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A variety of posttranscriptional mechanisms affects the process-
ing, subcellular localization, and translation of messenger RNAs
(mRNAs). Translational control appears to occur primarily at the
initiation rather than the elongation stage. It has been suggested
that translation is mediated largely by means of a cap-binding�
scanning mechanism. On the basis of recent findings, we propose
here that differential binding of particular mRNAs to eukaryotic
40S ribosomal subunits before translation may also selectively
affect rates of polypeptide chain production. In this view, ribo-
somal subunits themselves are considered to be regulatory ele-
ments or filters that mediate interactions between particular
mRNAs and components of the translation machinery. Differences
in these interactions affect how efficiently individual mRNAs com-
pete for ribosomal subunits. These competitive interactions would
depend in part on the complementarity between sequences in
mRNA and rRNA, as well as on structural differences among
ribosomes in different cell types. By these means, translation may
either be enhanced through increased recruitment of ribosomes or
inhibited through strong interactions that sequester mRNAs. We
propose that ribosomal filters may be important in cell differen-
tiation and describe experimental tests for the filter hypothesis.

The repertoire of proteins expressed by eukaryotic cells at
different developmental stages is restricted by their mRNA

levels, which are affected to some extent by mechanisms that
control transcription. In addition, mRNA levels are regulated by
the rates at which various mRNAs are degraded (1), by alter-
native splicing of some mRNAs (2, 3), and by localization of
certain mRNAs to specific regions of the cell (4, 5). Protein
synthesis rates are also controlled by a number of posttranscrip-
tional mechanisms that affect the efficiency with which individ-
ual mRNAs or groups of mRNAs are translated.

Translation of the messenger population is affected by both
global mechanisms that influence the mRNA population as
a whole and selective mechanisms that influence individual
mRNAs or small groups of mRNAs. Although a variety of
regulatory mechanisms are known to affect translation (9), the
ribosome itself is not generally considered to be a regulatory
element. Results of our studies and the work of others suggest
that specific sequences within some mRNAs are sites of direct
binding to ribosomes and that these interactions affect transla-
tion efficiency. We postulate here a hypothesis suggesting that
ribosomes are not simply translation machines, but are regula-
tory elements that can selectively influence or filter the trans-
lation of various mRNAs.

This filter hypothesis proposes that specific mRNA�rRNA and
mRNA�ribosomal protein interactions at sites on the ribosomal
subunits are important in controlling translation. The binding
interactions depend on sequences within different mRNAs that
compete for sites on the ribosomal subunits. The hypothesis
further predicts that these competitive interactions between
mRNAs and ribosomal subunits may be modulated by ribosome
heterogeneity, manifested as differences in the affinity for
mRNAs of various sites on the ribosomal subunits. This heter-
ogeneity has been shown to arise either as a result of variation
in rRNA or ribosomal protein composition, or as a result of
interactions with various associated factors (e.g., refs. 6–8).
According to the filter hypothesis, ribosome heterogeneity is
expected to lead to differential rates of mRNA translation in

different cell types or even within the same cell. As background
for the hypothesis, we first consider the known mechanisms of
translational control.

Mechanisms of Translational Control
Control of the rate of translation of the messenger population
appears to be restricted mainly to initiation rather than elonga-
tion (reviewed in ref. 9). Although the molecular details of
translation initiation are not fully understood, they provide
examples of biological degeneracy and complexity (10).

One mechanism by which translation is initiated involves the
cap, a 7-methylguanosine that is linked to the 5� ends of RNA
polymerase II transcripts by a 5�-5�-triphosphate bond (11). In
addition to initiation of translation, the cap has been implicated
in mRNA stability, splicing, and transport (12). During initia-
tion, the cap facilitates the recruitment of 40S ribosomal subunits
through a complex of factors (13), including the eukaryotic
initiation factor eIF4E, which binds to the cap, the poly(A)-
binding protein (PABP), which binds to the 3� end of the mRNA,
and eIF4G, which links both ends of the mRNA by binding to
both eIF4E and PABP. Initiation factor eIF4G also binds to the
43S preinitiation complex, which contains the 40S ribosomal
subunit, eIF3, eIF1A, eIF2, the initiator methionine tRNA, and
GTP. After recruitment, the 40S subunit is thought to interact
with the 5� leader of the mRNA and proceed (or ‘‘scan’’) to the
AUG initiation codon. The complex then attaches to the 60S
subunit, and peptide elongation begins (reviewed in ref. 13). The
translation of some mRNAs, such as �-globin mRNA, appears
to be strictly cap-dependent (e.g., refs. 14 and 15).

Not all mRNAs initiate translation in a cap-dependent man-
ner. For example, picornaviral RNAs are uncapped, but are still
able to initiate translation. These RNAs recruit ribosomes at
sequences contained within their 5� leaders that are commonly
referred to as an internal ribosome entry site (IRES) (16, 17).
Internal initiation of different viral IRESes appears to occur by
more than one mechanism, and different IRESes vary dramat-
ically in their initiation factor requirements (18). The initiation
of translation by IRESes is not limited to viral mRNAs. Certain
cellular mRNAs also contain IRESes, some of which appear to
facilitate translation when cap-dependent initiation is compro-
mised, as occurs during the G2�M phase of the cell cycle and
under different types of cellular stress (e.g., refs. 19–26). The
mechanisms by which cellular IRESes facilitate translation are
poorly understood but, as we discuss below, certain cellular
IRESes appear to be composed of short regulatory sequences,
or modules, some of which are complementary to rRNA. The
translation efficiency of some mRNAs is affected by such
regulatory cis sequences, which are often found within the 5�
leader and 3� noncoding regions. If these sequences are intro-
duced into unrelated mRNAs, they can affect the translation of
those mRNAs in a fashion similar to that of their native messages
(e.g., ref. 27).

The effects of some mRNA cis sequences are related to their
ability to form stem-loop and pseudoknot structures, whereas
other sequences serve as binding sites for trans factors. For
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example, the iron-responsive element (IRE) is a hairpin struc-
ture contained within the ferritin mRNA and a few other
mRNAs whose translation is controlled by iron (28). In the
absence of iron, the iron-regulatory protein (IRP) binds to the
IRE, and blocks translation. In the presence of iron, the IRP no
longer binds to the IRE and translation proceeds. Other se-
quences that affect translation include the terminal oligopyri-
midine tract (TOP), the binding sites for the pyrimidine-tract
binding protein (PTB), and sites for the upstream of n-ras (unr)
binding protein (29–31). Trans factors that interact with cis
sequences also include RNAs. For example, in Caenorhabditis
elegans, two small noncoding RNAs, lin-4 and let-7, block the
translation of target mRNAs by base pairing to complementary
segments contained within the 3� untranslated regions of those
mRNAs (32).

The Ribosome Filter Hypothesis
As suggested by our studies (27, 33–36) and by the observations
of others (see below), some mRNA cis-regulatory sequences may
affect translation by binding directly to 40S ribosomal subunits.
These interactions may be further influenced by the fact that
eukaryotic ribosomes differ structurally in different cell types or
during different stages of development (e.g., ref. 6). The hy-
pothesis that cis sequences at various locations in mRNAs
interact directly with ribosomes was prompted by our earlier
observation that large numbers of mRNAs contain segments
that are similar or complementary to either 18S or 28S rRNAs
(33). We proposed that mRNA sequences similar to those of
rRNA might mimic it and bind ribosomal proteins, whereas
sequences complementary to those of rRNA might base pair to
the rRNA itself. The rRNA-like sequences range in size from
�10 to several hundred nucleotides and match sequences located
in both the conserved regions and in the expansion segments of
the rRNAs. It is striking that 4 segments of the 18S rRNA each
match several hundred rRNA-like sequences in mRNAs. In an
independent study, shorter (7–14 nucleotides) GC-rich segments
that are complementary to 13 regions of the 18S rRNA have
been postulated to occur in all mRNAs (37). It has been
suggested that these so-called ‘‘clinger’’ fragments function by
attaching mRNAs to 18S rRNA, thus increasing their chances of
being translated. As will be reviewed later, some complementary
mRNA sequences bind ribosomes through base pairing, affecting
translation efficiency and functioning as IRES modules.

A key question raised by these observations is whether ribo-
somal subunits themselves can selectively affect translation in a
manner that is different from the effects of initiation or elon-
gation factors, from those of mRNA secondary structures, or
from those of binding sites for trans factors. Inasmuch as a
variety of different individual messages in mRNA populations
may compete for ribosomal subunits and because ribosomal
subunits may be structurally different in different cell types, we
suggest that the specificity of filter interactions may be modified
during development and differentiation. We will first outline the
filter hypothesis, then propose some mechanisms for its action,
review a body of supporting evidence, and finally suggest some
experimental tests.

In basic outline, the hypothesis postulates that:
(i) The ribosome is a regulatory structure that embodies

mechanisms for preferentially translating particular members of
the message population over others. The proposed filter mech-
anisms depend on specific interactions between ribosomal sub-
units and segments of mRNAs. Direct interactions include base
pairing between complementary segments of mRNAs and
rRNA, between segments that are noncomplementary, or by the
binding of mRNA sequences to ribosomal proteins. Most of the
interactions between mRNAs and ribosomes are proposed to
occur with components of the smaller 40S ribosomal subunit.

However, interactions with components of the larger 60S ribo-
somal subunit or with 80S ribosomal complexes are not excluded.

(ii) As filters for translation, ribosomes may display a contin-
uum of effects ranging from interactions that act to recruit
particular mRNAs and enhance translation to interactions that
sequester certain mRNAs and diminish their translation rates.

(iii) The hypothesis emphasizes competitive interactions
among various mRNA sequences for binding to rRNA or
ribosomal proteins. Because the filter interactions are binary,
the presence of similar or identical cis sequences in different
mRNAs could lead to competition for binding sites on the
ribosomal subunits. Segments of mRNAs may therefore act as
competitive modules or domains. It follows that mRNAs that
bind to particular complementary sites on ribosomal subunits
might affect the translation of other mRNAs or groups of
mRNAs that bind to these same sites, thereby modulating the
specificity of the filter itself.

(iv) The filter might also be modulated by altering or masking
particular binding sites on ribosomes. This might occur as a
consequence of ribosome heterogeneity or by interaction with
extraribosomal factors, including ribosome-associated proteins
and noncoding RNAs such as microRNAs (32, 38, 39). Some of
these short (21- to 24-nucleotide) RNAs appear to be riboregu-
lators that affect the translation of other RNAs by base pairing
to them (32).

A central mechanism for filtering translation during develop-
ment may result from the evolution of a series of similar cis
sequences in particular subsets of structurally different mRNAs.
These sequences might occur in 5� leaders, coding regions, or 3�
untranslated regions. The presence of such sequences would
enable the coordinate regulation of translation of these subsets
of otherwise unrelated mRNAs.

Modulation of Translation Initiation by the Filter. How might the
filter operate? Strong interactions between ribosomal subunits
and mRNA cis sequences might prevent translation, whereas
weaker interactions might allow detachment and clustering,
thereby increasing the local concentration of 40S subunits (Fig.
1). Binding to mRNA cis sequences might be followed by
movement of the ribosomal subunit on the mRNA to initiate
translation. This movement could be toward the cap by means of
initiation factors, or the subunit could begin scanning toward the
initiation codon directly. As suggested in Fig. 1, the clustering of
40S subunits as a result of mRNA–ribosome interactions would
provide an advantage for nonlinear movement or shunting of the
40S subunit along the 5� leader. Such interactions between
segments of mRNA and 18S rRNA have been proposed to be the
basis for shunting in adenovirus mRNA (40). A subset of mRNA
binding sites may act as IRES modules, whereas the same or
perhaps other binding sites might facilitate shunting. Alterna-
tively, as shown in the figure, after its initial binding interaction,
the 40S ribosomal subunit may move directly to the initiation
codon by means of the initiator tRNA of the ternary complex.

The interactions described in Fig. 1 could also occur after
recruitment of the 40S subunit to the 5� end or 3� end of the
mRNA. The 40S subunit can be linked to the 5� cap, to the 3�
poly(A) tail, or to a circularized mRNA by using various
combinations of eIF4E, eIF4G, eIF3, and poly(A)-binding pro-
tein. In any of these scenarios, the potential interactions are
predicted to be the same as those depicted in Fig. 1.

Evidence for Binary Interactions of Ribosomal Subunits with
Various Sites of mRNA
Interactions with Ribosomal Subunits. It has been postulated that
interactions between the mRNA and the components of the 43S
complex, including the 40S subunit itself, might be important for
translation initiation (13). One of the best-characterized exam-
ples of a direct interaction between an mRNA sequence and a
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40S ribosomal subunit comes from the hepatitis C virus (HCV)
IRES, which was shown to bind directly to the 40S subunit (41).
This binding has been visualized by cryoelectron microscopy,
which showed interactions between the HCV IRES and the head
and platform of the 40S subunit (42).

Interactions with rRNA. Numerous studies now indicate that direct
physical interactions between segments of mRNA and rRNA
occur and affect translation efficiency. Data from our own and
other laboratories suggest that many segments of 18S rRNA
within 40S ribosomal subunits are accessible and these are able

to base pair to complementary sequences contained within some
mRNAs (e.g., refs. 34, 35, 37, 43). In addition, the accessibility
of the �-sarcin domain within 28S rRNA of the large ribosomal
subunit has been shown by using oligonucleotides complemen-
tary to this segment to stop protein synthesis (44).

These results are consistent with the high-resolution structures
of the 30S subunit of Thermus thermophilus and of the 50S
ribosomal subunit of Haloarcula marismortui, which indicate that
the functional portion of these subunits consists of rRNA. Much
of the prokaryotic rRNA is accessible, and although the struc-
tures of eukaryotic ribosomal subunits are not yet as well
resolved, it is expected that the structures will be fundamentally
similar (45). Direct evidence that prokaryotic rRNA is accessible
for base pairing comes from studies of the small and large
subunit rRNAs in Escherichia coli (46, 47). These studies used
several hundred fluorescently labeled oligonucleotide probes to
target all regions of these rRNAs and showed that most regions
of both rRNAs were accessible to complementary probes.
Indeed, only 7% and 13% of the probes were targeted to
inaccessible regions of the large and small ribosomal subunits,
respectively.

We have analyzed in greater detail the rRNA binding and the
effects on translation of the mRNAs that encode mouse ribo-
somal protein S15 and the mouse Gtx homeodomain protein.
Both mRNAs contain complementary sequence matches to 18S
rRNA, which were found to inhibit translation when introduced
into unrelated mRNAs (34, 35). A strong correlation between
the degree of complementarity and the extent to which trans-
lation was inhibited suggested that complementary matches
might base pair and sequester the mRNA, thus preventing
further translation.

We also identified a 9-nucleotide sequence within the 5� leader
of Gtx homeodomain mRNA that was perfectly complementary
to 18S rRNA. This sequence, which is not predicted to contain
much secondary structure, nevertheless could function as an
IRES (27). When multiple copies of this small module were
linked together, IRES activity increased greatly and, in some
cases, the activity of the linked modules was much greater than
the sum of their individual activities. We proposed that a certain
degree of complementarity (but not too much) was important for
40S ribosomal subunit recruitment and subsequent translation.
This conclusion was supported by more recent studies in which
we created mutations in the modules that increased or decreased
their degree of complementarity. Constructs with increased
complementarity were translated poorly and a polysome analysis
showed that these highly complementary mRNAs became
strongly associated with 40S ribosomal subunits (unpublished
results). Similar results were obtained in another study (48),
which showed that an mRNA that was engineered to contain an
extensive complementary match to a segment of the 18S rRNA
became stably associated with 40S ribosomal subunits and was
translated poorly.

On the assumption that the results obtained with Gtx were
unlikely to be an isolated case, we used a selection methodology
to search for other short sequences with similar properties (36).
We found several such cis sequences within the 5� leader of the
mRNA for the Rbm3 protein induced by cold stress (27). A
22-nucleotide segment functioned independently as a potent
IRES, and several relatively short sequences adjoining the IRES
enhanced or inhibited translation in a cell-type-specific manner
(unpublished observations). The results prompt an analogy to
enhancers and silencers in transcriptional control.

Consistent with the filter hypothesis, many of the short cis
sequences identified in our studies contained significant com-
plementary matches to 18S rRNA. These studies also showed
that each of three different IRES modules containing short
complementary sequence matches to 18S rRNA had effects on
translation that varied in different cell lines. The results raise the

Fig. 1. mRNA–40S ribosomal subunit interactions and their effects on
translation initiation as predicted by the ribosome filter hypothesis. (A) A 40S
ribosomal subunit binds to the mRNA at binding sites, which are indicated
schematically as gray bars. A subset of such binding sites may function as IRES
modules. (B) In some cases, strong interactions between 40S subunits and
mRNA binding sites may slow or prevent subsequent movement of the ribo-
somal subunit and block translation. (C) Weaker interactions between 40S
subunits and mRNA binding sites would allow detachment and local cluster-
ing, which may favor an initiation event by increasing the local concentration
of the 40S subunits. For clarity, only one ribosomal subunit is indicated; local
clustering would actually occur as a result of multiple binary interactions. (D)
After the initial binding of the 40S subunit to a binding site on the mRNA, the
subunit might interact with another region of the mRNA, which may or may
not require prior detachment from the initial binding site. The 40S subunit
might: 1, move to the cap by means of initiation factors as indicated; 2,
reorient on the mRNA and begin scanning; 3, shunt to another binding site; or
4, move to the initiation codon by means of the Met-tRNAi of the ternary
complex (eIF2, GTP, and Met-tRNAi). Note that the initiation factors indicated
in D are not indicated in A–C, but they may also be present during the events
depicted. m7G, methylguanosine cap.
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possibility that the accessibility of the complementary sequences
in ribosomal subunits may differ in such cell lines. An alternative
possibility is that different cell-type-specific proteins bind either
to the IRES sequences or to the rRNA sequences with differ-
ential effects.

The ability of ribosomes to base pair to mRNAs and affect
their translation is well illustrated in a study that introduced
sequences with complementarity to particular cellular mRNAs
into the Tetrahymena thermophila 28S rRNA (49). Three differ-
ent complementary sequences were tested in the 28S rRNA, and
in each case, expression of the corresponding mRNA was
specifically inhibited, suggesting that the complementary se-
quence within the 28S rRNA base paired to its complement in
the mRNA and blocked its expression. Base pairing of mRNAs
to 18S rRNA has also been postulated to be important in the
recruitment of ribosomes at the poliovirus and other viral
IRESes (50).

Interactions with Ribosomal Proteins. In contrast to the analysis of
complementary interactions between mRNAs and rRNA, the
interaction with ribosomal subunits of segments of mRNAs that
resemble or mimic rRNA sequences has not yet been investi-
gated extensively. We will not deal with this possibility at length
here, except to point out that the investigation of these interac-
tions may yield additional support for the filter hypothesis. It has
been shown that, in prokaryotes, the translation of a number of
ribosomal protein mRNAs is controlled by their interactions
with ribosomal proteins, some of which appear to mimic the
rRNA targets of these proteins (51). Also, the expression in
eukaryotes of particular ribosomal proteins is controlled by
specific interactions with the mRNAs that encode them (52–56).
However, it remains to be determined whether binding can occur
in the context of intact ribosomal subunits.

Potential Effects of Ribosome Heterogeneity on the Filter
The filter hypothesis predicts that ribosomes will initiate trans-
lation of various individual mRNAs in a population with differ-
ent relative efficiencies. It follows that these efficiencies may be
altered when the accessibility or structure of the binding sites on
the ribosomal subunits has been altered. Observations indicating
that ribosomal subunits are heterogeneous led to the suggestion,
as early as 1970 (57), that this heterogeneity is important for the
expression of specific proteins. Although the methodology used
to show ribosomal protein heterogeneity in some of the older
studies was questioned (58), heterogeneity was also noted by
using improved methodologies (reviewed in ref. 6). It may be
significant that studies of differential gene expression under
numerous experimental paradigms have revealed dynamic reg-
ulation of ribosomal protein mRNAs (e.g., ref. 59), in some cases
resulting in changes in ribosomal protein production (60). Al-
though the finding that various ribosomal proteins have extrari-
bosomal functions adds to the complexity in interpretation of the
data (61), ribosome heterogeneity in differentiated cells may
well alter the interactions that form the basis for the ribosome
filter.

Heterogeneity in Ribosomal Proteins. In maize and yeast, a set of
very acidic ribosomal proteins (P-proteins) that are associated
with 60S ribosomal subunits are heterogeneous (62, 63). In yeast,
ribosomes from stationary phase are deficient in P-proteins
when compared with those from exponentially growing cells
(63). By using cell-free lysates, it was demonstrated that yeast
ribosomes lacking P-proteins translated particular mRNAs dif-
ferentially as compared with ribosomes containing P-proteins
(64). The addition of exogenous P-proteins to lysates lacking
them abrogated the specific translational differences, suggesting
that differences in translation efficiency are attributable to
heterogeneity in the P-proteins.

Ribosome heterogeneity has been well documented in the
cellular slime mold Dictyostelium discoideum, in which ribosomes
of vegetative amoebae differ from those of spores and cells at
different stages of development (reviewed in ref. 6). These
differences included qualitative and quantitative differences in 6
and 29 ribosomal proteins, respectively, methylation differences
in 14 ribosomal proteins, and phosphorylation differences in 2
ribosomal proteins.

A source of ribosome heterogeneity that has received much
attention is the phosphorylation status of ribosomal protein S6,
a protein that is phosphorylated when cells divide or are
stimulated to grow (65). There is some evidence that the
phosphorylation of this ribosomal protein affects the translation
of a particular subset of mRNAs (TOP mRNAs), but this is based
on correlations, and definitive experiments are lacking (65).

Another possible source of heterogeneity is genetic. Most
eukaryotes have one functional gene and several pseudogenes
for each ribosomal protein, and there are genetic variants of
some ribosomal proteins in higher eukaryotes. These include
ribosomal protein S4, which is present on the X and Y chromo-
somes (66), and S3, S6, S17, and L17, each of which appear to
have multiple homologous variants.

A remarkable example of ribosome heterogeneity has been
seen in Drosophila embryos. Mitochondria-type ribosomes, com-
prised of large and small mitochondrial rRNAs and at least two
mitochondrial ribosomal proteins, were found to be present in
the germ plasm on polysomes, together with cytoplasmic ribo-
somes (67). These results, together with those from earlier
studies, suggest that the activity of mitochondrial-type ribosomes
in the germ plasm is essential for the production of proteins
required for formation of germ cells (68).

Heterogeneity in Ribosomal RNA. In addition to heterogeneity in
ribosomal protein composition, there is evidence that variations
in rRNA can contribute to ribosome heterogeneity. rRNAs are
transcribed from multigene families and heterogeneity arises
from nucleotide substitutions and deletions among the individ-
ual rRNA genes. An analysis of human 28S rRNA genes revealed
that 28S rRNA comprises a heterogeneous group of RNAs (7,
69). These rRNAs were shown to be transcribed and to be
present both in monosomes and in polysomes (70). Most of the
sequence differences in the 28S rRNAs are contained within
expansion segments. These regions account for most of the
increase in size between prokaryotic and eukaryotic ribosomes
and they show great variability, even between closely related
species (71). In one study, 35 different variants of human 28S
rRNA were obtained in an analysis of expansion segment V8
(72). It was also noted that different human cell lines expressed
different 28S rRNA genes. Similarly, an analysis of variants of
expansion segment V5 within a single individual identified four
sites of variability (73). In addition to the sequence variation that
occurs in expansion segments, heterogeneity in the 28S rRNA
genes has also been noted in regions that are conserved between
species (70). Although 18S rRNA appears to be much less
variable than 28S rRNA, some heterogeneity in 18S rRNA genes
has also been described (69, 74).

In addition to the 28S and 18S rRNAs that comprise the bulk
of the large and small ribosomal subunits, respectively, the
sequence of the shorter 5S rRNA can also be heterogeneous.
Heterogeneity in 5S rRNA has been noted in a variety of
eukaryotes. In the fungus Neurospora crassa, there are at least
seven types of 5S rRNA genes, and it has been suggested that this
heterogeneity may lead to the production of functionally heter-
ogeneous ribosomes (75). In Xenopus laevis, there are two
variants of 5S rRNA that differ at 6 of the 120 nucleotides; one
variant is expressed in oocytes, and the other is expressed in
somatic cells (76).

Ribosome heterogeneity might also result from posttranscrip-
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tional modification of rRNA at specific nucleotides. One such
modification involves methylation, a process directed by the base
pairing of small nucleolar RNAs (snoRNAs) to complementary
segments of rRNA (77).

Other Sources of Heterogeneity. Ribosome heterogeneity can oc-
cur as a result of interactions with cellular molecules. Interac-
tions with ribosomes of extraribosomal proteins such as the
laminin-binding protein precursor p40 (LBP�p40) (8), an Hsp70
cytosolic molecular chaperone SSb (78), and the fragile X
mental retardation protein (FMRP) (79), are likely to affect the
structure of the ribosomal subunits and alter the accessibility of
different sites on these subunits.

Finally, another potential source of heterogeneity that must be
considered is the degradation of ribosomes. It is known that
rabbit reticulocyte ribosomes can translate efficiently in cell-free
lysates, even when these lysates are nuclease-treated and the
rRNAs are fragmented (e.g., ref. 80). Inasmuch as these ribo-
somes are still active despite the presence of partially degraded
rRNA, it may be fruitful to consider the possibility that aging
ribosomes can contribute to ribosome heterogeneity within cells.
It is not yet known whether ribosomes continue to translate while
they are being degraded, or whether changes that occur during
degradation, such as rRNA fragmentation, have any specific
effects on translation.

In summary, numerous examples from the literature indicate
that ribosomes within a species are heterogeneous. It now
remains to be determined whether any of the reported hetero-
geneities affect the ribosome filter by altering the interactions of
ribosomal subunits with particular mRNAs and thus the effi-
ciency with which those mRNAs are translated.

Consequences and Tests
The filter hypothesis posits that ribosomes are regulatory elements
that affect the translation of particular mRNAs by binding differ-
entially to them. If this occurs generally, then we would expect to
find a subset of mRNAs that remain tightly associated with highly
purified 40S or 60S ribosomal subunits. The filter hypothesis also
predicts that structural differences in ribosome populations and in
mRNA populations may affect the filter. If this assumption is valid,
one would expect that different ribosomes (for example, those that
differ in their rRNA or ribosomal protein composition) might bind
to particular mRNAs to different extents, thus altering the relative
efficiencies of translation.

The notion that ribosome heterogeneity can lead to differ-
ences in the relative efficiencies of translation of various mes-
sages can be tested by examining ribosomes from different
sources. For example, ribosomes that differ in their rRNA or
ribosomal protein composition can be tested for their abilities to
translate members of the same population of mRNAs with
different relative efficiencies. Although this prediction is diffi-
cult to test in vivo, it can be approached in vitro by testing isolated
ribosomes from different cell types for evidence of selective
translation. This can be done by purifying ribosomal subunits
from these cells and testing their function in a common ribo-
some-free background containing a fixed set of mRNAs and all

other necessary translation factors, including initiation factors
and tRNAs. In this type of experiment, filter effects would lead
to protein expression patterns that differ with ribosomes of
different origins. Ribosomes for these studies might come from
different tissues, from cells at different developmental stages, or
even from distinct subcellular locations within the same cell.

A consistency test of the filter mechanism might come by
comparing ribosomes from radically different organisms that
vary considerably in rRNA and ribosomal protein compositions.
An examination of the relative efficiencies with which particular
mRNAs of a given species are translated by using yeast vs.
mammalian ribosomal subunits may provide a useful example.

Subcellular heterogeneity affecting filtering might be demon-
strable in highly specialized cells such as neurons. Certain
neurons have been shown to contain a small number of den-
dritically localized mRNAs and their dendrites have been found
to be sites of protein synthesis (81). Earlier studies have iden-
tified IRESes in five dendritically localized mRNAs and indi-
cated that some IRESes might be relatively more efficient in
dendrites than in the cell body (19).

In considering tests of the hypothesis, a critical issue concerns
the relative number of mRNAs and ribosomes in a particular cell
at any one time. Would translation of a given mRNA in a
population be affected by the amounts and types of other
mRNAs in that population? A variety of evidence suggests that
this is the case (e.g., ref. 82). Other issues concern ribosome
concentrations during development and in differentiated
tissues—are ribosomes in excess, or limiting, for translation?
Very little is known about whether these relative concentrations
change during development, in different cell types, or under
different cellular conditions. Altering the relative concentrations
of mRNAs and ribosomes might increase or decrease competi-
tion for binding sites on ribosomes and might, therefore, be a way
to engage or disengage a ribosomal filter.

If the filter hypothesis is confirmed and the control of gene
expression lies in part with the ribosome itself, it may be possible
to identify ribosome-binding proteins and RNAs that modulate
ribosome structure and accessibility and thereby coordinately
up- or down-regulate the translation of particular subsets of
mRNAs. The notion of a ribosome filter opens the possibility
that pathological events affecting the structure or accessibility of
sequences in ribosomes or in mRNAs may alter mRNA–
ribosome interactions and thereby affect patterns of protein
production. Numerous diseases have been attributed to both
specific and global disruptions in translation (e.g., refs. 83 and
84). It is therefore conceivable that some pathologies may arise
from events that disrupt the filter. If so, specific ribosome-
binding molecules that can reverse the effects of a disrupted
filter may have therapeutic applications.
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