicit NMD; the other three

proteins (DEK, REF, and SRm16) do not [6].

3.4. Separation of multiple functions in the same protein

Tethered function assays can be used to dissect one
function from another in a multifunctional protein. For

example, Pablp both stimulates translation and stabi-
lizes mRNAs. By tethering various deletion mutants of
Pablp in yeast, distinct alleles were created that affect
one function of Pablp but not the other [1,2].
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A ASH1 mRNP in vivo

Results

( actin filament

B Assaying localization activity

mRNA localized
SHE1, SHE2, SHE3 required

actin filament

C Following mRNAs with tethered GFP

actin filament

)
mRNA localized
WA SHE1 required
poly(A) SHE2 dispensible
poly(A)

mRNA localized: detected by
localized GFP
SHE1, SHE2, SHE3 required

Fig. 4. mRNA localization and tethered assays. (A) Model of ASH1 mRNA localization in yeast, based in part on tethered function assays: She2p
binds to an element in the 3'UTR of ASHI mRNA (black box). It also binds to She3p protein, which interacts with a myosin (Shelp/Myo4p), which
in turn binds to the actin filament to localize the mRNA to the bud tip. Localization can be detected by nucleic acid hybridization, as illustrated. (B)
Tethered She3p causes localization of the mRNA: This process is dependent on factors “downstream” of She3p (such as Shelp and the actin fil-
ament) (gray in figure), but not on She2p. (C) Tethered GFP can be used to monitor localization in living cells: GFP is tethered to the 3'UTR or
elsewhere in the mRNA, as a means of “tagging” the mRNA. Localization of the GFP fluorescence, and hence the mRNA, requires all of the

components required in the unperturbed localization process.

Mutagenesis of tethered proteins can also be useful in
identifying unique gain-of-function alleles. For example,
Minshall et al. have recently shown that the Xenopus
homolog of the RCK1/p54 helicase family of proteins,
Xp54, is sufficient for repression of mRNA when teth-
ered to the 3’ end of a reporter [18]. Interestingly, mu-
tants within the putative DEAD box motif of this
protein transform this helicase from a translational re-
pressor into a translational stimulator. These results
may indicate that Xp54 may serve two roles in mRNA
metabolism that are dependent on modulation of its
helicase activity.

3.5. Identifying mRNA localization functions

Proteins that cause an mRNA to move to a particular
location within a cell can be assayed using the tethered
function approach. In yeast, ASH1 mRNA is distrib-
uted into, daughter cells during budding, regulating
yeast mating type switching (Fig. 4A) (reviewed in [25]).
Signals in the 3'UTR of ASHI! mRNA are sufficient to
localize the mRNA. Yeast She2p and She3p are present
in a complex on the 4SHI 3'UTR, and they interact
with a myosin, Shelp/Myo4p, which in turns interacts
with cytoskeletal actin (Fig. 4A). Tethering She3p to the
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3'UTR of a reporter mRNA was sufficient to localize
that mRNA to the bud tip (Fig. 4B) [13]. As expected,
this process required SHEI; moreover, localization by
tethered She3p obviated the need for SHE2, implying
that She2p is the natural tether, and is dispensable if
She3p is brought to the 3’UTR by other means.

Adaptations of the tethered function assay have been
developed to tag an mRNA for further analysis, rather
than study the effects of a particular protein. Although
these are not strictly tethered function assays (as the
protein is merely a passive tag), we mention them here
because they are so closely related technically and his-
torically. Several groups have tethered green fluorescent
protein (GFP) to study mRNA localization in living
cells (e.g., [11-13,19,20,26,27,32]). To follow the move-
ment of a mRNA in living cells, MS2 sites are intro-
duced into a reporter mRNA in cells expressing an MS2/
GFP fusion (Fig. 3C). Such experiments have been
performed with reporters bearing the ASHI 3'UTR, and
demonstrated localization to the bud tip. In a more re-
ductionist form of the same experiment [27], MS2 sites
have simply been inserted into a 3’UTR on its own
(absent an ORF) using an RNA polymerase III vector
for the purposes of the three-hybrid system [28]. UIA
protein and its binding sites also have been used to the
same end [19,20].

Tethered GFP assays can be used to identify the
factors involved in localization. For example, certain
mutants (e.g., shelA through she5A) perturb 4ASHI lo-
calization, as monitored by the tethered GFP [11,27].
Furthermore, the same assay can detect RNA move-
ment to any subcellular location that can be identified
cytologically. For example, the 3’UTR of yeast ATM]I
mRNA, encoding a mitochondrial ABC transporter,
moves to mitochondria as monitored by tethered GFP
[29]. CaMKIla mRNA, to which GFP is tethered,
moves through neurons to synapses [26].

3.6. Analyzing mRNA modifying enzymes

Tethered function assays can be used to address the
effects of various proteins on mRNA processing or
maturation. Nuclear polyadenylation of eukaryotic
mRNAs is accomplished via recognition sequences em-
bedded within the 3’ end of the mRNA. These sequences
recruit a complex of proteins that bring the enzyme
poly(A) polymerase (PAP1) to the RNA. Elongation of
poly(A) tails by PAP1 in the cytoplasm appears to un-
derlie translational activation of certain mRNAs in
oocytes and early embryos, and is triggered at a specific
time during development (reviewed in [30,31]). Tether-
ing PAPI directly to the 3’ end of a reporter mRNA in
oocytes caused poly(A) elongation in the cytoplasm,
stimulated translation, and did so in a way that cir-
cumvented the normal signals that control polyadeny-
lation [15]. While the active site of PAP1 was necessary,

the region that appears to bind to other components of
the polyadenylation complex was not [15]. Thus a teth-
ered mRNA modification enzyme can elicit enzymatic
activity while linked to a reporter mRNA, enabling in
vivo analysis of the activity and how the activity is
regulated.

4. Prospects

In summary, tethered function assays provide a sim-
ple means to address the role of a given RNA-binding
protein on the metabolism of a reporter. The approach
provides a unique platform for the study of suspect
regulators of unknown target specificity and function.
Of particular interest are simple phenotypic screens that
allow the rapid identification of tethered proteins on the
metabolism of a given reporter.

As the genome sequences of more species become
available, methods to analyze the function of mRNA
regulatory proteins are needed. Familial resemblance of
sequences or structures is insufficient for this purpose.
Tethered function assays may provide a rapid screen to
sort proteins into functional families, based on their
biological activities. Combined with physical and ge-
netic linkages to other proteins, this should provide new
perspectives on the logic of mRNA control.

Acknowledgments

We thank many individuals who have contributed
thoughts and ideas to this review, most notably, Dr.
Scott Ballantyne, Dr. Kris Dickson, Dr. Stan Fields, Dr.
Niki Gray, Dr. Matthias Hentze, Dr. Allan Jacobson,
Dr. Roy Long, Dr. Jens Lykke-Anderson, Dr. Roy
Parker, Dr. Stu Peltz, Dr. Daniel Seay, Dr. Rob Singer,
Dr. Nancy Standart, and Dr. Joan Steitz. We are par-
ticularly grateful to Carol Pfeffer for help preparing the
manuscript, and to the University of Wisconsin Bio-
chemistry Media Laboratory for the figures. Some of the
work referred to in this review was supported by a grant
to Dr. Marvin Wickens from NIH (GM31892). Dr.
Coller is now supported by the HHMI.

References

[1] J. Coller, N. Gray, M. Wickens, Genes Dev. 12 (1998) 3226-3235.

[2] N.K. Gray, J.M. Coller, K.S. Dickson, M. Wickens, EMBO J. 19
(2000) 4723-4733.

[3] E. De Gregorio, T. Preiss, M.W. Hentze, EMBO J. 18 (1999)
4865-4874.

[4] E. De Gregorio, J. Baron, T. Preiss, M. Hentze, RNA 7 (2001)
106-113.

[5] R. Stripecke, C.C. Oliveira, J.E.G. McCarthy, M.W. Hentze, Mol.
Cell. Biol. 14 (1994) 5898-5909.



150 J. Coller, M. Wickens | Methods 26 (2002) 142—150

[6] J. Lykke-Anderson, M.D. Shu, J.A. Steitz, Science 293 (2001)
1836-1839.
[7] J. Sonoda, R.P. Wharton, Genes Dev. 15 (2001) 762-773.
[8] J.R. Williamson, Nat. Struct. Biol. 7 (2000) 834-837.
[9] A.D. Frankel, C. Smith, Cell 92 (1998) 149-151.
[10] J.A. Lefstin, K.R. Yamamoto, Nature 392 (1998) 885-888.
[11] E. Bertrand, P. Chartrand, M. Schaefer, S.M. Shenoy, R.H.
Singer, R.M. Long, Mol. Cell 2 (1998) 437-445.
[12] D.L. Beach, E.D. Salmon, K. Bloom, Curr. Biol. 9 (1999) 569-578.
[13] R.M. Long, W. Gu, E. Lorimer, R.H. Singer, P. Chartrand,
EMBO J. 19 (2000) 6592-6601.
[14] M.J. Ruiz-Echevarria, S. Peltz, Cell 101 (2000) 741-751.
[15] K.S. Dickson, S.R. Thompson, M.J. Wickens, J. Biol. Chem. 276
(2001) 1728-1742.
[16] J. Lykke-Anderson, M.D. Shu, J.A. Steitz, Cell 103 (2000)
1121-1131.
[17] J. Yang, H.P. Bogerd, J. Wang, D.C. Page, B.R. Cullen, Mol. Cell
8 (2001) 397-406.
[18] N. Minshall, G. Thom, N. Standart, RNA 7 (2001) 1728-1742.
[19] A.S. Brodsky, P.A. Silver, RNA 6 (2000) 1737-1749.
[20] P.A. Takizawa, R.D. Vale, Proc. Natl. Acad. Sci. USA 97 (2000)
5273-5278.
[21] J. Carey, P.T. Lowary, O.C. Uhlenbeck, Biochemistry 22 (1983)
4723-4730.

[22] V.J. Bardwell, M. Wickens, Nucleic Acids Res. 18 (1990)
6587-6594.

[23] G.W. Witherell, J.M. Gott, O.C. Uhlenbeck, Prog. Nucleic Acid
Res. Mol. Biol. 40 (1991) 185-220.

[24] H. Le Hir, E. Izaurralde, L. Maquat, M. Moore, EMBO J. 19
(2000) 6860-6869.

[25] P. Chartrand, R.H. Singer, R.M. Long, Annu. Rev. Cell. Dev.
Biol. 17 (2001) 297-310.

[26] M.S. Rook, M. Lu, K.S. Kosik, J. Neurosci. 20 (2000)
6385-6393.

[27] D.L. Beach, K. Bloom, Mol. Biol. Cell 12 (2001) 2567-2577.

[28] P. Bernstein, N. Buter, C. Stumpf, M. Wickens, Methods 26
(2002).

[29] M. Corral-Debrinski, C. Blugeon, C. Jacq, Mol. Cell. Biol. 20
(2000) 7881-7892.

[30] J.D. Richter, in: J.W.B. Hershey, M.B. Mathews, N. Sonenberg
(Eds.), Translational Control of Gene Expression, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY, 2000, pp.
785-805.

[31] M. Wickens, E.B. Goodwin, J. Kimble, S. Strickland, M. Hentze,
in: J.W.B. Hershey, M.B. Mathews, N. Sonenberg (Eds.), Trans-
lational Control of Gene Expression, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, 2000, pp. 295-370.

[32] A.S. Brodsky, P.A. Silver, Methods 26 (2002).



