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The poly(A)-binding protein (PABP) recognizes the 3* mRNA poly(A)
tail and plays an essential role in eukaryotic translation initiation
and mRNA stabilizationydegradation. PABP is a modular protein,
with four N-terminal RNA-binding domains and an extensive C
terminus. The C-terminal region of PABP is essential for normal
growth in yeast and has been implicated in mediating PABP
homo-oligomerization and protein–protein interactions. A small,
proteolytically stable, highly conserved domain has been identified
within this C-terminal segment. Remarkably, this domain is also
present in the hyperplastic discs protein (HYD) family of ubiquitin
ligases. To better understand the function of this conserved region,
an x-ray structure of the PABP-like segment of the human HYD
protein has been determined at 1.04-Å resolution. The conserved
domain adopts a novel fold resembling a right-handed supercoil of
four a-helices. Sequence profile searches and comparative protein
structure modeling identified a small ORF from the Arabidopsis
thaliana genome that encodes a structurally similar but distantly
related PABPyHYD domain. Phylogenetic analysis of the experi-
mentally determined (HYD) and homology modeled (PABP) protein
surfaces revealed a conserved feature that may be responsible for
binding to a PABP interacting protein, Paip1, and other shared
interaction partners.

Eukaryotic mRNA translation initiation is an intricate, ex-
quisitely controlled process involving assembly of a large

multiprotein-RNA complex that directs the ribosome to the
initiation codon. Like transcription initiation, translation initi-
ation represents a critical, rate-limiting step at which eukaryotic
gene expression is regulated in response to developmentaly
environmental signals (1). Eukaryotic mRNAs (excluding or-
ganellar mRNAs) are distinguished by the presence of a 59
7-methyl-G cap structure and a 39 poly(A) tail that synergize in
stimulating translation (reviewed in refs. 2 and 3).

In the most general case, protein synthesis is stimulated by
protein–protein interactions that serve to connect the 59 7-meth-
yl-G cap to the poly(A) tail found at the 39 ends of most cellular
mRNAs. Protein synthesis begins with cap recognition by eu-
karyotic initiation factor 4E (eIF4E or cap-binding protein;
reviewed in ref. 4). eIF4E is a component of the eIF4F complex,
which also includes eIF4G, a bridging protein, and eIF4A, an
ATP-dependent RNA helicase. After cap recognition by eIF4E,
eIF4G directs the 40S ribosomal subunit (plus methionyl tRNA
and various accessory factors) to the appropriate initiation
codon, where it is joined by the 60S ribosomal subunit to form
the 80S ribosomal initiation complex.

Ribosomal recruitment and translation initiation have been
shown to be stimulated by the poly(A) tail and its associated
protein, the poly(A)-binding protein (PABP) (5–7). This stim-
ulation is effected by a direct interaction between eIF4G and
PABP, giving rise to a closed-loop model for translation initia-
tion (reviewed in ref. 2). mRNA circularization has been dem-
onstrated in vitro by using recombinant yeast proteins (8) and is
thought to increase the efficiency of translation by promoting
reinitiation of terminating ribosomes on the same mRNA.

Consequently, capped, polyadenylated mRNAs are translated
more efficiently than those lacking one or both terminal mod-
ifications (reviewed in ref. 3). In higher eukaryotes, PABP also
seems to stimulate translation initiation indirectly with the aid of
a PABP interacting protein (Paip1) (9). Paip1 interacts with
eIF4A, and overexpression of Paip1 increases the rate of trans-
lation initiation, suggesting that there at least two ways to close
the loop between the 59 and 39 ends of mRNAs.

Interactions between the 59 and 39 ends of mRNA also
influence mRNA stability. The poly(A) tail stabilizes most
mRNAs via association with the poly(A)-binding protein (re-
viewed in refs. 10 and 11). In yeast, PABP contributes to mRNA
stability by inhibiting removal of the 7-methyl-G cap, because
this decapping step is a prerequisite to the degradation of a
number of mRNAs (12, 13). In higher eukaryotes, PABP and
Paip1 are part of a multiprotein complex that stabilizes the c-fos
mRNA, presumably via mRNA circularization (14). Given its
critical functions in promoting translation initiation and mRNA
stabilization, it is not surprising that the poly(A)-binding protein
gene is essential in yeast (15).

All available PABP sequences (over 30 to date) include four
conserved RNA-binding domains known as RNA-recognition
motifs (RRMs), arranged in tandem, followed by a C-terminal
region of variable length (Fig. 1; refs. 16–18). In vivo studies in
yeast indicate that all four RRMs alone are not sufficient for
normal growth (19), underscoring the functional importance of
the C-terminal portion of PABP.

This C-terminal region (266 aa in human PABP) has been
attributed numerous biochemical functions, including homo-
oligomerization (20) and protein–protein interactions. Amino
acid sequence alignments demonstrate the presence of a highly
conserved 60-residue segment within the PABP C terminus (Fig.
1). Although the biological significance of this highly conserved
portion of PABP is not known, deletion of this conserved
C-terminal motif (PABP-C) in yeast containing a PABP-MS2
fusion protein instead of wild-type PABP is lethal (13). Further
support for the importance of the PABP C-terminal motif arises
from the fact that the 2A proteases of both coxsackievirus and
poliovirus cleave PABP between RRM4 and the C-terminal
motif (Fig. 1B), thereby diminishing translation initiation in vitro
(21, 22).
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A C blast (23) search demonstrated that the conserved
C-terminal motif of PABP occurs in a second family of proteins
implicated in development [named HYD for hyperplastic discs
in Drosophila melanogaster (24), EDD in human (25), and
100-kDa protein in rat (26)]. The human homologue of HYD
and human PABP are 56% identical over this region.

We have determined the x-ray structure of the PABP-like
region of the human HYD protein (HYD-P) at atomic resolu-
tion. The structure reveals a domain with four a-helices wound
in a loose right-handed supercoil. Comparative protein structure
modeling was used to derive high-quality model structures for
four HYD homologues and 30 PABP C-terminal domain or-
thologs, plus another structurally similar ortholog encoded by
the Arabidopsis thaliana genome. Analysis of the molecular
surfaces of HYD and PABP family members revealed a phylo-
genetically conserved surface feature that may be responsible for
protein–protein interactions. Finally, in vitro binding assays
demonstrated that both the PABP-C and the orthologous
HYD-P domains can bind Paip1, suggesting that the two do-
mains may share one or more interaction partners.

Materials and Methods
Protein Preparation and Crystallization. cDNA corresponding to
residues 533–633 of human PABP was inserted into the pet28a
(Novagen) expression vector. The resulting N-terminal hexa-
histidine fusion protein was expressed in Escherichia coli [BL21
(DE3)] and purified to homogeneity by Ni21 ion-affinity and
size-exclusion chromatographies. The purified protein was
treated with trypsin and Glu-C proteases at mass ratios of
protease to protein of 1:100, and mass spectrometry was used to
identify cleavage at Glu-554, Lys-617, and Glu-618 (data not

shown). Crystallization trials with PABP(533– 619) and
PABP(553–619) yielded small, poorly diffracting crystals.

A human cDNA KIAA0896 (residues 1568–2798 of the
human HYD homologue) was obtained from the Kazusa DNA
Research Institute (Chiba, Japan). Residues 2391–2455 of HYD
were expressed in E. coli by using the same strategy as for
PABP-C. Ni2 1 ion-affinity and gel filtration chromatography
yielded purified selenomethionine (Se-Met) HYD-P. Matrix-
assisted laser desorption mass spectrometry confirmed that the
protein was purified to homogeneity (observed mass 5 7,979 6
7; predicted mass 5 7,979.7). Se-Met HYD-P was dialyzed
against storage buffer (100 mM NaCly20 mM Hepes, pH 7.25)
and concentrated to 14 mgyml. Crystallization trials yielded
Se-Met HYD-P crystals via hanging-drop diffusion at 4°C
against 34% 1,4-dioxane (unbuffered). Pyramidal crystals in the
primitive orthorhombic space group p212121 with one moleculey
asymmetric unit (unit cell: a 5 32.96 Å, b 5 38.12 Å
c 5 51.08 Å; Matthews coefficient 5 2.0 Å3yDa) appeared
overnight. Crystal cryoprotection was achieved by adding eth-
ylene glycol to a final concentration of 17% (volyvol).

HYD-P Structure Determination. All diffraction data were collected
at Beamline X9B at the Brookhaven National Laboratory Na-
tional Synchrotron Light Source and Sector 19 at the Advanced
Photon Source under standard cryogenic conditions. A Multi-
wavelength Anomalous Diffraction (MAD) experiment was
conducted by recording diffraction data at three x-ray wave-
lengths (Se absorption edge inflection point, peak, and high-
energy remote) with one high-quality crystal. Data were pro-
cessed by using DENZO/SCALEPACK (27). All four possible Se sites
were located with SnB (28). Experimental MAD phases were
estimated at 1.7 Å resolution by using MLPHARE (29). After

Fig. 1. Domain organization of PABP and HYD protein families. (A) Sequence alignment of the conserved C-terminal domain of PABP (Homo sapiens, Xenopus
laevis, Drosophila melanogaster, Caenorhabditis elegans, Schizosaccharomyces pombe, Saccharomyces cerevisiae, Nicotiana tabacum), the orthologous region
of the three HYD proteins (H. sapiens, Rat norvegicus, D. melanogaster), and a small ORF from the Arabidopsis thaliana genome. Sequence conservation among
family members is color-coded by a yellow-green continuum; pale yellow represents low homology, dark green represents identity. (B) The four RRM domains
of PABP (Top) are depicted by red boxes and are connected by interdomain linkers depicted as lines. The conserved C-terminal portion of the protein is shown
as a blue ellipse. The location of the common coxsackie and poliovirus 2A protease site is indicated by the blue arrow. The HYD protein’s domain organization
(Middle) depicts the PABP-like region as a blue ellipse, and the HECT domain as a yellow hexagon. The PABP-like region of the A. thaliana small ORF (Bottom)
is also represented as a blue ellipse.
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density modification, the resulting phases were input into ARP/
WARP (30) for automated structure determination. Residues
2392–2452 of HYD were built without manual intervention.
Iterative rounds of model adjustmentyrefinement were per-
formed with O (31) and CNS (32), followed by SHELX (33). The
current refinement model consists of residues 2392–2452 and 112
water molecules, giving a working R factor of 14.3% and a free
R value of 17.1% (Table 1). PROCHECK (34) showed no unfa-
vorable (f,c) combinations; main-chain and side-chain stereo-
chemical parameters were better than average (overall G
value 5 0.4)

Paip1 Binding Analysis. A fragment of the gene encoding human
Paip1 (corresponding to amino acids 113–480) was subcloned
into pGEX6P1 (Amersham Pharmacia). A glutathione S-
transferase (GST)-Paip1(113–480) fusion and GST alone were
expressed in E. coli, purified by glutathione-Sepharose chroma-
tography, and dialyzed against binding buffer (100 mM NaCly20
mM Hepes, pH 7.3y1 mM DTTy0.1% Triton X-100). His-tagged
HYD-P(2391–2455) and PABP-C(541–619) were prepared as
described above. GST (30 mg) and GST-Paip1 (42 mg) were each
immobilized on 40 ml of glutathione-Sepharose resin (Amer-
sham Pharmacia), and the unbound protein was washed away. To
20 ml of both the GST-resin and GST-Paip1-resin mixture were
added 7 mg of PABP-C or 6 mg of HYD-P. Binding reactions
were diluted with 100 ml of binding buffer and incubated at 22°C
for 30 min. After washing with 100 ml of binding buffer three
times, the resin was harvested by centrifugation and bound
proteins were detected by SDSyPAGE electrophoresis.

Results
Crystallization and Structure Determination. Limited proteolysis
combined with mass spectrometry (35) identified a proteolyti-
cally stable domain within the C-terminal region of human
PABP (Fig. 1 A). Crystallization trials with human PABP(553–
619) proved unsuccessful, yielding small, poorly diffracting
crystals. In parallel, the orthologous region of the human HYD
protein was subcloned, expressed, and purified to homogeneity.
HYD(2391–2455) yielded high-quality crystals with one pro-
tomeryasymmetric unit. The structure of the HYD-P domain
was determined via MAD (36) at 1.7 Å resolution. The current
refinement model has an R factor of 14.3% and a free R value
of 17.1% (37) at 1.04 Å resolution, with excellent stereochem-
istry. (See Table 2 and Materials and Methods for a complete
description of structure determination.)

HYD-P Is a Right-Handed a-Helical Supercoil. The three-dimensional
structure of the PABP-C-like domain of HYD is illustrated in
Fig. 2A. The polypeptide chain folds into a compact domain with
four a-helices (H1-H4) wound in a loose right-handed supercoil
with dimensions of 31 Å (length) 3 25 Å (height) 3 19 Å (width)
and 11 Å radius. The interhelical angles are 144° (H1-H2), 136°
(H2-H3), and 118° (H3-H4), and the average interhelical dis-

tance parallel to the supercoil axis is 11 Å. Structure-based
sequence alignments of various HYD and PABP homologues
show significant pairwise identities (44%–96%) and demon-
strate that the hydrophobic core (Fig. 3) is conserved, whereas
insertions map to a surface loop (H1-H2). We conclude, there-
fore, that the phylogenetically conserved regions of all known
members of the HYD and PABP families share the same
three-dimensional structure illustrated in Fig. 2 (38). To the best
of our knowledge, the structure of HYD-P represents an addi-
tional protein fold. A search with the DALI server (39) revealed

Fig. 2. Structure and surface properties of the amino (Left) and carboxyl
(Right) faces of HYD-P and homology model of PABP-C. (A) RIBBONS (51)
drawing of the HYD-P domain, where the four a-helices are labeled H1, H2,
H3, and H4, as are the N and C termini. (B and C) GRASP (52) representations of
the chemical properties of the solvent-accessible molecular surface of HYD-P
(B) and PABP-C (C) calculated by using a water probe (radius 5 1.4 Å.). The
surface electrostatic potential is color-coded red and blue, representing elec-
trostatic potentials ,210 to .110 kBT, where kB is the Boltzmann constant
and T is the temperature. The calculations were performed with an ionic
strength of 0 and dielectric constants of 80 and 2 for solvent and protein,
respectively (53). (D and E) Depiction of the molecular surfaces of HYD-P (D)
and PABP-C (E), color-coded green for phylogenetic conservation. Conserved
amino-face residues of PABP-C are identified by a one-letter code.

Table 1. Refinement statistics for native data, zFz > 4szFz

Resolution, Å 20.0–1.04
Completeness, % 85.5
R factor 0.143
Free R factor 0.171
rmsd,

Bond lengths, Å 0.0108
Bond angles, ° 2.06

Root-mean-square deviation (rmsd) bond lengths and rmsd bond angles
are the respective root-mean-square deviations from ideal values. rmsd
Free R factor was calculated with 5% of data omitted from the structure
refinement.
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a maximum Z score of 4.8, obtained with a fragment of an
unrelated a-helical protein (RNA polymerase primary sigma
factor, PDB accession code 1sig). There is no evidence of
HYD-P oligomers within our crystals, and HYD-P(2391–2455)
is monomeric in aqueous solution (data not shown).

Comparative Protein Structure Modeling. All 30 extant PABP
orthologs and four other known HYD proteins were modeled by
using MODELLER (40) with the HYD-P crystal structure as
template. Comparative protein-structure modeling involves the
alignment of the modeling template with the sequence of a
homologue for which no structural information is available.
Satisfaction of spatial restraints obtained from the alignment is
used to construct a three-dimensional structural model of the
homologue. A quantitative energetic analysis of the model can
then be performed to analyze its quality. Model scores in excess
of 0.7 (on a scale of 0–1) connote useful models. All calculated
PABP and HYD models surpassed this threshold. In addition to
modeling known PABP and HYD proteins, we constructed a
high-quality model for an orthologous 103 residue protein (42%
identity with HYD-P), encoded by a small ORF (GI 5 9229338)
within the A. thaliana genome (Fig. 1).

HYD-P and PABP Share a Conserved Hydrophobic Surface Feature. The
solvent-accessible molecular surface of the human HYD illus-
trated in Fig. 2 B–E, with similar views of the surface of our
homology model of the conserved C-terminal domain of human
PABP. The electrostatic properties of the two molecular sur-
faces are remarkably similar. The two N-terminal surfaces
(amino face—Fig. 2 B and C, Left) are largely hydrophobic with
two basic patches, whereas the C-terminal surfaces (carboxyl
face—Fig. 2 B and C, Right) are acidic, basic, and hydrophobic.
Fig. 2 D and E, Left demonstrate that the amino faces of HYD-P
and PABP-C are conserved within their respective families.
Further analyses revealed that the solvent-accessible residues on
the green color-coded N-terminal surfaces of a-helices H1, H2,
and H4 are also conserved between the HYD and PABP protein
families (Fig. 1 A). This finding suggests that the two proteins
share at least one common interaction partner. The limited
phylogenetic conservation of the C-terminal faces of the two
proteins suggests that this region is probably not involved in
common biochemical functions.

The PABP-C and HYD-P Domains Both Interact with Paip1. Given that
human Paip1 interacts with Xenopus laevis PABP somewhere
within the C-terminal 237 residues (41), we tested Paip1 for

Table 2. Statistics of the crystallographic analysis

Data set Resolution Å
Reflections

(measuredyunique)
Completeness %

(overallyouter shell)
Rsym %

(overallyouter shell)
Phasing power Iso
(acentricycentric)

Rcullis

AnoyIso

MAD Structure determination (4 Se sites)
l1 5 (0.97926 Å) 30.0–1.60 104,037y15,968 97.0y77.2 3.2y8.4 — 0.24y—
l2 5 (0.97878 Å) 30.0–1.60 65,171y15,920 96.6y75.8 3.1y7.6 3.09y2.05 0.23y0.40
l3 5 (0.96112 Å) 30.0–1.60 53,600y16,106 97.7y80.8 2.7y5.6 4.62y3.39 0.29y0.30

Native data collection
l 5 (1.1000 Å) 20.0–1.04 460,042y31,619 99.7y98.0 5.9y33.6 — —

Rsym 5 SuI 2 ^I&uy(I, where I 5 observed intensity, ^I& 5 average intensity obtained from multiple observations of symmetry related reflections. Phasing power 5
root-mean-square deviation (rmsd) (uFHuyE), uFHu 5 heavy atom structure factor amplitude and E 5 residual lack of closure. MAD figure of merit (28-1.7 Å) 0.92.

Fig. 3. The hydrophobic core of HYD-P. RIBBONS (51) stereodrawing of residues that constitute the hydrophobic core of the HYD-P domain. a-helices are labeled
H1, H3, and H4 (see Fig. 2). Amino acids, labeled in gold, are identified by a one-letter code.
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binding to PABP-C and HYD-P. Fig. 4 demonstrates that Paip1
interacts with both protein domains in vitro. Presumably the
conserved amino faces of the structurally similar domains con-
tribute, at least in part, to the observed interactions. The relative
stoichiometry of the binding reactions was difficult to assess
because PABP-C and HYD-P are not well stained by Coomassie
blue in SDSyPAGE gels. We did not observe any binding of
Paip1 to two unrelated eukaryotic translation initiation factors,
eIF5 or eIF6 (data not shown).

Discussion
The multidomain, modular nature of PABP is essential to its
many biochemical functions. The four N-terminal RNA recog-
nition motifs (RRMs) serve primarily to tether multiple PABP
molecules to the 59 poly(A) tail of mRNAs specificity (20).
Additionally, the N-terminal two RRMs mediate interaction
with eIF4G (19, 42) and, partly, with Paip1 (41). The C terminus
of PABP has emerged as an important protein–protein interac-
tion domain that recruits other proteins to the poly(A) tail.
These interaction partners include mediators of translation
termination (eRF3) (43), translation enhancement (Paip1) (9),
mRNA stabilization (hnRNPE) (44), polyadenylation (45), and
viral replication (potyvirus RNA polymerase) (46). We have
identified a conserved domain within this C terminus that is
sufficient for interaction with Paip1. This domain has also been
shown to be sufficient for binding to the potyvirus RNA poly-
merase (46) and may serve to assist in binding to one or more
of the PABP-binding partners described above. With compara-

tive protein structure modeling, we have identified a conserved
surface feature that may be responsible, at least in part, for these
interactions. Mutational analysis will further elucidate the im-
portance of this conserved feature to PABP function.

It is remarkable that this surface feature is also present in the
PABP-like domain of the HYD family of proteins. Moreover, we
have shown that the structurally similar HYD-P domain can bind
Paip1 and may well interact with other binding partners of
PABP. HYD proteins are ubiquitin ligases with an active C-
terminal HECT (homologous to E6-AP C terminus) ubiquitin
ligase domain. Ubiquitination of proteins generally requires
three proteins: the ubiquitin activating enzyme (E1), the ubiq-
uitin-carrier or conjugating enzyme (E2), and the ubiquitin
ligase (E3), which transfers (or assists the transfer of) activated
ubiquitin to the protein substrate (reviewed in refs. 47 and 48).
Ubiquitinated substrate proteins are then targeted for degrada-
tion by the 26S proteasome. Specificity in the ubiquitination
reaction is determined by the E3 ubiquitin ligase (reviewed in
ref. 49). Specific protein degradation through ubiquitination is
used extensively in biological systems to regulate such cellular
processes as signal transduction, cell-cycle progression, and
development (reviewed in ref. 50).

We propose that the PABP-like domain of HYD contributes
to the specificity of the ubiquitin ligase activity of the HECT
domain. The HYD family of proteins could bind to and ubiqui-
tinate proteins such as Paip1 that also are able to interact with
the C-terminal domain of PABP. Specific ubiquitination and
degradation of these substrates would, therefore, serve as a
means of regulating PABP function. We suggest that protein
synthesis is regulated by targeted destruction of proteins that
recognize both PABP and HYD.

Note Added in Proof. Recently, we identified a 12-aa motif within Paip1
(127–138) that is both necessary and sufficient for binding to the
PABP-C and HYD-P domains (R.C.D., N.S., S.K.B., unpublished data).
Amino acid sequence searches have revealed that this motif also occurs
in a number of other proteins, including Paip2, eRF3, TOB, ataxin2,
deubiquitinating enzyme (GI 1136437), mei2188, map205, and blackjack.
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