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NA-binding proteins perform many

essential functions during basal gene
expression and its regulation through their
RNA-binding activity mediated by con-
served domains (1, 2). The majority of
these domains belong to a dozen or so
RNA-binding motives that are now well
characterized structurally and biochemi-
cally (3, 4). Their function is to target the
protein to specific cellular RNAs: prem-
RNAs, mature mRNAs, or components of
ribonucleoproteins such as the ribosome
and the spliceosome. Many RNA-binding
proteins also contain additional modules,
so-called “auxiliary” domains (5) that me-
diate other aspects of their function (Fig.
1). These misnamed “auxiliary” domains
often represent the business end of the
protein, mediating the enzymatic activity
of enzymes that operate on RNA (6, 7) or
protein—protein interactions (8-10). The
last few years have seen remarkable
progress in the elucidation of the structure
and RNA recognition principles of RNA-
binding domains. In contrast, “auxiliary”
domains have so far largely escaped the
attention of structural biologists, but not
of molecular biologists who have been
dissecting their function. Until now, ques-
tions such as the structure of auxiliary
domains or how they mediate protein—
protein interactions have largely remained
unanswered. In the present issue of PNAS,
these questions are addressed in two
manuscripts reporting the NMR (11) and
x-ray crystallographic (12) structures of
the C-terminal domain of human poly(A)
binding protein and of a highly homolo-
gous domain derived from the human
hyperplastic discs (HYD) protein.

The cytoplasmic poly(A) binding pro-
tein (PABP) is the product of a highly
conserved, essential gene. PABP becomes
associated with mature mRNAs after ex-
port to the cytoplasm and forms a stable
ribonucleoprotein complex on the 3’ end
of the mature mRNAs. A function of this
complex is to protect mRNAs from deg-
radation, which requires shortening of the
poly(A) tail. This was surprising, because
degradation proceeds in the 5'—3’ direc-
tion and requires the activity of an enzyme
that removes the methylated guanosine
analogue that marks the 5’ end of mature
mRNAs (13-15). It has also been known
for about 10 years that the poly(A) tail

Fig. 1.

RNA-binding proteins have modular structure and contain auxiliary domains that mediate

protein—protein interactions, as well as highly conserved RNA-interaction domains such as the RRM.

synergistically promotes initiation of pro-
tein synthesis with the cap (16). Messenger
RNAs that are both capped and polyade-
nylated are translated much more effi-
ciently in vitro than mRNAs that are only
capped or polyadenylated (17, 18). This
synergy is likely to be even more impor-
tant in vivo, because translational initia-
tion factors are limiting. For example, the
expression of maternal mRNAs that are
under translational control in early devel-
opment is activated by developmental sig-
nals through the stimulation of the activity
of a cytoplasmic enzyme that elongates
the poly(A) tail (19). How can transla-
tional initiation, which requires recogni-
tion of the cap at the 5’ end of the mRNA
and 5'—3' scanning to find the initiation
codon, be affected by the length of the
poly(A) tail and by the poly(A)-PABP
complex? How does the PABP-poly(A)
complex assembled on the 3’ end of
mRNAs affect events that take place at
the 5" end?

These questions began to be addressed
by the discovery that yeast PABP interacts
with a key component of the translational
initiation apparatus (20), the adaptor pro-
tein eIF-4G (16). Later studies identified
additional interacting partners for human
PABP among other proteins involved in
translational control and mRNA stability,
such as Paipl (PABP-interacting protein
1) and Paip2 (21). The long-observed cir-
cularization of mRNAs was shown to be
mediated by the eIF-4G-PABP interac-
tion (22), providing a physical mechanism
for the 3’5" communication and a frame-
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work to understand the functional inter-
action between opposite ends of mRNAs.
The stability, localization, and efficiency
of protein synthesis for individual mRNAs
all depend on signals located within the
3’-untranslated region (3'-UTR) of
mRNAs, just upstream of the Poly(A) tail
(23). The observation of a physical inter-
action between the PABP-poly(A) com-
plex and the protein complex assembled at
the 5’ end of the mRNA also provided a
framework to understand how signals
within the 3’-UTR affect gene expression
in many diverse functional contexts. The
two structures presented here (11, 12) and
the seminal structure of the PABP-
poly(A) complex (24), provide some of the
structural insight needed to understand
how this communication occurs.

All PABP proteins from yeast to human
share the same domain structure, with
four RNA-binding domains within the N-
terminal half of the protein and a con-
served C-terminal domain that is the sub-
ject of the two articles presented in this
issue of PNAS (Fig. 1). The RNA-binding
domains belong to the RRM superfamily,
by far the largest RNA-binding protein
family and also the best understood (3).
Each domain is individually conserved:
yeast RRM1, for example, is more similar
to human RRM1 than to yeast RRM2, and
so on. Systematic biochemical and genetic
studies identified RRM1 and RRM2 as

See companion articles on pages 4409 and 4414.
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responsible for the RNA-binding activity
of PABP (25, 26) and for mediating its
effect on translational initiation (27). The
structure of the complex of RRMI1-
RRM2 bound to Poly(A) revealed the
molecular basis for the specificity of the
PABP-Poly(A) interaction (24) and how
the opposite face of RRM1-RRM2, when
bound to Poly(A), forms a phylogeneti-
cally conserved surface that defines the
elF-4G-binding surface of PABP (24, 28).
The two structures presented here provide
additional insight into PABP structure/
function by revealing the structure of its
C-terminal domain, by defining interac-
tion surfaces with protein components of
the translational apparatus, and by discov-
ering some unexpected homologies.

The carboxy-terminus domain of PABP
contains a conserved, proteolitically sta-
ble domain (PABP-C) of ~60-70 aa (Fig.
1) that is essential for yeast normal growth
(27). PABP-C is a protein—protein inter-
action domain: it interacts with Paipl,
Paip2, and eukaryotic release factor 3
(eRF3), another component of the trans-
lational apparatus; with hnRNPE, a factor
involved in the control of mRNA stability,
and with a viral RNA polymerase. In
higher eukaryotes, PABP and Paipl are
part of a multiprotein complex that stabi-
lizes the c-fos mRNA against degradation.
Kozlov and colleagues report in this issue
of PNAS (11) the structure of PABP-C
determined in solution by using NMR.
Because this same domain failed to yield
suitably diffracting crystals, Deo and co-
workers (12) scanned the sequence data-
base for homologues, identifying a closely
related sequence within the so-called hu-
man hyperplastic disk protein (HYD), a
ubiquitin ligase, and determined its struc-
ture. PABP-C represents a four-helical
right handed supercoil with no homo-
logues in the protein data bank. The NMR
investigation of the complex of PABP-C
with a peptide derived from Paip2, one of
several proteins that interact with this
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domain, identified a hydrophobic interact-
ing patch (11). This putative protein—
protein interaction surface is highly con-
served (12).

The similarities with the component of
the translational initiation apparatus re-
sponsible for delivering the 5’ end of
mRNAs to the ribosome, the cap-binding
protein eIF-4E, are striking. eIF-4E inter-
acts with the adaptor protein elF-4G and
a set of proteins, 4E-BPs, that inhibit the
4E-4G interaction. The structure of the
complex between elF-4E and peptides
derived from the 4E-BPs revealed that this
protein—protein interaction occurs on the
helical surface of eIF-4E. The 4E-binding
peptides are unfolded (29), but they form
ashort a-helix when bound to eIF-4E (30).
The NMR study presented here shows
that Paip2 is also unfolded in the absence
of PABP-C, but forms a helical structure
on binding to PABP-C. Each of these
proteins provide examples of the growing
list of proteins that function in the genu-
inely unfolded state when isolated, but
fold up on binding their intracellular tar-
get. Whether this stimulating observation
is also functionally significant remains
unclear.

The observation that PABP-C is an
independently folded protein interaction
domain connected through a proteolyti-
cally sensitive linker to the four RRMs at
the N-terminal half of PABP suggests a
model for the function of the PABP-
Poly(A) complex (11). The two N-
terminal RRMs of PABP anchor the pro-
tein to the 3’ end of the mRNA through a
direct interaction with the Poly(A) tail
(24). The o-helical surface opposite to
RNA binding remains available to interact
with elF-4G. Because the 4G-interacting
surface is optimally formed when PABP is
bound to Poly(A), binding to Poly(A)
favors the interaction with elF-4G,
thereby enhancing the affinity of polyad-
enylated mRNAs for the apparatus re-
sponsible for initiation of protein synthe-
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sis. The functional roles of RRM3 and
RRM4, which are similar to RRM1 and
RRM2, respectively, remain unclear. They
may play a role in increasing the affinity of
the PABP-Poly(A) interaction and in
forming a complex on the poly(A) tail
containing multiple copies of PABP. In
this model, PABP-C is available to form
protein—protein interactions with other
components of the translation or mRNA
stability apparatus. Interactions with
eRF3, hnRNP-E, Paipl, and Paip2 have
already been established, but other
PABP-C-interacting factors may yet be
discovered. Thus, the PABP-Poly(A)
complex forms a scaffold on which to
assemble, presumably in a regulated fash-
ion, functional protein complexes on the
3’ end of mature mRNAs. Perhaps a pri-
mary role for this complex is to mediate
the communication between opposite
ends of a mRNA, thereby allowing the
information encoded with the 3’-UTR of
mRNAs to be delivered where it can be
used.

The homology with HYD protein, a ubig-
uitin ligase that also interacts with Paipl
(12), suggests that PABP-C may also target
PABP for degradation by targeted protein
destruction. If this hypothesis is proven,
then it would provide the first example of
regulation of protein synthesis by this mech-
anism (12). Kozlov and colleagues (11)
make yet another surprising connection by
identifying a conserved sequence within
proteins that interact with PABP-C. The
PABP-C-interacting motif was identified in
ataxin-2 (and other related proteins), a pro-
tein associated in type-2 spinocerebellar
ataxia, a familial neurodegenerative disease
of unknown molecular mechanism. The in-
teraction between ataxin-2 and PABP-C
suggests a connection between ataxia and
the control of mRNA stability or translat-
ability, and provides a new avenue to dissect
the molecular mechanisms leading to
neurodegeneration.
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